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0 E S T I M A T I N G  T R E E  H E I G H T S  F R O M  

S H A D O W S  O N  V E R T I C A L  A E R I A L  

P H O T O G R A P H S  

by-Ear l  J. Rogers 

INTRODUCTION 

Aer ia l  photographs a r e  now being appl ied  more and more t o  
p r a c t i c a l  forestry--especial ly t o  f o r e s t  survey, Many f o r e s t  
c h a r a c t e r i s t i c s  can be recognized on a e r i a l  photographs i n  g r e a t e r  
d e t a i l  than i s  poss ib le  through ground methods alone. The basic need 
i s  f o r  t o o l s  and methods f o r  i n t e r p r e t i n g  t h e  d e t a i l  i n  q u a n t i t a t i v e  
terms, 

Tree heights  determined from a e r i a l  photographs can be used i n  
es t imat ing timber volume. Studies  of white pine, northern hardwood, and 
spruce-fir  forests--conducted i n  cooperation with t h e  Harvard Forest-- 
i n d i c a t e  t h a t  t r e e  height  i s  cor re la ted  wi th  t r e e  volume, The degree 
of c o r r e l a t i o n  v a r i e s  with species. ( I n  spruce-fir f o r e s t s  t r e e  height  
i s  more c l o s e l y  corre la ted  with volume than it i s  i n  t h e  northern 
hardwoods. Hence the  use of t r e e  heights  a s  a measure of  volume i s  more 
des i rab le  i n  spruce-fir  f o r e s t s  than i n  northern hardwoods. ) 

Shadows made by t r e e s  p r  vide a means of measuring t r e e  heights  9 on a e r i a l  photographs. seeleyl has developed the  t echn ica l  procedures 
f o r  measuring t r e e  heights  from shadows on v e r t i c a l  a e r i a l  photographs, 
and has a l s o  devised a system t h a t  reduces t h e  compilation needed t o  
convert shadow length  t o  t r e e  height.  See ley ' s  methods were f i r s t  
appl ied  t o  f o r e s t r y  i n  this country i n  1942, when t h e  Northeastern 
Fores t  Experiment S t a t i o n  experimented with a e r i a l  photographs i n  a 
survey of t h e  f o r e s t s  of  t h e  a n t h r a c i t e  region of Pennsylvania. 

These f i r s t  at tempts t o  determine timber volume from t r e e  shadows 
showed promise. A crude volume t a b l e  was constructed, based on t o t a l  
heights;  and timber-stand volumes were estimated from t r e e  heights  and 
t h e  number of t r e e s .   h he number of t r e e s  was based on a count of  t r e e  
crowns. ) Preliminary checks made a t  t h a t  time were not  exhaustive, but  

I/ Seeley, H. E. Tree heights  from shadows. Photogrammetric 
@ Engineering 8 : 100-109, i l l u s .  1942. 



they  were s o  encouraging t h a t  3-1/& m i l l i o n  ac res  of f o r e s t  land were 
surveyed with a e r i a l  photographs and the  tree-shadow technique. Later  
these  same techniques were used t o  i n t e r p r e t  the  f o r e s t  s i t u a t i o n  on 
about 75 mi l l ion  ac res  of f o r e s t  land i n  t h e  Northeast, 

During t h e s e  surveys about 25 men were t r a i n e d  t o  measure t r e e  
heights  from shadows. The ease with which they mastered t h e  technique 
ind ica ted  t h a t  wide app l i ca t ion  of t h i s  system i s - p o s s i b l e .  Present  
information shows t h a t ,  wi th  t h e  shadow technique, experienced persons 
can est imate t r e e  heights  wi th in  7 f e e t ,  two times out  of th ree ,  a t  photo 
s c a l e s  of 1:20,000. The inexperienced s tudent  can seldom a t t a i n  t h i s  
accuracy, but wi th  p r a c t i c e  he can quickly  become prof ic ien t .  

A l a t e r  r epor t  on t h e  S t a t i o n ' s  experience i n  est imating timber 
volume from t r e e  heights  i s  being considered. 



0 HEASURING TREE SHADCkJS 

The stereoscope i s  e s s e n t i a l  f o r  s tudying t r e e  heights  and land 
conf igura t ion on a e r i a l  photographs. Stereoscopic study provides a 
three-dimensional view of t h e  land surface  t h a t  i s  invaluable i n  
s e l e c t i n g  and measuring t r e e  shadows. A direct-vision l e n s  type 
stereoscope i s  sa t i s fac to ry .  The two overlapping a e r i a l  photographs 
and t h e  tereoscope should be or iented  by t h e  methods explained by 

27 Rogers. -. 

NORTHEASTERN FOREST 8 EXERIMENT STATION 

SHADOW LENGTH MEASURING SCALE 

14 15 
Numbers indicote distances between convrrglng lines In hundredths of on inch 

Figure l . -Shadow wedge f o r  measuring shadow length ,  

THE SHADOW WEDGZ 

The t r e e  shadow may be measured with any good engineering rule.  
However, a g rea te r  ease of app l i ca t ion  and accuracy i s  obtained wi th  a 
"shadow wedgert developed by Seeley. This instrument , pr in ted  on 
transparent  ce l lu lo id ,  c o n s i s t s  of two converging l i n e s  ( f i g .  1 )  , with 
t h e  d is tance  between them scaled i n  graduations of 0.01 inch. The 
shadow i s  measured by f i t t i n g  t h e  wedge over it. 

2/ Rogers, E a r l  J. Use of t h e  pa ra l l ax  wed- i n  measuring t r e e  
heights  on v e r t i c a l  a e r i a l  photographs. Northeast Fores t  Expt. Sta. 

0 Fores t  Survey Note 1. 17 pp., i l l u s .  1946. 



CAUTIONS 

The measurement of shadows i s  subject  t o  many sources of  e r ro r .  
I n  general,  t h e  i n t e r p r e t e r  tends t o  underestimate because of  t h e  lack 
of d i s t i n c t  shadow from slender t r e e  t i p s .  Keen observation, 
supplemented with frequent  ground checking, i s  needed t o  develop the  
,judgment necessary f o r  de tec t ing  e r r o r s  and e l iminat ing them. The more 
se r ious  e r r o r s  may be eliminated o r  g r e a t l y  reduced i f  the  following 
f a c t o r s  a r e  considered. 

A slope may elongate o r  shorten the  shadow ( f i g .  2 ) .  Shadows on 
s lopes  should be avoided. A l l  shadows measured should be located  on f l a t  

Figure 2.--Slopes a're t r i cky .  

I o r  near ly  f l a t  land surface. Then, t r e e  heights  estimated from shadow 
measurements may be compared by stereoscopic study with those b n  slopes. 

The crown canopv of the  f o r e s t  f requent ly  prevents v i s u a l  
de tec t ion  of g u l l i e s  and knol ls  ( f i g  3 ) .  However, t h e  study of the  
t r e e  heights  and crown s i z e s  a s  compared with the  stand dens i ty  may 
i n d i c a t e  t h e  presence of such configurat ions of t h e  land surface. For 
example, we observe a group of t r e e s  with l a r g e  crowns, surrounded by 
groups of t r e e s  with small crowns; and a l l  the  heights  appear about t h e  
same. We suspect t h a t  the  larger-crowned t r e e s  should be t a l l e r .  But, 
s ince  they do not  appear any t a l l e r ,  it i s  reasonable t o  bel ieve t h a t  
they a r e  i n  a gully.  I n  o the r  words, we const ruct  the  hidden 
configurat ion of the  land surface through study of t r e e  s i zes .  The 
depth of such a g u l l y  i s  assumed t o  be p a r t i a l l y  cor re la ted  with %he 



dif ference  i n  c r m n  s izes .  By a s i m i l a r  type of  ana lys i s ,  we may 
d e t e c t  t h e  presence of hidden knolls.  

a 

Figure 3.--Gullies and knol ls  a r e  hidden. 

Trees should be se lec ted  whose shadows l i e  on t h e  ground 
( f i g .  4). The height  of  t r e e s  whose shadows l i e  on underbrush o r  s n m  
w i l l  be underestimated because t h e  shadow i s  shortened. This i s  a 
common e r r o r  i n  t h e  use of shadows. Since des i rab le  shadows a r e  not  
always avai lable ,  shadows i n  underbrush o r  snow may have t o  be measured. 
I n  this case the  height  of t h e  snow depth o r  brush depth i s  estimated 
and added t o  the  t r e e  height  obtained from the  shadow. 

Figure 4.--Underbrush shortens shadows. 



Frequently c l ea r  shadows cannot be found because of 
in terference from other t r e e s  ( f ig .  5) ; thus, the  shadows a r e  not 
completely v i s ib le .  This e r ror  i s  aggravated when the  sun i s  lm i n  
t he  sky, producing extremely long shadows. 

Figure 5. -1nterferenc e shortens shadms. 

Large crmned open-grown t r e e s  tend t o  have long shadows 
(fig.  6 ) .  These e r rors  a r e  common i n  open old-growth fores t .  The 
shadow t i p  i s  produced by a s ide  branch and not by t he  top of t he  t r ee ,  
thus producing a long shadow. 

Figure 6 .  --large crowns lengthen shadows. 

- 6 -  



Leaning t r e e s  a r e  not a  ser ious  source of e r r o r  because most 
t r e e s  a r e  comparatively s t r a i g h t  ( f i g .  7). Shadows of t r e e s  leaning 
toward the  sun a r e  genera l ly  shortened, and height  i s  a p t  t o  be 
underestimated. Shadows o f  t r e e s  leaning away from t h e  sun tend t o  be 
lengthened s l igh t ly .  

Figure 7.-Leaning t r e e s  c a s t  shadows longer o r  shor te r  
than those of s t r a i g h t  t r e e s .  

Care i s  needed i n  studying t r e e  shadows near  t h e  edges of a e r i a l  
photos. An a e r i a l  photo does not show a  t r e e  image i n  a  t r u e  v e r t i c a l  
projec t ion except near the  center  of 
the  photo, and the  t a l l e r  t h e  t r e e ,  
t h e  g rea te r  t h e  displacement. 

A t r e e ' s  shadow i s  measured 
from the  base of t h e  t r e e  t o  the  
t r e e  t i p .  Since the  base i s  not 
v i s i b l e  on a e r i a l  photos, the  
loca t ion  of t h e  t r e e  bage i s  f igured 
t o  be near t h e  cen te r  of  the  crown. 
This causes ser ious  e r r o r s  i n  
measuring shadows of t r e e s  near t h e  
edges o f  the  photo. When t h e  t r e e  
image i s  displaced toward the  shadow 
( f i g .  8, A, B, C) the re  i s  a  tendency 
t o  underestimate. When the  image i s  
displaced away from the shadow ( f i g .  
8, G, H, J )  tklere i s  a  tendency t o  
overestimate. Figure $.-Images near edges 

of the photo a r e  displaced. 



CONVERTING SHADOW LEPTGTH TO TREE WJIGHT 

Shadow l e n  h can be converted t o  t r e e  height  r e a d i l y  through F t h e  use of  ( f i g .  9 ) .  Such graphs may be prepare f o r  any a rea  
and a r e  necessary only f o r  each two deqrees of la t i tude .&7 Only four  
items a r e  required:  t h e  geographic loca t ion  of t h e  a r e a ,  the  time of 
day photographs were made, the  da te ,  and the  photo scale .  The following 
s t e p s  ou t l ine  t h e  use of t h e  graph. 

1. Locate nea res t  longitude and l a t i t u d e  of t h e  a r e a  photographed. 
This can be determined from l o c a l  maps. 

2. S e l e c t  the  graph corresponding t o  t h e  neares t  l a t i t u d e .  Graphs a r e  
constructed f o r  each two degrees of l a t i t u d e .  

3. Estimate t h e  apparent s o l a r  time. On longitudes 750, 900, 1050, 
and 1200 t h e  apparent s o l a r  time i s  the  same a s  the  stahdard time. 

21 The graphical  so lu t ion  of t h e  astronomic t r i a n g l e  t o  ob ta in  
t r e e  heights  i s  based upon severa l  assumptions: 

1. That  the  dec l ina t ion  of the  sun fo r  a given time i s  t h e  same f o r  
a l l  years.  

2. That t h e  dec l ina t ion  of t h e  sun f o r  a given time i n  t h e  sp r ing  months 
( tJanuary-ky) and t h e  corresponding f a l l  months (~uly-~ovember ) i s  
t h e  same. 

3. That t h e  dec l ina t ion  of t h e  sun a t  noon of any given day i s  t h e  same 
through t h a t  day. 

4. That the  equation of time correc t ions  a r e  the  same fo r  a l l  years. 

5. That computations f o r  a given l a t i t u d e  a r e  the  same f o r  p lus  or  
minus 1 degree of t h a t  l a t i t u d e .  

6.  That computations f o r  a given time longitude,  75O, 90°, 105O, e tc . ,  
a r e  t h e  same f o r  a l l  time longitudes.  

7. That in te rpo la t ions  fo r  da tes  o ther  than t h e  21st  day a t  noon of 
each month a r e  propor t ional  t o  t h e  l apse  of  time bet-geen t h e  days 
of computations. 

4/ Graphs s i m i l a r  t o  f igure  9 have been prepared for  a l l  even- 
numbered-latitudes from 360 North t o  480 North. Computations a r e  
completed f o r  t h e  evenunurnbered l a t i t u d e s  from 220 North t o  3-40 North. 
These graphs and computations a r e  ava i l ab le  upon request.  
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a For geographic a reas  e i t h e r  s i d e  of these  longitudes,  add 4 minutes 
t o  standard time f o r  each degree of longitude t o  t h e  e a s t  and 
sub t rac t  4 minutes f o r  each degree of longitude t o  t h e  west. 

4. On t h e  graph s e l e c t  t h e  coordinate corresponding t o  apparent s o l a r  
time and read up t o  the  da te  photo was made, in te rpo la t ingwhere  
necessary. A t  t h i s  in te r sec t ion ,  read over t o  t h e  sca le  on the  
l e f t  and f i n d  t h e  t r e e  height.  This i s  t h e  kree height i n  f e e t  
f o r  each 0.01 of an  inch of t r e e  shaduw measured on a photo whose 
s c a l e  i s  1:20,000. 

5. For o the r  photo scales ,  t h e  t r e e  height  i n  f e e t  f o r  0.01 of a n  
inch of shadow i s  d i r e c t l y  propor t ional  t o  t h e  change of sca le .  

&ample 

0 Given an a e r i a l  photo exposed a t  3:30 p.m., EST, Septr 10, 1942. 
Scale  1:10,000; l a t i t u d e  420 N, longitude 800. 

What i s  the  conversion factor--tree height  i n  f e e t  f o r  each 0.01 
inch of shadow? 

Solution:  I 

Subt rac t  4 minutes f o r  each degree 
west o f  longitude 750 -20 

S o l a r t i m e - - - - - - - - - - - - - - - - - - - -  3:10 p.m. 

S e l e c t  t h e  42O N l a t i t u d e  graph ( f i g .  10).  
From t h i s ,  t r e e  height  f o r  0.01 inch of shadow 
a t  3:10 p.m. on Sept. 1 0  i s  - - - - - - - - - - - - 10.5 f e e t  

Correct  f o r  s c a l e  d i f ference  10,000 
20,000 

Tree height  f o r  each 0.01 inch  of shadaw 
measured on a e r i a l  photo - - - - - - - - - - - - - 5.25 f e e t  



TIlTl3 OF PHOTO EXPOSURE 

The time of photo exposure i s  recorded on the  contact  p r i n t  of 
t h e  f i r s t  and last photos i n  any f l i g h t .  I f ,  however, time records a r e  
l ack ing  o r  inadequate, a graphical  so lu t ion  of the  sun-dial formula 
( f i g .  11) can be used t o  est imate t h e  apparent s o l a r  time of photo 
exposure .g The following s t e p s  a r e  necessary: 

1. With the  a i d  of  l o c a l  maps, o r i e n t  t h e  photo and dram a t r u e  north- 
south l i n e  on it. 

2. Also, draw a l i n e  p a r a l l e l  t o  t h e  shadows on t h e  photo so t h a t  this 
l i n e  w i l l  i n t e r s e c t  t h e  north-south l i n e .  

3. Measure t h e  angle of i n t e r s e c t i o n  clockwise from north t o  t h e  
neares t  degree, This angle i s  the  azimuth of t h e  sunt  s pos i t ion  
from north. 

4. From t h e  graph ( f i g .  11) s e l e c t  the  coordinate corresponding t o  
t h i s  azimuth. Read t o  t h e  r i g h t  t o  t h e  da te  t h e  photo was made, 
i n t e r p o l a t i n g  where necessary. Read down t o  f i n d  t h e  time t h e  
photograph was made. 

5. This time i s  t h e  standard time f o r  the  time longitudes,  750, 900, 
e tc . ,  and t h e  apparent s o l a r  time f o r  o the r  longitudes. Therefore, 
t h e  time determined from Figure 11 corresponds t o  apparent s o l a r  
time used i n  Figure 9. 

The same assumptions a r e  made f o r  ca lcu la t ions  i n  Figure 11 as 
were made f o r  t h e  ca lcu la t ions  i n  Figures 9 and 10. 

2/ Fig, 11 has been prepared only f o r  l a t i t u d e  41°30'. a 
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The interpolation of the date on the two graphs may be 
f ac i l i t a t ed  by the  use of a special  device (f ig .  12). This device I 

can be reproduced on glass p la tes  or celluloid.  

Figure 12 .--Wedge f o r  interpolating date. 

e 

It i s  used as  follows: 

1. On the desired time coordinate, locate  points on each of the two 
curves between which the date f a l l s .  

2. Place the outside l i nes  of the device (marked "21") over these two 
points. The outside l i nes  should coincide with the curves a t  the  
points located, 

3 Interpolate the date corresponding t o  the date photos were made 
Read the t r e e  height a t  t ha t  point. 



SCALE OF VERTICAL AERIAL PHOTOGRAPH 

A v e r t i c a l  a e r i a l  photograph seldom has a constant  sca le .  I t s  
sca le  w i l l  vary with two fac to r s :  t h e  amount of camera tilt from 
v e r t i c a l  and the  amount of ground r e l i e f  photographed. Present  
techniques of takinp a e r i a l  photographs maintain a near-ver t ica l  
pos i t ion  of t h e  camera, which w i l l  cause only s l i g h t  changes of sca le .  
Therefore, it i s  thought t h a t  t h i s  e f f e c t  on sca le  i s  not s u f f i c i e n t l y  
ser ious  t o  discuss here. But, changes i n  ground r e l i e f  a r e  ser ious  and 
require  f u r t h e r  e labora t ion on t h e i r  e f f e c t  on scale .  

An approximate photo sca le  i s  ind ica ted  on t h e  photos o r  on t h e  
photo index mosaics. By t h e  use of t h i s  sca le  t r e e  heights  wi th in  1 0  
f e e t ,  two times out  of th ree ,  may be estimated f o r  photo s c a l e s  of about 
l:20,OOO. To improve the  sca le  control ,  t h e  following methods a r e  
suggested: 

For F l a t  Terrain 

I f  the  ground i s  f l a t  o r  near ly  so, t h e  sca le  of a  photo may be 
determined from one l i n e .  

R.F . , representa t ive  f r a c t i o n  = Photo dis tance  - g~ g2= 4 
Ground dis tance  G 1 Q  D 

Thus, i f  the  d is tance  between two points  along l i n e  on t h e  
photo i s  6.3 inches and t h e  scaled ground dis tance  from a map between . 
t h e  same two po in t s  i s  10,800 f e e t ,  then the  

R.F. - 6.3 C. 1 o r  1:20,570 
1 0 , 8 0 0 ~ 1 2  20,570 

This scheme may be used f o r  f o r e s t  survey of l a r g e  a reas  i n  f l a t  
t e r r a i n .  The average sca le  f o r  a  photo p ro jec t  should be ca lcu la ted  
from about 10 con t ro l  l i n e s  sca t t e red  a t  random. 

For Rough Terrain 

I f  ground surface  i s  rugyed, the  photo sca le  w i l l  vary  with 
change of e levat ion.  For such photos, the  s c a l e  i s  ca lcula ted  from 
one l i n e  and the  ground e levat ion a t  each end o f x h e  l i n e .  



Calculate the  approximate f l y i n g  height :g 

(HI = Df 
- 4 -  

h ~ + h ~ 2  where, 
. .  d 2 
(H) = Approximate f l y i n g  height  above sea l e v e l ,  i n  f ee t  

D = Ground dis tance  between ground po in t s  GI and G2, i n  
f e e t  

d  = Photo dis tance  between points  G1 and G2, i n  inches 

f = Focal length  of camera lens ,  i n  inches 

hG1 = Elevation of point  G 1  above sea l e v e l ,  i n  f e e t  

h% = Elevation of po in t  G2 above sea l e v e l ,  i n  f ek t  

Then, using f l y i n g  height ,  photo sca le  a t  t h e  point  o f  i n t e r e s t  ( G ~ )  
e 

i s  ca lcula ted:  

R.F. =: where, 

(*) - Approximate f l y i n g  height  above sea l e v e l ,  i n  f e e t  

hG3 = Elevation of the  ground above sea l e v e l  a t  po in t  of 
i n t e r e s t  obtained from topographic map, i n  f e e t  

= Focal l6ngth of camera l ens ,  i n  f e e t .  

Church, Ear l  F. Elements of photogrammetry. 95 pp., i l l u s .  
Syracuse, N. Y. 1944. 




