
RCS OSD-1J66

Research and Uevelopraent Technical Report 

ECOM 2-671-3

THE ErJERCY BUDGET AT THE EARTH’S SURFACE: 

ESTIMATES OF THE DIFFUSION RESISTANCE 

OF SOME LARGE SUNFLOWER LEAVES IN THE HELD

Contribution bv;

L. A. Hunt, Ivan I. Impens and E. R. Lemon

INTERIM REPORT

E. R. Lemon - Investigations Leader 

AUGUST 1967

Distribution of this document Is unlimited

COM

; I'-l

UNITED STATES ARMY ELECTRONICS COMMAND
Atmospheric Sciences Laboratory. Research Division 
Fort Huachuca, Arizona 
Cross Service Order 2-67
Microclimate Investigations, SWCRD-ARS-U. S. Department of Agriculture 
Ithaca, New York 14850

Reproduced by the
CLEARINGHOUSE 

for Federal Scienfific & Technical 
Information Springfield Va 22I5T x\



DISCLAIMER 

The citation of trade namea and name* of manufacturers In 

this report la not to be construed as official Government 

endorsement or approval of coramsrclal products or services 

referenced herein. 

The findings In this report are not to be construed as an 
official Department of the Army position unless so designated by 

other authorized documents. 

DISPOSITION 

Destroy this report when It is no longer needed. Do not 
return It to the originator. 



Technical Raport ECOM 2-671-3 August 1967 

THE ENERGY BUDGET AT THE EARTH S SURFACE: 

ESTIMATES OF THE DIFFUSION RESISTANCE 

OF SOME LARGE SUNFLOWER LEAVES IN THE FIELD 

INTERIM REPORT 

Cross Service Order 2-67 

Task 1VO-14501-B53A-08 

Prepared by 

L, A, Hunt, Ivan I, Impens and E* R, Lemon 

Research Report No, 396 

of 

Northeast Branch 
Soil and Water Conservation Research Division 

Agricultural Research Service 

Uo S. Department of Agriculture 

In Cooperation With 

N. Y» State College of Agriculture 

Cornell University 
Ithaca, New York 

For 

U. S. Army Electronics Command 
Atmospheric Sciences Laboratory, Research Division 

Fort Huachuca, Arizona 



ESTIMATES OF THE DIFFUSION RESISTANCE 

OF SOME LARGE SUNFLOWER LEAVES IN THE FIELD 

L. A, Hunt, Ivan I» Impeno and E R Lemon 

Measurements of the resistance to water vapor movement from the 
intercellular spaces to the leaf surface (leaf resistance, r¿) were 

made In a one-hectare field crop of sunflowers (Helianthus annuus L.) 
at Ellis Hollow (near Ithaca, N. Y.)- Some of these measurements, 

supplemented with determinations of net radiation above and below 
the leaves, leaf temperature, and both air temperature and humidity, 

were used to estimate the resistance to mass and sensible heat transfer 
from the surface of the leaf to the bulk air outside the leaf boundary 
layer (boundary layer resistance, ra) <> 

The sunflower crop was sown early in June 1966, and thinned to 

60,000 plants per hectare and irrigated in July, Measurements to 

determine both leaf and boundary layer resistances were made during 
clear intervals on days with scattered clouds (1 and 3 August); 

measurements of leaf resistance alone were made during the afternoon 
of a day that was cloudless from early morning (4 August). One large, 
representative leaf lamina approximately 27 cm wide along both major 
axes and located 1.5-1.8 m from ground level, was selected on each of 

ten plants. The experimental leaf was supported roughly parallel to 

the soil surface by ce'lophane tape strips Joining the petiole and 
stem. All remaining leaves on each test plant were wrapped around the 

stem to avoid their interference in direct solar radiation on the test 
leaf. 

Leaf resistances were measured with a small diffusion porometer of the 
type described by van Bavel, Nakayama and Ehrler (19). Five measure¬ 
ments were made on both upper and lower leaf surfaces, with each 

individual determination being made on a separate leaf. The leaves 
were examined in random order. Net radiation above and below the leaf 
was determined with a miniature Funk net radiometer which has a 12-mm- 
dlameter sensing head (Middleton & Co,, Adelaide, Australia), Leaf 
temperature was measured with a bolometer (Barnes Eng, Co. infrared 
thermometer. Model IT-3) with a 7° field of view. The indicated 
temperature was generally 0,5 °C higher when viewing the leaf from 
below than from above. The temperature recorded when viewing from 
below was considered more correct, and thus was used for calculation 

(7). Temperature and humidity of the bulk air in the community at the 
leaf level were measured with an aspirated wet and dry bulb thermistor 
psychrometer (Atkins Technical Inc,), 
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Th« L««f rasUtanc« waa dateralned from dlffualon macar meaauramanta 
for tha uppar and lowar laaf aurfacaa by. 

ri rlb rld 

whara r„. and rn , are Che meaaured realacancea for abaxial and adaxlal 
?.b id 

laaf aurfacea reapecclvely The boundary layer realacance, r^, waa 

calculated by aolvlng Che following energy balance equation: 

L (^P) 
r 

a + r, 
+ 

C pa (AT) 
P.,,. 3,. 

r 
a 

where la the net radiation intercepted by the leaf, in cal cm 
_1 ” -1 

aec ; L la the heat of vaporization of water (590 cal g ) ; C ia the 
-1-1 " 

apeclfic heat of air (0.24 cal g °C ) ; p la the air density 
-3 -3 a 

(1.205 X 10 g cm ) ; Ap is the difference between the saturation water 

vapor density at leaf temperature and water vapor density of bulk air, 
_3 

in g cm ; and AT is the difference between leaf and bulk air temperature, 
in °C. The bulk air is considered as that having representative properties 
of the air in the plant community at the level of the leaf measurements 
but outside the leaf boundary layer- 

The leaf and boundary layer resistances for clear periods during two 
days with scattered clouds are given in Table 1. The leaf resistances, 
which varied from 3.3 to 4.7 sec csT^, were higher than the minimum values 
(0.3 sec cm~*) reported by Holmgren, Jarvis and Jarvis (9) for sunflowers. 
This may be attributable either to the environment and/or to the leaves 
themselves, because (a) intermittent clouds may have caused partial stomatal 
closure, and (b) minimum stomatal resistance is not constant throughout 
the life of a leaf (9, 16). 

Values of boundary layer resistances calculated by the energy balance 
equation ¢0.05 - 0.13 sec cm~^) are lower than values calculated from 
formulas based either on: (a) forced convection laminar flow theory 
applicable to isolated, rigid, smooth bodies that are flat and thin, 
oriented parallel to a relatively uniform alrstream; or (b) empirical 
data dealing with water vapor loss from isolated small leaf models 
studied under laboratory conditions, Combining both theoretical and 
empirical formulas, Monteith (12) suggested that the following formula 
was most appropriate for describing boundary resistance to water vapor 
transfer of leaves under field conditions: 



X U "1 
r* “ 0,65 (——) sec cm per unit area of leaf 

where x la the width of the leaf (cm) and u la the velocity of the 

bulk air atream (cm aec“^), Thla formula, when adjusted for the 

difference In both thlckneas of boundary layer and diffusion 

coefficient, yields the following expraealon for boundary resistance 
to heat transfer: 

r 
a 

0, 75 (-«--) 
u 

0,5 

Such formulas when applied to leaves of the size examined in the 

present work yield the following estimates of r : 
a 

u 

(cm sec /- -In (sec cm ) 

10 
100 

1,000 

Water vapor Heat 

1,07 1,23 

0 33 0,41 

0 10 0 12 

Thus, exceptionally high wlndspeeds would be required to yield r 

values of the magnitude found in Table 3 a 

Another method of determining rfl of sunflower leaves in the field 

was tried. We used a transient heat pulse method described by 
Linacre (11): 

ra - 4,05 x 10'6 t0 5 SA(F) Bf 

where t0 5 Is the time required after shading for the temperature to 

fall from its Initial value to that halfway between the Initial and 

final states, SA(F) Is the leaf Surface area per unit of fresh weight 

(specific leaf area on a fresh weight basis)* and 

r + r (A + y) /y 
n . _~_«_ 

In which y is the psychometric constant and A Is defined by; 

A 
e - e 
-2_8£«r 

T 
^as* 

dT 
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whara la the aaturatad watet vapor praaaura at leaf temperatura, 

*ea i8 tl1* >atur<,t«d ««ter vapor pressure at the bulk air temperature, 

and AT Is the difference between leaf and bulk air temperature. T Is 

the absolute tempirature of the air Four separata temperature determina-' 
tlons were made using a bolometer during clear weather on the morning 
of A August, when the wlndspeed Immediately above the crop was 

approximately 100 cm sec * Intermittent shading was accomplished with 
a 1 X 1 m plywood board held normal to the Incoming sunlight with Its 
central point approximately 50 cm from the leaf This arrangement 

permitted sharp delineation between the unshaded and shaded regimes. 

The tQ 5 values were determined with the bolometer coupled to a sensitive 

mV strip chart recorder (Leeds & Northrup Co ) when AT was approximately 

25 C; ictual values (8 sec, 8 sec, 10 sec- 7 sec) were read from curves 
drawn by hand through the recorder trace- The mean r. estimate was 

a 
0*06 * Oo01 sec cm , a value substantially less than those calculated 

on the basis of Montelth s equation- Evidently, therefore, the present 

findings reflect other than the commonly accepted Ideas of the magnitude 
of leaf boundary layer resistances Results of this method thus agree 
with those determined by the energy balance method. 

Such results could stem from hairs present on both the upper and lower 
surfaces of the sunflower leaves This follows, as pointed out by 

Wolpert (20), because heat transfer through a laminar boundary layer Is 

by conduction,. Thus, when certain roughness elements lie within a 

laminar boundary layer, the distance through which heat must travel by 
conduction through the fluid medium Is reduced, and the rate of heat 

transfer la Increased, relative to a surface without roughness projections. 
In certain cases, the reduction in the boundary layer resistance of 

rough, relative to smooth, surfaces may equal the percentage Increase of 
surface area due to the roughness elements (20), 

However, the present findings could also stem from the turbulence of the 
bulk air In the plant community The laminar, forced convection 
equation was derived from studies under conditions of relatively steady 
air movement, When the alratream Is turbulent, the edge of a laminar 

boundary layer Is Irregular and its resistance Is reduced by penetrating 
eddies, Hinze (8) Indicates that for turbulent Intensities of 10%, the 

resistance value Is 10 - 50% less than that given by Montelth1a equation, 
The actual reduction depends on the geometry of the object considered and 
the scale of turbulence of the alratream. Under field conditions the 
turbulent Intensity Is often greater than 10% (18), thus reductions of 
more than 50% In the laminar flow resistance values should be expected. 
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Furthermore, the resulte could ref’ect a complete change In thn 

nature of the boundary layer With f.at, emooth objects that are thin 

and rigid, a tranaltion from a laminar to a turbulent boundary layer 
occur« when the Reynold« number i« 3-5 x 105 Transition will occur 

at the lower value when (a) the free stream Is turbulent, or (b) the 

i! n0t unlfonn (2) WJth rough, irregular, flexible object«, 
the boundary layer probably is turbulent from the leading edge (2) In 

the pre.ent study a Reynold, number of 3 x 10¾ „0uld require wlndspe.de 
ot 15U0 cm «ec Transition at windapeeds as low as 100-500 cm sec*^ 
could arise from hairs an^ velnal undulations making the surface 

aerodynamically rough, as well as from elastic properties permitting 
flexing and bending of the leaf surface under the Influence ot larger 
eddies in the bulk air stream However, only a small amount of leaf 

movement waa observed; thus it is likely that the geometric propertie« 
of the surface would have played the more Important role among the 

various leaf characteristics in bringing about any complete change in 

the nature of the boundary layer The scale of turbulence experienced 
by the test leaves being in an array of other plant parts under field 
conditions could be of the greatest Importance of all 

Our results reported here for sunflower leaves agree with those calculated 
for leaves in a stand of corn at the same location (17, 3) These latter 

calculations involved^ (a) the application of an energy budget approach 

to evaluate both the eddy diffuslvicy (K) and the boundary layer resistance 
(ra) at different levels within the crop canopy, (b) mathematical approxi¬ 
mation of the attenuation of both of these components, and (c) comparison 

of the attenuation characteristics of K and ra Interpretation was based 
on the implicit assumption that windspeed was attenuated within the canonv 
in the same way as K 

Our «suits, by indicating that the ra values of large sunflower leaves 
under field conditions are less than those estimated on the basis of 

laminar flow theory^ also add weight to the contentions of Philip (14) 

and Budagovsky (4) Philip (14), commenting on Raschke"s (15) generallza- 
tion that leaf boundary layers are laminar and that narrow leaves have 
the smallest ra values, has argued that large leaves may have a greater 

scale of turbulence and may in consequence have smaller r, values than small 
leaves, Budagovsky (4) has also commented on the possibility of leaf 
boundary layers being turbulent under outdoor conditions- 

The realization that some form of turbulent, boundary layer may exist 

around leaves under field conditions is of secondary importance to water 
vapor movement from the intercellular spaces to the bulk air in the plant 
community This follows, as pointed out by Impens et al (10)- because 
ra under outdoor conditions is usually an order of magnitude smaller 
than tv> If one assumes a laminar boundary layer and a windspeed of 
100 cm sec , and then calculates the air resistance for the leaves 
tested, the sum of ra and r¿ gives a mean of 43 sec cm"1- whereas the 

measured mean of ra and r^ is 4 1 sec cm1 (mean values from Table 1) The 

sensible ir«rrire3iStfnCe í® °f prlmar> iraP°«ancet however. In controlling 
sensible heat losses from leaves This fact should not be minimized 



Th« la/if resistances recorded on the clear day varied from 3,2 to 4,8 
s«c cm“1 (Table 2) These valuea, when expressed on an hourly basis, 

were higher In the periods 1100 to 1300 and 1400 to 1500 than during 
1300 to 1345- This latter pattern, which agrees In general with that 

reported for both bulrush millet (1) and corn (3) Indicates stomatal 

closure during the middle of the day and stomatal opening In the 
afternoon, By contrast to the millet and com, however, stomatal 
opening In the sunflower apparently occurred In the period 1300 to 

1345 rather than later In the afternoon around 1500- Thesa dlfferencas 

presumably stem from differences either In the eoll”plant water rale- 

tlons,or In the Intrinsic patcam of stomatal behavior of the apacles. 

By contrast to the hourly mean r¿ values, the 15-mln means exhibited 
a shorter cycle, with minima occurring at 1100, 1300 and 1430, and 

maxima at 1211«, 1415 and 1500 Such a pattern conforms with that 
reported by Ehrlar et ai (6) for cotton and by Parkhurst and Gates 
(13) for cottonwood, under standard condition«. In both of the 
latter cases, the cycling was explained In terms of an "overshoot" 
mechanism, In which partial stomatal closure, occurring In response to 

an Increased leaf water deficit, resulted In rehydratlon of leaf tissue 

and in opening of the stomates, Increased water loss following stomatal 

opening ultimately resulted In an Increased leaf water deficit and 

stomatal closure, The present data suggest that a similar mechanism 
could be Involved In the field Such a mechanism could be assoclatad 

with the cyclical pattern reported for the rate of evaporation of 
tamarisk during the afternoon hours of days of high solar radiation (5). 

The present results thus Indicate that erroneous conclusions may 
result from both: (a) computation of leaf boundary layer resistance on 

the basis of laminar flow theory, and (b) analysis of diurnal changas in 
évapotranspiration on the assumption that leaf resistance exhibits 

only one maximum value at midday or thereabouts « 
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Table 1. Leaf and boundary layer resistances during clear periods 
on two days with scattered clouds 

Time Leaf resistances (r^) 

(diffusion meter method) 

(sec cm ) 

Boundary layer 

resistance (rfl) 

(EST) (energy balance method) 

(sec cm *) Hour 

0900 * 4.7 
3.6 

3.3 
3.7 

3.4 
4.2 

3.9 

4.3 
4.4 
4.7 

0,06 

0.12 
0.06 
0.07 

0.05 
0.06 
0.07 

0.13 
0.12 
0,06 

1000 
1030 
1130 

1200 
1230 

1300 
1330 

1400 
1500 

Standard error of 
mean (n -5) 0.4 0.02 

* 3 August. Remainder on 1 August 1966 
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Table 2. Leaf resistances on a clear day A August 1966 

Time Leaf resistance (r^) 

(EST) (diffusion meter mt hod) 

Hour (sec cm ^) 

1100 
1115 
1130 

1145 
1200 
1215 
1230 

1245 
1300 

1315 
1330 

1345 
1400 
1415 
1430 

1445 
1500 

Standard error of Mean (n - 

3.7 
4.1 4.2 

4.5 
4.6 
4.7 

4.8 4.4 
4.4 
3.6 
3.2 
3.9 3.8 
3.9 

4.3 
4.3 
4.9 

3.6 4.4 
4.7 

4.8 

5) 0.3 
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