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description of the profiles of various radiations components, such as 
diffuse and direct radiation, photosynthetically active radiation and 
of reflected radiation (Ross, 1975; Goudriaan, 1977; Spitters et al., 
1986). It is important to distinguish diffused and direct solar radia­
tion, at various depths in the plant canopy, because rate of photosyn­
thesis and also stomatal aperture are strongly non-linear dependent on 
radiation level. Therefore just average figures for radiations are not 
sufficient, the distribution of intensities over the leaf surfaces as in­
fluenced by their inclination must be known as well. When this distribu­
tion is calculated, the contribution of photosynthesis and transpira­
tion at each canopy level and illumination class must be accumulated 
to find the canopy totals. 

PHOTOSYNTESIS 

The process of photosyntesis rarely depletes the C02- content of 
the air between the canopy to such an extent that photosynthesis is 
considerably reduced. In other words, there is hardly any feed-back 
between the process itself and its effect on the aereal profile of C02 • 

In such a situation of absence of feed-back the numerical integration 
of leaf photosynthesis over canopy height can be considerably simplified 
by the application of the principle of Gaussian integration (Goudriaan, 
1986). Usually a three-point method is accurate enough for this ap­
plication. This method has now also been implemented in a model for 
crop growth like SUCROS (Penning de Vries and VanLaar, 1982; Van 
Kraalingen, 1988). In fact, the Gaussian method has replaced the utiliza­
tion of tables or of a descriptive summary routine as was published 
earlier by Goudriaan and Van Laar (1978). Even more important is 
that the simulation can now incorporate processes modifying the 
photosynthetic properties of leaves as a function of location in the 
canopy, or of time during the day, without almost any increase in com­
putational effort. 

CANOPY TRANSPIRATION 

For transpiration the situation is more complicated. Canopy air is 
moistened by the transpiration of the leaves, and heated by the excess 
radiant energy not spent in transpiration. Only if moistening and heating 
occur precisely at a ratio s (slope of the saturated vapour pressure curve, 
in units mbar K-1), will the vapour pressure deficit not be altered. Other-

\ wise vapour pressure deficit inside the canopy will either increase, 
typically under high irradiation in combination with closed stomata, 
or decrease, especially when the leaves are still wet by previous rainfall. 

The principle of this phenomenon is best explained in a situation 
where only homogeneous air conditions inside canopy are considered. 
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Fig. 1 Resistance schemes for gas exchange between the canopy lavers and the air above the canopy. 
Fig. la describes the "big leaf" model. In this model all leaves experience the same irradiation 
and ambient air conditions. 
In Fig. 1 b a stratification of the canopy has been applied for the profile or radiations. There 
is only one status of air inside the canopy. 
In Fig. lc profiles of air temperature and humidity can occur as well due to resistances between 
the strata. 

This approximation is one step more detailed than the socalled big leaf 
model (Fig. la), because stratification and classification of leaves is 
retained with respect to radiation (Fig. 1 b). In this situation all fluxes 
originating from the leaves flow together to the in-canopy space, and 
it is their sum which generates the gradient across a turbulence resistance 
rt on the way from the canopy to the air above: 
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with: 

Ta air temperature at reference height 
T i air temperature within the crop 
ea air humidity at reference height 
ei air humidity within the crop 
C sensible heat flux per unit leaf area 
:>..E latent heat flux per unit leaf area 
'Y psychrometric constant (0. 67) 
ecP volumetric heat capacity of air (1240) 

LEAF TRANSPIRATION 

c 
c 
mbar 
mbar 
W m~2 

W m~2 

mbar K~ 1 

J m~3 K-1 

The fluxes of sensible and latent C and :>..E are expressed on a leaf area 
basis. They depend on the difference AT (leaf-air) for C and on Ae (leaf­
air) for :>..E: 

:>..E = Ae ecP 

'Y(rb + r1) 

where 
rb leaf boundary layer resistance s m 

-I 

r1 leaf resistance (stomata I cuticle) s m 

(2) 

(3) 

-I 

Because the cell walls are wet, the water vapour pressure inside a leaf 
is equal to the saturated vapour pressure at leaf temperature, given by 

es = 6.107 exp (17 .4 T/(239 + T)) (4) 

By linearization of this expression around air temperature Ae can be ex­
pressed in AT: 

Ae = "VPD" + s AT (5) 

where "VPD" is the vapour pressure deficit of the air surrounding the 
leaf and s the slope of the saturated vapour pressure curve at air temperature. 

When the stomatal resistance increases, }..E will be reduced according 
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to Eqn. 2. However, the concurrent increase in leaf temperature and con­
sequently leaf-air vapour pressure difference will be not as much reduced 
as might be exptected on basis of Eqn 2 alone. The best way to include 
this feed-back loop is by starting from Eqn. 5, and replace .Lle and .Ll T by 
their expressions in C and AE from Eqn 2 and 3: 

(6) 

(7) 

or, using that the sum of C and A E is equal to the absorbed net radiation 
Rn per leaf area: 

(8) 

Now for brevity of notation a new variable a is introduced, signifying 
the ratio 'Y/(s + "(). The value of a is temperature dependent, and is about 
0.3 at 20 C. · 

With this change of notation, Eqn 8 can be written as 

or 

AE = (1-a) rb Rn + ecr "VPD"/(s + 'Y) 

rb + ar, 

(9) 

(10) 

This way of writing AE clearly shows that the impact of r
1 

in compari­
son to rb is reduced by a factor a. The physical reason of this reduction 
is feed-back through increase of leaf temperature. Also the radiation term 
and drying power term can be clearly distinguished in the numerator. 

The complement of AE is the sensible heat loss C, which is given by 

C = a (rb + r,)Rn - ecr "VPD" I (s + 'Y) 

rb + ar, 

Back to canopy transpiration 

(11) 

The integrations in Eqn 1 are done over all the leaf layers, and yield 
the fluxes expressed per unit ground area. The vapour pressure deficit 
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inside the canopy ''VPD'' can be approximated in the same way as 
in Eqn.5, using the slope of es: 

(12) 

Substituting the Eqns 1 into Eqn. 12 yields: 

(13) 

The change in ''VPDi'' depends on a linear combination C and A.E 
which are a function of "VPDi" itself, as shown by Eqn 10 and 11. 

Substitution of Eqn 10 and 11 into Eqn 13 gives · 

Collecting the terms with ''VPDi'': 

)O

LAI 
"VPD." (1 + r dL 

I t --------

"VPDa" + __ r_t _ 
QCp 

(14) 

{15) 

which enables a direct calculation of the vapour pressure deficit inside 
the canopy, incorporating the feed-back of transpiration. When 
resistances between air layers inside the canopy are no longer neglected, 
a distributed scheme emerges which gives rise to profiles of VPD (Fig. 
1c). The equations for such a profile can be derived along similar lines 
as given above, but the complicating factor appears to be in­
terdependence of the VPD's in all layers. In such a situation matrix 
algebra is necessary to find the solution of the profile (the ''vector'') 
of VPDi, or similarly of Ti and ei. In earlier methods (see for instance 
Goudriaan and Waggoner, 1971) a matrix inversions was used to find 
this solution. Later, Chen (1984) presented a recurrent method to solve 
this profile without the necessity to call a matrix inversion routine. He 
discovered that the particular mathematical structure permits the 
calculation of the matrix determinant immediately within the same 
numerical loop from canopy bottom to canopy top as in which all leaf 
energy balances are calculated. The profiles of VPDi, Ti and ei are 

157 

.... .. .. .... ... ... .. . .. • ......... . ............... . . ............. . ... ................... ... ... . 

i 

i 

i 

' 

; 

I 
I 





10 .ft.. C = II 6 I-/ m _l. 

---it-- C = ~y. hi m-l. 

too s ~oo s Joo s 

o~------~--------~---
o 1 ~ ~ 

T;-7;,_ 

Fig. 2 Simulated profiles of air temperature in a forest, at subsequent time intervals after the 
passage of a wind gust. The time averaged upward heat flux C is given at two leves. In spite 
of the average negative gradient of air temperature in the lower half, the average heat flux is 
positive, due to predominance of the large transport during the brief gust. 

weather conditions present during a certain period of time. In my opi­
nion this meaning is not precise enough, since it would make climate 
dependent on the duration of measurement. I would prefer to use the 
word ''climate'' in the meaning of ''expectation value of the weather'', 
which, in accordance with statistical theory, can only be estimated, 
but never precisely determined. Climate, then, is the background struc­
ture of the weather machinery to realize actual weather. This realiza­
tion process has both deterministic and stochastic features. Mean values 
such as of temperature are deterministic features, whereas standard 
deviations of more complicated statistical characteristics describe the 
stochastic components of the weather generation process. To assess 
climatic change a long enough period of observation is needed to reduce 
the statistical error in the estimate of climate. Traditionally this period 
is taken as 30 years. 

In this meaning of the word "climate" we often deal with 
micro weather, and not with microclimate. The duration of simulation 
of microweather is usually too short to use the word microclimate. Only 

1 by a sensible choice of situations can the results be generalized to say 
something about microclimate. 
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Sometimes locations may be characterized as having a deviating 
microclimate, for instance on basis of their exposition, or of their soil 
characteristics. 

SOME RESULTS 

To investigate the effect of structure of vegetation a simulation was 
done with the same functional leaf characteristics of photosynthesis 
and leaf conductance, but different structural parameters. The dif­
ference was expressed by canopy height and leaf width. These 
geometrical factors influence leaf boundary layer resistance and the 
profiles of wind and turbulent exchange. As explained above, under 
tall canopies the thermal inertia of air becomes important. The 
simulated temperature profiles around noon on a summer day are 
shown in Fig. 3. A clear result is the strong gradient in short grass as 
compared to taller canopies. The soil surface was considered to be wet, 
so that there was a large direct evaporation. Soil evaporation was the 
strongest under sugarbeet and the smallest under grass. 

m \ 
\ 

/0 'r- \ 

fo rr.s /; 

Fig. 3 Profiles of air temperature, simulated for different vegetation types, in the middle of a 
clear summer day. The profile for the forest was simulated as the mean profile over a period 
of 450 seconds between two gusts. 
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Under conditions of water shortage stomatal closure will occur, 
reducing both transpiration and rate of C02 assimilation. At the same 
time the canopy temperature, and it would be desiderable if its measure­
ment could give an indication of the water status of the canopy. To 
assess the relationship between them theoretically I have modelled the 
radiometric canopy temperature in relation with increasing water shor­
tage. The simulated relationship between net C02 assimilation and 
observable radiometric canopy temperature is given in Fig. 4 for a wheat 
crop. This figure shows that a drop of about 300Jo in net C02 

assimilation can be inferred from only one degree increase in observ­
ed canopy-air temperature difference. However, the figure also shows 
that a similar change in canopy-air temperature difference may be caus­
ed by a different canopy structure. Generally spoken the radiometrically 
observable canopy temperature increases with decreasing canopy height, 
without loss of net C02 assimilation. 

Fig. 4 Simulated relationship between net C02 assimilation and radiative canopy temperature 
as viewed from above, both in response to stomatal closure under increasing water shortage. 
Even under good water supply differences in radiative canopy temperature occur for different 
vegetation types, due to canopy structure. 
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These examples concern a few measurable quantities only. Others 
may be considered as well, such as the radiometric canopy temperature 
in the hot spot, which is measured with the radiometer pointed at its 
own shade. If the radiometer is moved fast enough the leaf temperature 
is still at its fully sunlit value, which is several degrees higher than the 
mean radiometric temperature. Again, structural characteristics such 
as leaf width, are very important for a correct interpretation. 
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