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The Effect of Air Temperature and Humidity on the Budgets of Heat, Water Vapor,
and Carbon Dioxide within a Tree

e-mail: hra@next.gee kyoto-u.ac.jp

Hisashi Hiraoka, Division of Global Environment Engineering, Kyoto University

In the previous paper (CFD13), we computed the budgets of heat, water vapor, and carbon dioxide within atree, by
using a simulation model. We used a turbulence model for dry air within vegetation. In this work, we used that for
moist air. The results by the model for moist air were almost equal to those for dry air. We investigated the effects of
air temperature and humidity on the budgets of heat, water vapor, and carbon dioxide. The results showed that air
temperature and humidity largely affected the budgets. The cause was not only vapor pressure deficit, but also a
change of stomatal conductance according to the changes in temperature and humidity. It became clear that stomatal
conductance played an important role in the budgets.
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[Table 1] Turbulence model for moist air used in this study
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R = -Uinﬂ_Xj (10), G,= ﬁngan 1D, v, _CDT (12)
F=caUyu,u (13, p=p. /@ q)»p,i+qd (14
Cp =Cn +(va - Cpa)q (15), S/ap = 0.018aE/p (15)

S, =0.032aA, [ p (16), S, =0.0442A/p (16)

Co sk se Ca GCo Cag Cep

009 10 13 144 192 Viollet type 1.5(Ohashi,2000)

[symbols] U, : mean velocity, P : mean relative pressure, Q:
mean air temperature, ¢ : mean specific humidity [Kg/Kg], C:
mean molar concentration of CO, [mol/m®], k : turbulent energy,
¢ : the rate of viscous energy dissipation, E. : the coefficient of
volume expansion, a: leaf area density [m%m?, p I moist air
density, p, :dry air density, c, : heat capacity of moist air, c,:
specific heat at constant pressure of dry air, c,,: specific heat at
constant pressure of vapor, H: sensible heat exchange between
air and leaves [W/sm?], H,,,: heat exchange of vapor between air
and leaves, H,,: heat exc?ange of O, by photosynthesis, E:
transpiration rate [mol/sm?, H,, : heat exchange of CO, by
photosynthesis, A, : net photosynthetic rate [mol/sm?], g :
gravitational acceleration (0,0,-g) [m/].
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[Table 2] The balances of heat, water vapor, and CO, on leaves

(a) Heat exchange between leaves and the surrounding air
a(Qose + Que + R ) =a(H +L,E+ Hogy + Hoy - Hey ) (D
H=2n(T,-Q) (. :c“a"(T QE ®
o2 :CEZ(TF Q)An 4, 02 _CCOZ(T| 'Q)An )
(b) Water vapor flux
== Q%@S_g) e 3,: o R(Q+F;)73.15) (™-c™)  ©
(c) Net photosynthetic rate

B, co2 co2 s [ _.co2 _ co2
A =% RQ 273.15) (e - ™) =g (™ - <) @
+273.15
0622 (8), ¢ %= CEQP—) 9

0

Weassumed that o, =a, =h./(pc,), and h, =6.79+5.90u.

[symbols] Q... PAR absorbed by leaves [W/m?, PAR :
Photosynthetically Active Radiation, Q,,: absorbed NIR (Near
InfraRed radiation), R,: net long wave radiation, |,: heat of
vaporization of water [Jmol], h_ : heat transfer coefficient

C

[W/m?C] (Daudet et al., 1998), Q: ambient air temperature, T, :
leaf temperature, g,: stomatal conductance [mol/sm?], P, :
atmospheric pressure [Pal, e,: saturated vapor pressure, R :
ideal gas constant, ¢/ : mole fraction of vapor on leaf surface,
c,®™: mole fraction of vapor in ambient air, q : specific
humidity of ambient air [Kg/Kg], ¢ > : mole fraction of CO, in
ambientair, ¢ : mole fraction of CO, on leaf surface, ¢ :
intercellurar CO, mole fractlon, C: ambient air CO, molar
concentration [mol/m?, : velocity of ambient air (absolute
value) [m/s] c: molar heat capacity of vapor a constant
pressure, C : molar heat capacity of O, at constant pressure,

CS°: molar heat capacity of CO, at constant pressure
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[Table 3] Ross’s radiation transfer used in this study

{@) Short wave radiation
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(b) Long wave radiation

s 'ﬂl‘(”i(( r) -a(x)G(x.r)i(x, )+1' ;(X) a(x)wt;ﬁxR(x,r,rG)i(x,r Jowe
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[symbols] i : radiance, i, : direct component of i, | :indirect
component, r :directlonal unit vector. (r, ,) meansan inner
product of r, and r,. a : leaf area density [m2/m] . leaf
normal distribution functlon w: solid angle, o: Stefan-
Boltzman constant, T : transmissivity of a single leaf (short
wave), R : reflectivity of a single leaf (short wave),
emissivity of asingle leaf (long wave), T, : leaf temperature [C].
Indexes L and | indicate |eaf.
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[Table 4] Stomatal conductance model by Colltaz et al. (1991)

[Table 6] Diffusion Approximation for short wave radiation

95=mhsTA“+b @, A1— (c-c) o)

A = f(QPAR,Tl,ci) 3): Photosynthess model by Farquhar et
al. (1980). Thisissimplified by Collatz et al. (1991).

[symbols] g,: stomatal conductance [mol/sm?], A, . net
photosynthetic rate [mol/sm?, ¢ : intercellular CO, mole
fraction, : mole fraction of CO, on leaf surface, Q,,;: PAR
absorbed by Ieaves [mol/sm?], h, : relative humidity on leaf
surface, T, : leaf temperature [C] m and b : empirica
constants.

[Table 5] Photosynthesis model by Collatz et al. (1991)
A=minJc . ds) (D), A=A-R (@, J=V,/2

J =0Qp{p -G.)/(p +2G), R,=0015V,, p=cPR
Je =Vu(p- G)/{p + KC(1+[OZ]/K0)} . G=[0)/(0)
temperature dependency :
K =Ky (OT-zs)Ilo , Wwhere k= (KC,KO T va) ©)
When T, >35,
V. 2\ |1+expe a+r o T+273 0l

: g R +273)

-1
R, = Ri{1+exp1 67- 55))

[symbols] A: photosynthetlc raIe[moI/smz] J responseto
Qpse» Qeue: PAR absorbed by leaves [mol/sm?, « : quantum
efficiency for CO, uptake (empirical constant), p, : partial
pressure of intercellular CO, [Pa], J, : sucrose synthe5|s V.,
Rubisco capacny [mol/smz] (empirlcal constant),  J. Rubisco-
limited rate, : partial pressure of O, [Pal, K.  Michaelis
constant for 02 (empi rical constant), K, : inhibitory constant
for O, (empirical constant), R,: 'Day' respiration, G
compensation point, t : CO,/O,-specifity ratio, ¢ : intercellular
CO, mole fraction, P, : atmospheric pressure [Pa], T, : leaf
temperature [C], R :ideal gasconstant, a and b :empirical
constants. (Note) The superscript oin V., and R] indicates an
intermediate value, corrected accordingtoeq.(3)to T, .
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Fig. 1 Outline of the calculation domain

N

Assumption in Diffusion Approximation :

1(x.,r) =U(¥) +cF; (X)r, ®
Diffusion Approximation equations:
TU(x 1d (x)E
T e T gatu) = R e
_ &()1YK) @
Fa(X)_ a(x) TD(“ +du (X)Eu (X) (3)
oe(x r)dw = (‘!‘ﬁ(x,r,rd)id(x,rtbdmdwti
= cp(x,r)rldw - asx.r,re)i, (x.r grdo dw ¢
Boundary condition : ﬂU —n =2xU +d,E;n (4)

Yo(x) - Bo ( ) Qg :w_(f(x,l‘)dm:&r, C:y(4n)

Bo(x) = @‘ﬁ(x,r,r@d» dod, c (x)::l/(cxj (x))

o &4, o=4r
_yX] ! Xa [a‘cr.a ) ]XC
0 ()= O Ldo. Bl @Bk oo
w =47 w4n, w=4n

. indirect component of radiance (short wave),
r :directional unit vector, n :

[symbols] |
a : leaf area density [m%m?,
inward normal unit vector.

Table3 Ross
Table6 7
Galerkin
60
0.8
(4.83)
0 1 0.1(PAR)
0.5(NIR) 0.1(PAR) 0.4(NIR)
0.9 PAR conversion factor 60
0.425 0.7
uniform

1) x=0 zo -1[cm]

y-z

U@)= (Wi )log(dz). k=w/Co. &(3 =1¥/().
u(3om) =U,[m/s, Q = ¢ [C] q—qo[glKg], C= 13.9
[mmol/m?, 0

2) z=30m u=y,, V=0, Q = ¢,
q=0q,, C=139, W/1z=0, Tk/Tz=0, Y¢/9z=0,

3) Q=6 d=0,
C=139, TK/1z=0, &(z)=Clk{%(xz),
2) x=48m y-z
X 0
2) y=0, y=30m  Xx-z V =0,
y 0
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[Table 7] Diffusion Approximation for long wave radiation

Assumption in Diffusion Approximation :
i(x,r) =U(x)+cF (X)r @
Diffusion Approximation equations :
1 éc;(x) TUX)u ~
™ g % § o(x)a(x)u(x) = -a(x E(x) @)
_ C(X)TUx)
F(x (X) - a(x) ﬂxu (3)

E(x)= Oe(x,r)dw:a0¥0(1](x)+273.15)4 )
R (VI .-
Boundary condition : _aﬁn" —Zn(U - |Om) )
- 1 .
Ioul :TT goul (rx_ (rmxdo‘) 1 YO(X) :aO - BO(X)
o = OB(x,r)dw =21, ﬁo(x)zl_Te(X) aG(xrr §dodwd

o =4 we4x, o=4r

&, (9 =1 (e, 60), Bou (9= ) i (r . 9, oo ho

i w&4r, o=4n
o ()= odxr)r.rdo, e (%) = ot ()= "B ()] e
w=4x

[Symbols] ¢ : emisivity of asingle[eal, a: lea area density
[m¥m¥, T, : leaf temperature [C], ¢ : Stefan-Boltzmann
constant,  : solid angle, i, : incident radiance (long wave),
n : inward normal unit vector, r : directional unit vector..

(r xn) means an inner product of vectors r and n.
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Fig. 16 Net long wave within foliage
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Fig. 19 Vapor sensible heat due to transpiration
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