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1 Implementation of the Jacobs A — g, M odel to calcu-
late the stomata conductance

1.1 Introduction

Modelling the stomata resistance r (or conductance g;) of plants is one of the most
important factors when simulating fluxes from vegetation layers into the atmosphere.
As plants are complex, active biological systems, the correct estimation of the stomatal
behavior under different environmental conditionsis far from being trivial. A correct
model for stomatal behaviour must be able to includethe effect of short-term variations
(light, temperature) as well as long-term changes (e.g. increase of atmospheric CO5)
when calculating the plants transpiration.

Many of theinfluencing factors produce synergistic effects- For exampleitisknown
that an increase of atmospheric CO- increases the plants sensitivity to light and tem-
perature and possibly other factors, too (Meidner and Mansfield, 1968). The correct
representation of such effects is not only of relevance when looking at the global in-
crease of CO., but also for estimating the plants behavior in polluted environments
such as urban streets with dense car traffic.

Emperical models like those presented by Deardorff (1978) or Jarvis (1976) cal-
culate the stomata conductance by scaling it down from its maximum possible value
using a set of response functions f(x) where z is the influencing factor.

The disadvantage of these modelsis, that they normally cannot include synergistic
effects between different stimuli because the factors f(x) are treated independently
from each other. In addition, they are obtained from statistical analysis of emperical
data, which cannot be measured over the full range of possible conditions (Jacobs,
1994 ; Jarvis, 1976 ). Most of the models treat the complete plant canopy as a single
"bigleaf” exposed to auniform microclimate and cal cul ate the average response of this
canopy layer. Thisis not redlistic, especially not for heterogenous climate conditions
like those found in urban areas. Thereforeisis not viable to downscale these canopy
modelsto asingle-leaf scale. For that reason, the classical Deardorff stomataresistance
model used in ENVI-met have been replaced with a so called A — g, model, which
allows a more accurate simulation of the plant physiological activity at leaf-scale base
and under the influence of varying environmental conditions.

A — g5 models overcome most of the restrictions mentioned in the section above,
as they use the observed relationship between the photosynthetic rate A ,, and the stom-
atal conductance g of a plant. These two parameters are not directly linked from a
plant physiological of view, but represent the plant’s strategy to balance water use and
CO, assimilation in order to maximise carbon gain and minimize water loss (Jacobs
1994). In addition to the photosynthesis rate, the ratio of leaf internal CO , concentra
tion (C;) to external concentration (C') can be used to include the humidity response
of the stomatain the model.

A — g5 models are valid over awide range of environmental situations, including
stress conditions. Possible synergetic effects are included implicitly by calculating the
photosynthesis rate of the plant.

The basic hypothesis of the A — g5 model can be roughly be written as
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where A,, isthe net photosynthesisrate, C; and C; are the CO; concentrations at



theleaf surface and inside the leaf. The factor 1.6 results from the differing diffusivity
of CO2 and HyO intheair.

The unit of the stomatal conductance g, is [mms~!] and therefore the transforma-
tion into the stomatal resistancer, valueis

1
re = — - 1000
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1.2 Excurse: Photosynthesis
The basic equation of the photosynthesisis

6CO, + 12H,0 ™% CsH1206 + 60, + 6Hy0

with atotal enthalpy of AG?" = +2872 kJ.

Hydrogenis separated from the water and transferred to the CO » moleculereleasing
O,. Itisobvious, that this reactions has three limiting parameters: CO-, h - v (Light)
and water, where the latter oneis the less critical under normal conditions.

To extract energy from the absorbed (sun)light, the plant uses chlorophyll « and 3
(plus some other receptor devices) which changesitsinternal energy state by absorbing
guantum energy. The energy gained is transferred into the biochemical reaction system
known as " Light Reaction”, forming NADPH and ATP. Although the dominating pro-
cesses are quite complex and still not fully understood, it is sufficient accurate to say
that around 48% of the incoming sun radiation will be accepted for photosynthesis?.
We call this fraction the Photosynthetically Active Radiation (PAR).

In the so-called " Dark Reaction”, NADPH and ATP are used to generate (CH20),,
sugars out of CO, molecules. Thiscyclic reactionis called the” Calvin Cycle”.

The counter process, the” Dark respiration” releases the energy stored in the sugar
molecules As this process mainly takes place in the dark it is distinguished from the
"Photorespiration” which aso releases CO, and certain conditions, but during day-
light.

1.3 Calculating Net Assimilation A4,,

In nature, the assimilation rate A,, can be restricted by two factors. missing light and
missing CO.. If light is the limiting factor, A,, can be written as

A, =¢el, — Ry D

where I, is the physically active radiation PAR reaching the leaf surface. In the
model equations used in this model, PAR is related to the input on a horizontal surface
in height z:
PAR(z) =0.48 - (sin ¢ Rsw,dir (2) + Rsw,dif (%))

with R, 4 :shortwavedirect radiation on asurface perpendicular to theincoming
sun, R qif: diffuse shortwave radiation (including horizon obstruction and reflection
fromwalls) and ¢ elevation of the sun (see Radiation chapter for details).

R4 istheenergy loss dueto dark respiration and € theinitial quantum use efficiency

and can be calculated with:
C;,-T
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IWhich does not mean that this energy is actually used in the biochemical reactions. Net energy trans-
ferred through the biosystem is around 0,05% of the sun radiation.
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Here, £ isthe maximum quantum use efficiency based on the theoretical efficiency
of the Calvin cycle (= 0.025 mg J~! PAR), corrected with aloss factor. For C; plants
€0 150.017 mgJ~1, for C4 plantsit is 0.014 mgJ~—!(see also Table 1). I isthe ”Com+
pensation Point” [ppm]. In case that only CO isthelimiting factor, the photosynthetic
rate at light saturation (A.,,) islinearly related to the CO, concentration:;

Am = 0.001g,, - (C; — T) dooy @)

Putting together both equations, the final expression for A,,, including both the
effect of limited light and CO. is:

A=t 1) (10 (25 ) ) - o @

Therespiration rate R; issimply defined as Ry = A, /9 (van Heemst, 1986).

Finally. A,, must be limited to a maximum value to avoid unrealistic values at
hight light intensities and hight CO, concentrations. A smooth transition between (3)
and the maximum value A, .y iS therefore used:

A = A (1 Cexp (—0.001gm- (C; —T) dm)) -

Am,max

A, Ap and Ay, max arein[mgm=2s71].¢,., isaconversion factor transforming
the CO, concentration from [ppm] (or [umolmol ~1]) into [mgm ~3]:

M602 ! pa,v

¢002 = ]\/[a

~ 1.96 (6)
where M,,» and M, are the molecular masses of CO, and air (44.0 and 28.9
gmol~1). The density of air is calculated taking into account the vapour content:

P

a T

pa,v = R

withe = T, (1 + R - ;) and R’ = £= — 1. R, and R, are the gas constants
for air and vapour pressure (461.51 and 287.05 Jkg ~' K ~') and P isthe air pressure
in[Pa].

1.31 Temperatureresponse of theleafs

The temperature dependency of photosynthesisis taken into account by using temper-
ature dependent scaling functionsfor I, g,,, and A, max, theso called Q1o functions.
These functions describe the proportional increase of a parameter X value for a 10
degreesincrease in temperature (Berry and Raison, 1982).

For I the Q4 functionis

I (T;) =T (@25) Qg >/ 7)

2Index for temperature dependence of a chemical process. Defined as the increase of reaction velocity
by temperature increase of 10 K. Temperature independent process have a Qo value of 1. Most chemical
processes have Q¢ values of 2 and higher (reaction velocity is doubled or more)



Table 1: Parameters of the Q1o functionsfor C3 and C, plants (Jacobs 1994)

Parameter X(@25) | Qo | T1(°C) | T>(°C)
Cs | eolmgJ 'PAR] 0.017 - - -
F[ppm] 45 15 - -
Gm[mmsT1] 7.0 20 |5 28
Am,max[mgm_QS_l] 22 2.0 8 38
fo 0.85 - - -
Cy | co[mgJ 'PAR] 0.014 - - -
F[ppm] 2.8 15 - -
gm[mms™1] 175 20 |13 36
Am,max[mgm_Qs_l] 1.7 2.0 13 38
fo 050 |- |- -

whereT'(@25) isthe referencevalue of I" at T, = 25°C. For the parameter g,,, and
A max thefunctionis

X (@25)Q\1i—2)/10
(L+exp (03 (11 — 1)) (L + exp (0.3 (T — 12)))

Thereference valuesfor the functions according to Jacobs (1994) are given in table
1for C3 and Cy4 plants.

X(T) = ®)

1.3.2 Calculatingtheinternal CO5 concentration C;

To solve the equation set, the leaf "internal” CO4 concentration must known. It can be
be calculated from the ratio of internal and external CO, concentration:

C; r
= = 1— f)—
o =/+0-Ng ©
where factor f takes into account the stomatal response to humidity and is defined
as
Dy Dy
f = fO (1 - Dmax) + fmin <m) (10)

D; is the saturation deficit of the air at the plant surface with D, = ¢*(T}) — qa.
For Dy, @ maximum value of 45 gkg ! is used to represent then humidity response
for crops and deciduous forests (Choudhurry and Monteith, 1986). For other plants,
values might vary.

fo isthe value of f at D,=0 gkg~! which is 0.85 for Cs plants and 0.50 for C,
plants.

The minimum f,;,, is calculated with

Je
fmm gc + g,n (11)
where g, is the cuticular conductance, controlling the diffusion of water vapour
from the leaf swithout using the stomatal mechanism.Thevauesfor g . may differ from
plant to plant. For crops, g.. lies between 0.1 and 0.4 mms~1, for trees and xerophytes
itissmaller. (Jacobs 1994). Usually g, is set constant to avalue of 0.25. The resulting
internal CO, concentration can finally be calculated using (9):

Ci=f-Cot(1=f)-T




1.4 Estimating the stomatal response

The correlation between the assimilation rate A ,, and the stomata conductancefor H,O
(g5) for can be written as

gs = 1.6 % 1000gs.
The conductance g, [ms~!] of theleaf to CO transfer can be calculated as

/ D A A 1
= An - Am min ° = g 1-— g 12
Isc ( ’ Dmax  Am,g * fia ( Am,g)) (Cs = Ci) beon (13

with

Ag = A, + Ry
Am,g = Am + Rd
Am,min = OOOlgm . (Cmin - F) ¢c02

where C\,,i, isthevalue of C; at Dy = D, calculated using (9,10,11):

Conin, = 9¢Cs + gml’ (13)
ge + Gm
Thevalue of A,, isobtained from (4), with the additional condition
Ay = max (Am min, 4n) 14

to avoid negative conductance values.
Thetotal |eaf stomatal conductancefor vapour, including the cuticular conductivity,
can then be calculated as

gs = 1.6 -1000g.. + ge (15)

1.4.1 Interactionsbetween CO5 and H,O

In, addition, the interactions between CO, and H,O diffusion are taken into account
(Calvet, 2000; Calvet et al., 1998): ,

Cs +C7,

9sc = g;c +m- 107°
2(Cs = Cy) b0

with

MHzo “Paw
O =~y

where M, o isthe molecular masses of vapour (18 gmol —1). m isthe transpiration of
the plant givening [mgm ~2s71] :

m = p,gsDs

with D, = qx — qa in [gkgilsil]
Thefinal solution isfound by inserting new values of g . into (15) and iterating.
Thismoduleisunused at the moment.



1.5 Interactionswith atmospheric CO,

The uptake and release of CO, due to assimilation and respiration effects the atmo-
spheric CO, concentration inside and downstream the vegetation stand. In order to
allow an accurate ssimulation of the diurnal CO-, a prognostic equation for CO, was
added to the atmospheric model. The basic equation is equivalent to the standard
advection- and diffusion equations of the atmospheric system:

0ico) | 0[CO) | DCON | 0lCO) _ o oic0\ | 0 0[O,
ot T ar TUTay YT ar T an \Bxeorm— ) g Bcor g

) Plele)

+£ (KX,COQ [8z ﬂ) + Qy.coz2(7,y,2) (16)

The unit of [CO5] in the atmospheric prognostic equation is [mgkg ~*] whereasin
the plant system CO, is needed in [ppm].
The conversion between the different units used is

mg mg
prm = 1 ooy = g = 1/p — T P/ Doz — PPM

with ¢.,, given by (6). The Source/Sink term @, co2 linked to the plants net
assimilation by

1
QX,COQ(%ZJ’Z) = _An ' LAD(Q?,y,Z) : ; (17)

Where A,, isthe CO; flux per leaf areaunit and @, co2 isthelocal source/sink rate
in [mgkg—'s~']. The exchange coefficient for CO, is calculated from the coefficient
for water vapour K, taking into account the differing molecular diffusivitiesin air:

Ky.cos = 0.625K, (18)

The conversion from mgkg ~* to ppm depends on the local temperature and vapour
contend of the air. As the internal calculations of the A — g, model also work with
mgkg ™!, it isimportant to use the same T" and ¢ for both conversions.

The initial CO-, field is taken from the given background concentration in [ppm]
using the temperature and humidity in approximately 2 m from the reference profile
(1D model). The boundary conditions are the initial background concentration at all
model borders, except the lateral outflow borders, where a zero-gradient condition is
used.

1.6 Extension toinclude soil water stress

The Jacobs model as it was described up to now, does not take into account the water
conditions of the soil. If the soil layers inside the root zone are not able to supply
enough water, transpiration will be reduced even if the stomata could be open wide
under the given atmospheric conditions.

ThelSBA-A — g, model (Calvet et al., 1998) uses one additional factor to include
soil water stress. This was done by changing the parameterizations of the mesophyll
conductance g,,: /

gm =& Gm (19
where g, . is the mesophyll conductance from the original Jacobs model obtained
by applying (8)..



The available soil water is calculated as an normalized value £:

N = Nwilz

g =
Nfe = Nwil

Here, 1 is the volumetric soil water contend in the root zoneand 1 ;4.7 .. its value
at wilting point and field capacity respectively.

As different layers might contain different soils with varying hydraulic properties,
an average value ¢ is calculated over the root zone in ENVI-met. The minimum value
of £ isset to 0.1 (=10%) to avoid unrealistic behaviour of the model system.

Asaspecia case, plantsmight stand on roofs. Inthisspecial case, water availability
isafunction of the external irrigation.

1.6.1 Plantson roofs

If aplant stands on aroof, the Rooftop-Watering coefficient ¢ ,,,,.,. going from 1 (total
irrigation) to O (total stress) replaces € in (19). This formulation is conform with the
use of 0,41, IN the Deardorff-approach (see there).
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