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ABSTRACT
GROMAX is a community photosynthesis model designed to describe the

daily gross photosynthetic behavior of a mixed grassland community in
response to daily radiation input. The community leaf structure is defined
in terms of an area and angle combination for each of the component primary
pfoducers, and their intrinsic photosynthetic response is given in terms of
either a measured or an idealized leaf photosynthesis-irradiance function.
For a given community, gross daily carbon uptake is calculated for any site
(latitude) and time (day of year) under clear sky conditions, overcast

conditions, and by interpolation under the observed daily radiation.



INTRODUCT I ON

This model is written for inclusion in ELM and is designed to explain,
on a daily basis, the fate of photosynthetically active radiation incident
upon a grassland and the consequent upper limit to gross productivity. In
operation, the prédictions of this model are subject to modifications result-
ing from non-optimum conditions of the abiotic parameters of water availability,
nutrient availability, and temperature, and to continuous losses from respira-
tory activity, grazing, and senescence. Although there is no way of validating
this model directly, there is evidence from the literature dealing with the
growth of ungrazed pastures and crops under agronomically optimum conditions
which can be used to assess its general level of accuracy. In practice, the
strict and continuous validation of any production-utilization-decomposition
complex in a total grassland ecosystem model is not possible, and reliance
must be placed upon coincidence of observed and simulated changes in biomass,
together with any available fragmentary information on rates of individual
processes.

Photosynthetic productivity is limited ultimately by the solar energy
which is intercepted by vegetation and instantaneously coupled to the photo-
chemical reduction of atmospheric carbon dioxide. An early model of community
photosynthesis by Loomis and Williams (1963) used then available information
on spectral composition of solar radiation and the quantum efficiency of the
photosynthetic process to estimate potential productivity per unit of incident
solar energy. A comparison between the predicted rate and the actual measured
maximum rates of photosynthesis for a range of crops was an exciting assessment
of our crop production capability and a challenge for subsequent crop

modeling activities.
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An important feature of the Loomis and Williams' model was its generality.
Crop and environment were specified in such simple terms that its prediction
could be applied with approximately equivalent accuracy (and, hence, also error)
to many situations. This feature of generality seems to have become lost in
the more advanced models of community photosynthesis which have been produced
since that time. As the mechanisms that are portrayed become more exact, the
definitions of environment and community required to drive the models become
correspondingly more rigorous. Although, in theory, they may be appropriate
to a range of communities, in practice they tend to become community-specific
as a result of ''shortcuts' or the availability of data.

In view of our general ignorance of detailed environmental and community
parameters for the range of grassland communities, it is necessary that a
generally applicable model be a simplified one. This does not mean that it
cannot portray a process with a satisfying degree of realism, nor that it be
structured in such a way that additional detail cannot be readily included
as it becomes available. It does mean, however, that the level of approxima-
tion that must be used across all situations will most likely necessitate the

omission of some detail which is currently available for isolated cases.

MODEL

Overall View

The major steps in the logic of thé model are illustrated in Fig. 1. It is
shown that for a defined locality and canopy structure, separate estimates
are made of canopy illumination patterns and consequent canopy photosynthetic
response for clear sky and overcast conditions, respectively. Canopy photo-

synthetic response under the observed radiation conditions is estimated by
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combining the responses for clear and overcast conditions on the basis of
the estimated fractional cloudiness for the day. This figure is itself
derived from the observed daily total radiation and the estimated daily
radiation for clear and overcast conditions.

The model is designed to operate on a daily basis, and within each day
the time step of integration is 1 hr. The model is constructed such that it
need not be used in Tts entirety on each consecutive day in a continuous
simulation. Since solar trace and canopy characteristics change little
from day to day, it is intended that the complete routine be used once each
5 days or so, and that the ancillary estimates that it makes, viz.,

1. daily solar radiation under clear sky,

2. daily solar radiation under overcast sky,

3. daily canopy photosynthesis under clear sky, and

L. daily canopy photosynthesis under overcast sky,
be used with observed daily radiation values for the remaining days in the
interval to estimate the canopy photosynthesis under changing radiation
conditions.

The rerun of the entire model would be dictated by the need to accommo-
date an updated canopy structure or the need to adjust for the continuously
changing solar trace. An interval of 5 days would accommodate the latter

consideration.

Canopy Structure

The plant canopy is represented structurally by two parameters, green
foliage area index (FAl) and foliage angle (FA), for each of the five
possible producer components upon which ELM operates plus a single compart-

ment for non-photosynthetic material (living plus dead) for all species.
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These are listed together with the type species for the Pawnee Grassland in
Table 1. For any particular run, only one photosynthetic component need be
specified.

It is assumed that the dispersion and orientation of the individual
foliage elements are at random. These assumptions are relevant to the
geometrical treatments given to the penetration of radiation into the
canopy and the resultant predictions of illumination patterns on the

component foliage elements.

Radiation Climate (Subroutines TIME, SOLDEC, SOLALT, and GENRAD)

Locality definition consists of latitude (RLAT in degrees; by convention
southern latitudes are negative), day of year (IDAY), and total daily solar
radiation input (TOTRAD in cal/cmzlday). From this, an hour-by-hour solar
trace is calculated (TIME, SOLDEC, SOLALT). For each solar position the
solar radiation appropriate to both clear and overcast sky is calculated
(GENRAD) (de Wit, 1965)}. The observed daily solar radiation is used to
estimate the fractional cloud cover (FOV) for the day by comparison with

the estimates of daily radiation for clear sky and overcast sky conditions.

Canopy |lilumination under Ciear Sky Conditions (Subroutine 2Z)

For each hour (solar elevation), an analysis of the random gap and sunlit
FAl is made by the method of Warren Wilson (1967). The distribution of light
intensities on the canopy foliage elements depends upon irradiance above the
canopy, solar angle, foliage angle, and foliage azimuth characteristics,
Since it is assumed that the orientation (azimuth) of the foliage is at
random, then the analysis of de Wit (1965) can be used to describe the

distribution of irradiance upon them, This is achieved in this program by



Table 1.

Canopy components.

Classification

Species on Pawnee Grassland

Warm-season grass
Cool-season grass
Forb

Shrub

Cactus

Non-photosynthetic tissue

Bouteloua gractilis
Agropyron smithii

Sphaeraleea coccinea
Artemisia frigida

Opuntia polyacantha

All species
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assessing the distribution of irradiance on the sunlit foliage area for each
hourly time step in 10 classes of incident angle (0.1 steps of the sine of
the angle of incidence 0.05, 0.15, 0.25, ..., 0.95) between the solar beam
and the foliage surfaces. The solutions to these calculations for 10° steps
of solar angle-foliage angle are contained in the array ISINLS from ldso and
de Wit (1970). (See BLOCK DATA in Appendix I).

The illumination pattern provided by direct beam radiation is supplemented
by a diffuse radiation component, originating not only from sky radiation but
also within the canopy by the scattering of intercepted direct beam radiation.
The penetration of diffuse radiation is handled by the method of Anderson
and Denmead (1969) (see next section), with an added component caused by the
forward scattering of intercepted direct beam radiation in the canopy.

The canopy analysis is made in steps of 0.1 FAl, and the forward
scattering coefficient for intercepted direct beam radiation (FSCAT) is

taken to be 0.25 (de Wit, 1965).

Canopy |1lumination under Overcast Conditions (Subroutine YY)

The geometrical considerations which govern the penetration of diffuse
radiation into plant canopies are quite distinct from those which govern the
penetration of direct beam radiation. A particular problem is that the
equations which have been used to describe penetration of diffuse radiation
have no analytical solution, so extensive numerical approximations are
necessary. Anderson and Denmead (1969) have investigated this problem and
have proposed a general approximation in the form of an exponential extinction
profile with a leaf area dependent extinction coefficient. Thelr approximation

is used here.
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Calculation of Gross Photosynthetic Response

Empirical leaf photosynthesis-irradiance relationships for component
species can be used to complete the step from canopy illumination patterns
to a calculation qf canopy photosynthesis. However, such data are generally
not available, and so it is the object of this model to inciude an alternative
procedure based upon a simplified representation of leaf photosynthetic
response to irradiance.

Two parameters are used to define the photosynthetic response of each
species component (I):

1. PSAT(I) the minimum irradiance (cal/cmz/min, 0.4 to 0.7 u) for

maximum photosynthetic response and
2. QEFF(I) the average quantum efficiency (mole C/Einstein) of
incident radiation below the saturation level.

These parameters are depicted in Fig. 2 with data from a comprehensive
set of leaf response characteristics (Ludlow and Wilson, 1971). |t can be
seen that both PSAT and QEFF discriminate strongly between C3 and Ch photo-
synthetic types, and further that, although leaves of Ch species do demonstrate
a continued photosynthetic response up to irradiance and approaching full
sunlight as many authors report, there is a large difference in photosynthetic
efficiency at high and low irradiance. The form of the response is open to
the type of simplification suggested, although clearly any established
function is preferable and can be incorporated in the model .

Leaves of C3 species show light saturation at comparatively low
irradiance (0.08 to 0.15 cal/cmzlmin, 0.4 to 0.7 uw). In considering the implica-
tion of choosing an "arbitrary' value of PSAT for Cll species, it is of interest

to consider the levels of irradiance in canopies of these species under
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conditions of high insolation (say, 500 ca]/cmzlday). Since the FA in grass
canopies is high (say, >55°), a very small proportion of foliage is ever
subjected to irradiance over 0.40 cal/cmzlmin (0.4 to 0.7 u). This is depicted
in Fig. 3 where for a hypothetical canopy (FAl =5, FA = 65°, QEFF = 0.05

mole C/Einsteinj, the influence of PSAT is consideredrby BROMAX under a

range of solar radiation conditions. Even under insolation of 500 cal/cmz/day,
there is little response provided PSAT is greater than 0.30. This shows that
there is little foliage illuminated with intensity greater than this value.

An important task of GROMAX is to functionally differentiate the photo-
synthetic potential of C3, Ch, and mixed grassland types. In the absence of
established leaf photosynthetic characteristics, this can be attempted with
the simplifications depicted in Fig. 2, but for each species these approxima-
tions need to be replaced with actual measured response functions.

Ludlow and Wilson {1971) estimate mean maximum quantum efficiency values
of 0.06 and 0.10 mole C/Einstein (absorbed) for C3 and Cy species , respectively.
These valués are consistent with determinations made on other species by
several authors reviewed by Ludlow and Wilson. Loomis and Williams (1963) used
a value of 0.10 mole C/Einstein of absorbed radiation in their assessment of
potential productivity. Values of QEFF (average quantum efficiency of incident
radiation up to PSAT) will always be less than these maximum rates. For
example, values of QEFF for C3 and Ch species from Fig. 2 are 0.03 and 0.05

mole C/Einstein, respectively.

OUTPUT
Three attempts are made to demonstrate the general level of accuracy

of GROMAX by comparing output with published data on productivity under



.-1"-..

*s1sayjuisoloyd Al junwwod uo (1ySd) 213side3ioeleyd uocrieanies 3yby| ses| syl jo 153443

(7 20 o) $O ‘uiu/,wd/|09) 1ySd

10} 0 ¢0 20 10 o
I T T T T \\N
m\
/ /
7,/
Aop/,wa/{0d 8| s/ 7 s
S 1PN - — — — — — — e — — s/ ;
\\\
v
-~/
—_ / 4
- / Ol
>_uU\Nc.hu\__uo 00G-—— 7 S
\\\ g
- 61
_ -
— -
fop /w7100 GO8 -
A%S 1D8(Q —

402
oG9 =Vd

G=1v4 19¢
00¢ = Avdl
No8E =1Vd
uigisuiy/y dowgC0 = 4430

01

(App/;wi/ 0 B) SISIHLNASOLOHd SSOM9



_12_

optimum conditions. Assumptions are necessary at various points in the
calculations and these are indicated. It should also be noted that while

a prediction of gross photosynthesis is attempted, it is necessary to compare
this figure with an observation on net photosynthesis. Depending upon what
one's idea is of the magnitude of respiratory loss (50%?, 33%? of gross
photosynthesis) and the probliems in modeling this portion of the produc-
tivity picture, then reactions will vary as to the value of GROMAX as a
practicable potential productivity routine. Perhaps one aspect of the
problem can meet with general agreement. |f the mode]l were more complex

and needed more parameters to drive it, then the chance of convincingly

demonstrating its value with available data would be greatly diminished.

Photosynthesis of Bouteloua gracilis Grassland

The measured maximum daily photosynthesis of grassland dominated by
blue grama on th Pawnee Grassland is "4 g C/mz/day (Dye, Brown, and Trlica,
1972)}. This was determined in June 1971 for a canopy with a FAl of 0.5
under insolation averaging 600 cal/cmzlday.

Using

RLAT 38°N

1DAY = 140

TOTRAD = 500 cal/cm®/day
FAl = 0.5

and assuming
FA = 60°

QEFF

[

0.06 mole C/Einstein of incident energy

]

PSAT = 0.40 ca]/cmzlmin (0.4 to 0.7 u),

estimated potential gross photosynthesis is 7 g C/mzlday.
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A second analysis which, by selection of appropriate parameter values, is
appropriate to the photosynthesis of B. gracilis grassland is presented in
Fig. 4. 1t is the relationship between photosynthesis and foliage area index
for a range of radiation conditions. Observed foliage area indices at the
Pawnee Site are less than 0.52, so that this figure demonstrates the restric-

tion that low leaf area places upon potential photosynthesis.

Growth of a Wheat Crop
The data used here are taken from Paltridge et al. (1972) in a study
which provides detailed crop and environmental records fﬁr a crop of wheat
grown at Rutherglen, Victoria, Australia, in the winter-spring of 1971.
The measured growth rate (including roots) of this crop Is recorded
in Table 2, together with estimates of gross photosynthesis from GROMAX

assuming

PSAT

]

0.15 cal/cmzlmin (0.4 to 0.7 u) and

QEFF = 0.04 mole C/Einstein incident radiation.

All other variables are available as measured parameters.
During the vegetative and early reproductive phases of growth when no
serious moisture stress was recorded, GROMAX provides acceptable estimates

of gross photosynthetic behavior.

Maximum Growth Rates of a Range of Communities

Peak growth rates for temperate and tropical communities have been
reviewed by Begg (1965). For a range of sites, maxihum recorded growth
rate {(net production), location {latitude), and insolation are provided.

In order to utilize these data, a number of assumptions were necessary,
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Table 2. Growth of a wheat crop at Rutherglen, Australia.

Growth (g C/m2/day)

Days fg m FAL baily Radiation
Sowing— {cal/cm?) Observed Predicted b/
Net Growth Gross Uptake=

25 0.1 197 0.3 0.5
50 0.6 199 0.8 2.1
75 1.8 240 1.8 3.6
100 4.1 255 3.9 4.8
125 6.0 439 5.6 7.2

3/ Sowing date: May 11, 1971.

b/ Assumed values in model: PSAT = 0.15 cal/ecm?/min (0.4 to 0.7y)
QEFF = 0.04 mole C/Einstein.
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and these are tabulated together with the original data and GROMAX predic-
tions in Table 3.

Unlike the previous example in which a trend, as well as actual values,
can be used to gauge the value of the prediction, in this case a comparison
Is restricted to isolated data points. However, it can be seen that GROMAX
does attempt to handle the C3, Ch problem and, in particular, that the reality
of light saturation in 03 species means that even under high radiation condij-
tions and full canopy cover, the photosynthetically effective radiation in

such canopies is much reduced.

CONCLUDING REMARKS

GROMAX is designed to calculate the potential gross photosynthesis of
@ pure or mixed-species grassland by functionally relating the component
meteorological, ecological, and physiological processes. |t provides a
means of comparing the photosynthetic behavior of grassland sites and of
making an initial step in the "analysis of the structure, function and
utilization of grassland ecosystems'' (Van Dyne, 1971). As a process model,
it seeks to identify the intrinsic site, community, and species properties
which control the overall process and, consequently, needs to be supported
by field and laboratory process studies if it is to contribute to a deeper
understanding of grassland productivity. At the present time, there is
little leaf response data available for even the major species of the
American grasslands, so that in the examples given approximation has been
necessary. Even so, the importance of leaf response can be demonstrated
by the important differences which exist primarily between photosynthetic

pathway types but also within them.
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APPENDIX I

LISTING OF GROMAX

SUBROUTINE GROMAX(IDAYsRLAT+TOTRADSFAIsFAsCIN+sTOTTOTOVTOTCL
LCLEARCLOUDY«FOVY

l'.".l!.l'l‘ﬂ...lIQ..Q..DI.l.l‘Q".G.ll....Q..‘.Il..l.’ﬁ!'....'..‘.l*.d-.

TO RUN THIS SUBROUTINF SUPPLY THE FOLLOWING PARAMETERS

10AY JULIAN DAY

RLAT LATITUDE IN DEGREES (SOUTHERN LATITUDES NEGATIVE)

TOTRAND TOTAL DAILY SHORTWAVE RADIATION IN CAL/CMss?

FAI A PREVINUSLY DIMENSIONED ARPAY STZE 6 CONTAINING THE
FOLTAGE AREA INDICFS OF S PRODUCER COMPARTMENTS AND
NON BHOTNSYNTHETIC MATERTA), SET NON ACTIVE COMPARTMENTS
T0 ZERD )

FA A PREVIOUSLY DIMENSIONER ARRAY STZE 6 CONTAINING THE
FOLIAGE ANGLE OF S PRODUCER COMPARTMENTS AND

¥0NZPHOTOSVNTHETIC MATERTAL, SET NON ACTIVE COMPARTMENTS
0 ZERO

AND RECEIVE AS OUTPUT THE FOLLOWING PARAMETERS

CIN INTO A PREVIOUSLY DIMENSIONFD ARRAY SIZE 5 THE DAILY GROSS
PHOTOSYMTHESIS OF THE S PRONDUCER COMPARTMENTS IN G CARBON/MEs?

Tor TOTAL DAILY GROSS PHOTOSYNTHESIS .ALL COMPARTMENTS G CARBON/Mes?

TOTOV TOTAL DAILY 6GROSS PHOTOSYNTHES]S UNDER CLOUDY CONDITIONS

TOTCL ° TOTAL OATLY GROSS PHOTOSYNTHESIS UNDER CLEAR CONDITIONS

CLEAR  DAILY SHORTWAVE RADIATION UNDER CLEAR CONDITIONS IN CAL/Cuse>

CLOUDY DAILY SHORPTWAVE RADIATION UMBER CLOUDY CONDITIONS IN CAL/CMes?

Fov FRACTION OF DAY WHICH WAS CLOUDY

. ~
'i.I.Q.IIIC...QI....!Q.Q'Qi‘..lIIICQ.'.I..C..'.I*i'.l!.’ﬁ..'!'.".'l.."ll

DIMENSION FATULYoFA{112COUSI2CCISICINILY

DIMENSTON nErAtlEr.DIvotlal-DIFRAn:lz:-CLsxtlal

CALL TIME(IDAY.RLAT.BFETa)

CALL GENRAD(TorﬂangBETA.DInAD.D!FRAD-CLSK-CLEARoCLOUDY.Fov|
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SUBROUT INE

=20~

GROMAX €OC 6480 FIN V3.0-p10a oPT=]

00 19 1=1.5
CIN(IY=0,

"19  CONTINUE

ToT=0,
TOTovV=0,
TOTCL=01
DO 100 t=}.17
IF{RETACII}100,100420

29 CaLp YYIDIFRAD(I14FaT.C0)
CALL ZZ(D]QADfI!oCLSK(I)iFIIvFA-BETA(IJ-CCl
DG 90 Jzl.5
IFIFAT())90.9¢.Ap

an Av=tcolJ)-FovocctJi'(1.-Fuv:lcz.
CINIY=CIN(J) +AYV
TOT=TOT Ay
TOTOV=TOT0V°CO(J)02.
TOTcL=TnTCL»CC(J|-2.

90 COMTINUE

100 CONTINUE
RETURN
Enn

01,11/73 09,.15.23
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COC 6400 FTN VI, 0-P308 OPT=] 01/11/,73

SURROUTTINE ZZIDIRsNIF +FAT+FA+BSUNSCARBONS
COMMON/GEOM/ISINLS (99,10}

JIMERSION FAT(L)+FA L1y +CARRONI(T)

DIMENSTION DRADlIOi-AREA(IO).PHIR(&).SFAI(G!vCOVERIﬁ)

DATA SUBL/0.1/

DATA FSCAT/0.25/

SURL IS THE SIZF (FAl) OF EACH STEP IN THE CANOPY ANALYSIS
FSCAY IS THE FORWARD SCATTERING COEFFICIENT FOR OIRECT RADTATION
TF.I=0. )

DO 10 1=1.+5

TFAI=TFAI+FALI(T)

CARRONIT) =0,

CONTINUE

TRFATaTFAI+FAT (&)

STEP=STFAT/SUBL
....l..O.IO...‘."Q.’Q'*'..Iﬂ‘-...'..."‘l.....‘..'.-"'.'.IQ.'..I...
THE FOLLOWING PARAMETFRS DEFINE CONSTANT PROPERTIES FOR EACH SURL
TPHIg=0,

TCOV=0-

TSFAI=0,

0O 100 1=1.6

IFCFATILUY)1100+100,50

PH!B(J)zFAI(JJ'DHItFAGJl-BSUN)/STEB

TPHIB=TPHIB+PHIP L 1}

COVER (=] ,~EXP(=PHIR(J) )

TCOV=TCOV+CRVER (U}

SFAIlJ)=FlI(JI/DHIR(Jl'COVER(J)/STED

TSFAI=TSFAL=SFAT( )

CONT INUF

GAPZEXP {=TPHIB)

SUNFAI=TFAL/TPHIR® (1 ,-GAR) /STEP
'l'.l'i...."'..l."‘."'...'..OG!......G..C.I..l'l..'."‘.......'
I8=TFIX{ASUN/10,1+1

C6AP=1,

CAPSUM=(,

DIFR=pIF

ISTEP=STERP

Cap=zp,

D0 1000 NLAYFER=1,1ISTEE

SUNFAT=SUNFAT*CrRaP

SUNFAT IS NDOW THE SUNLIT FOLIAGE ARFA INDEX IN THE CURRENT SUBL
DIFR=(DTFHOC&D'FSCAT}'ANDENfSUBL)

DIFFUSE RANITATION INCLUNES AN EXTRA SCATTERED COMPONENT FROM
SUAL. ABOVE THE CURPENT SUBL -

IFINIFR.LELO,IRETURN

COAP=CGAPRGAP

CGAP 1S THE CUMULATIVE GAP TQ A POINT IN THE CANOPY
CAP=DIR*(] . ~CGAP) =CAPGUM

CAP IS THE INTERCEDTED PIRECT BFAM PADTATION IN THE CURRENT SURL
CAPSUM=CAPSUM+C AP

DO 800 j=l.5

IF(FATC1)A00+B00+1230

IF!SUNFA!.LT.0.00000I\GO To &00

IAZ[FIX(FA( I /L0, ]

CALCULATE AREAS FOR 19RADIANCE CLASSES

09.15.23,
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I+ 4 €cOC 6400 FTN V3, 0-P308 QPTe] 03/11,73

SPECIFS CONTRIBUTE To TNTAL SUNFAT IN PROPORTION T0D THEIR INDIVIDUAL

SUNLIT FOLIAGE AREA INDEX CALCULATFD AS 1SOLATED SPECIES

AREA(IJ=PL0ATlISINLSl[Aolel))/lODO.'SUNFl! ®SFAIL 1) /TSFAL

00 250 x=2410

!FttSrNLStIA-!B-x;!230v230-150
150 ADEAtKizFLnATtISINLS(Tl;!B-K)-I%INLSIl‘-leK-l})IIOOO.'SUNFAI‘

ISFAT () 7TSFAY

G0 TO 250
230 AREA(K) =0,
250 CONTINUE

CALCULATE IRRADYTANCE DISTRIBUTION ON LEAVES FROM THE RADIATION

INTERCERTED BY THaT SPECIES DURING THIS WOUR INTERVAL

RADIATION INTERCEPTED BY SPECIES(.JY 15 PROPORTTONAL TO IT§ CONTRIBUT 1ON

TO TOTAL COVER .

CAPU=CAP*COVFR (1) /YCOV

SUm=90,

THE BASTS OF THIS S$TEP s THE 10 CLASSES OF SINLS 0+0500,15+0.2540,35.

SEF BLOCK DATA AND REFERENCE THERE

DO 260 k=1.10

IF(AREAIK) }260.2604+252
252 suw:sUMoAREA(K)f(PLﬂATlx:/lo.-o.OS!

IFCISINLS (14+IBsK) £, 1} 60 70 265
260 CONTINUF
265 X=CAP j/5UM

DO 270 x=zl.10

Pnnnlx;=x¢(FL0AT|kl/ln.-o.o5l
270 CONTINUE

PRAD [S IN CAL/CMe82/MIN FOR FUNCTION GPHS

D0 500 K=15190

IF(AREA(K})S00+5000400
400 ccnnonlJ)zCAnRON(JtoAnEA(Ka~GPH§:J.pnAn(K)oorrnl
450 IFCISINLS (1A IBex) ,EQ,1160 T0 800
500 CONTINUE
600 caaRON(J}=CARBON(J|»trAI(J)/srzp-sunrlz'srlltJt/rsrAI)O

1GPHS ( J+NIFR)
800 CONTINUE
1000 CONTINUF

RETURN

END

09.15.
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SUBRDUTINE Tirme COC 6400 FTN v3.0-P308 opT=] 01/11,73 09,15,

SUHQOUTINE Tt"E‘IDlYinLAY'HET‘)
DIVENSTON BETA(})
UEC=SOLDEC(IDlYI
X = 7,5
H DO 50 y=1.12
IH=13.1
BET‘(IHI=50L‘LT‘!ODECQRLQT)
xﬁXO.iSl
50 CONTINUE
10 RETURN
END

FUNCTINN s __ .. COC 6400 FTN v3,0-P30A OPT=1 01/11,73 09.15,

FUNCT 10N SOLDEC (T}

c JeW, SPENCER SEARCH S¢2)
T=2.'3.I“lG'FLOATlI)/165.
50LDEC=0.GQIBE-Z-G.BQQQIZ'COSlTlOO.TOZSTE-I‘SIN(Tl-O.GTSBE-?acostz

5 :.-r:.o.qore-aosrntz.orl-0.26975-2-c0513-*71°0-1“BE~2“5'N‘3-“"
RETURN
END
FUNCTION  soLaLt COC 8400 FTIN v3,.0-p3gs OPT=l 01/11/73 09,15,

FUNCTION SOLALTIH.ﬂECvﬁLAT!
DATA PIOCON/0-°]7453/
s["LAT=S'NfﬂLAT'P‘DCON]
COSLATzcnS(RLﬂT'RﬂDCON’

S A=lﬂSle‘9ADCON
SINZ’COSLAT'CBS(DFC).COS(A)OSTNLATOSIN(DEC)
!F(SINZ)IS!IS!B

A SOLALT=ATANGSINZ/SQRFIi.-S!NZ'SINZll/RADCON

RETURN

10 1s S0LaLT=0,
RETURN

END
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CDC 6400 FTN ¥3,0-P308 0pT=l 01711,73

SURROUT INE GENRAD!TOTDAD-BETA-DIRAO-DIFPAD.CLSKOCLEAR-CLOUDY-FOV)
DIMENS INN BETA(I)vﬂIQAD(llcDIFDlD(llchSK(!l
DIMENS TON SOLAC10) «SUNY (10} +DFCY(10) +DFOY (10}

ARRAY SNLA CONTAINS SnLar ANGLES IN DEGREES
SUNY+DFCY AND DFOY CGNTATIN IN J/M®#3/S THE CLEAR SKY DIRECTs THE CLFAR
SKY DIFFUSE AND THF OVERCAST SKY DIFFUSE IRPADIANCE CORRESPONDING T THE
SOLAR ANGLES IN ARRAY SOLA
DATA SOLAIOQOS.C15.!25-!35.'“5.'55.065-'75.!95.,
DATA SUNY/O.-EQ.J-SB.o175.0262.|336.cﬁ02.-452.-b83.-504./
DATA DFCY/O.‘Z?.I&?.|49.|56.cQ#.cbﬁ.171.075.'77-/
DATa nrnr/o..e.-zb..ﬁs..sa.-ao..oa,.105..112..116./
CLEAR=0,
CLouoy=aq,
DO 10 I=1.12
SA=RETA(I)}
IF(SA1B.846
& DIRabiny= ALINT{SOL&.GUNYv10-5A!O2.~0.08=96
CLSK(I!=ALINT(SOLB-DFCY.10-5A|*1.?¢o.05596
D!FPAD(])=ALINT(SOLA-H’0V|IO'SA)'].7'0.08596
CLEAR=CLEAR0(D[QADIII*CLSKtl)l'?‘
DIRAD (TY=DIRADIT) /60,
CLSK LI =CLSK (I} r00,
CLOUDY=CLOUDY*DIFRAD LT %2,
DIFRAD(IY=DIFRADI(T) /60,
GO TO 10
A ODIRAD(I)=0O,
CLQK(!' 300
DIFRAN(T)=0,
10 CONTINUF
FOV=(CLEAR=TOTRAD V/ICLEAR-CLOUDY)
IF{FOV.GT . 1, )FOV=1,
IF(Fav,.LT,0.)FOvV=0,
RETURN
END
ALINT cDC 6400 FTN V3,0-P308 0PT=] 0ls711/73
FUNCTION ALTNT(TARXsTABYoN+XVAL}
LINEAR [INTERPOLATION QOUTINE
TARX MUST BF A CONTIN'CUSLY ASCENDING ARRAY
IF XVAL I5 OUT OF RANGE OF TABX THF FIRST OR LAST FNTRY IN TABY wrL|
BE RETURNEN
DIMENSTON TARX(1)aTARY(})
IF(XVALLLE,TABX(11)IGO Ta 20
IF IXVAL .GEL.TABX(N)IGO TO30
DO 10 1=2.N
IF(AVAL LE.TABX(IYIG0O To 15
16 CONTINUE
15 CONTINUF
ALINI:(IVAL-TABK{!-]!l'tTlBY(lI-TAﬂY(I-II!/lTlRK(I)-TABX(I-l)’
1+TARY (T=1}
RETURN
20 ALTINT=TaBY (1)
RETURN
39 ALINT=TAAY (N}
RETURN
END

09,15,23

N%9.15,23.
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SUBROUT INE YY(DTFRAD-FA{:CO)
DIMENSION FAT(1)eCn!14
DATA SuALs0,.17

TFA!=°-

DO 10 I=les
TFATI=TFAT+FAI(])
IF{1.FQ.6)6G0 To 10
Corry=0,

CONT INUE
STEP=TFATl/SUBL
ISTEPaSTER

CA=q,

00 100 I=l+ISTEP
CAZCA+SURL
DlF=DIF°lD'ANDEN{CA)
!F'DIFOLEIODlRETURN

DO S0 J=1,5

IF(FATL N)S0.50.20
COtUI=COlIr+FAL
CONT INUE
CONTINUE
RETURN
END

FUNCTION ANDEN
FUNCTTON ANDEN{A)

ANDERSON AND DENMEAD TREATMENT NF THE
61(6) 41969

RADIATION FROM AGRON..JOUR.
IF(A~0,5)10+10.70

ANDEN=]1, ZEXP(1,7584)
RETURN

IF{A=1,0)30430000
ANDEN=1,./EXP(]1.19%8)

RETURN

ANDEN=1,/EXP {0,084

.RETURN

GPMS

95

END

FUNCTION GPHS(1SP.SWRAD)
DIMENSION PSAT (S} «nEFF (5)
DATA NEFF/Q0,05+440,03/
DATA OSAT/0,40,4%0,15/

COC 6400 FTN v3,0-P308 OPTs] 01/11/73 09,15.23.

(N /STEPRGPHS (UeDIF)

CDC 6400 FTN V3,0-P308 OPT=]

PENETRATION oF DIFFUSE

0/211/,73  09,15.23.

COC 6400 FTN V3,0-P30A OPT=] 0l/11/73 09.15.23,

ALt LFAF RESPONSE DATA ARE RASED UBON PHAR
PHOTOSYNTHESTES - PRAR (CAL/Cuse2/

GPHS WILL USE ETTHER AN EMCIRICAL
MIN} QESPONSE FUNCTIOM IF IT
USE A STMPLIFIED
USED IF THE CORRESPONNING
IFIPSAT(ISP1 19549545

PSAT/QEFF RELATIONSHIP,

IF{SWRAN®0,45.6T . PSAT (ISP ) ) SWRAD=PSAT{[SP) /0,45
GPHS=SWRAD*NEFF (TSPI®12 €60,/100. %R, 6%

GPHSSSWRAD®OFFF {ISPY1%62 2]

THIS IS IN GRAM CARBON/M®®2/HR WHICH IS THE TIME STER

SEE LOOMIS AND WILLIAMS FOR THIS CANVERSION

RETURMN
CONT INUF

CONE THE EMPIRICAL RESPONSE FUNCTIONS IN 100+200+4300+400:500

GO TO(100+2009300+400+500134 5P
RETURN
END

PHI

10

29
30

40

FUNCTION PHI (AR}

SEE WARQEN-WILSON(1967)
DATA RADCON/0.017453/
IF(A~R)10¢10420
PHI=COS (A*RADRCON)
RETURN
IF(A=90,)30440,40

€DC 6400 FTN v3.0-P308 pOPT=]

Jo APPL. ECOL. & P159-65,

IBSINIBGRADCON).CGStA'RADCON)ICOS(H'RADCQN)ISINCA’RADCONJ

I=ATAN(SQRT (1.=722})/2)

PHI=C05(A'RADCON}'(l.oZ.IJ.lhlé'(SiN(Zl/COSiZ!qZ’)

RETURN

PHI=2,/3.1416%C0S (A*RADCON) /STN (B*RADCON)

RETURY
- END

IS AVATLABLE FOR ANY SPECIES 0OR ALTFRNATIVELY
ThE EMPIRICAL FUNCTTION WILL 8F
PSAT/QEFF COMRINATION IS SET TO ZERO

{CROP SCT, 3 1963 P&7T-TH

ols/11,73 09,15,23,
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SEE IDS0 AND DE WIT (1970) Jo
COMMON/GEOM/ISINLS (949010

DATA COLISINLS (Ty JeK) s I=199) 4=

€DC 6400 FTN V23,0-P303 OPTa}

APPL, OPTICS 9 P 177-Bé,

1493 osK=102)/

234y Ble 29s 1S+ 10, By [ Se Se Os 4ls 334 17
11 8y 7s .Y} S O 0 21s 224 13, 9y Te Te
e Os 0 8s 15, 18s 12, 9y 8, 8y 0 O 0
0s l4s 18¢ 13+ 11s 10 O O 0y [ 2 0+ 15. 22,
17« 15, O O O Os Oy 0r 21 33¢ 29 [N [
O [ O 0 0+ 41 81, 0s 0. 0 Oy O 0
0 O0s 234410009 405y 1224 634 4ly  31le 255 22, 21+ 181,
126+ 168y 70¢ 44e 33, 26, 23s 22y 0, 68y 62, 108, 53,
38 30» 264 25, Qs Or &4y 4Se 90e 49y 13, 33 3},
D Qs 0¢ 36+ 41, 90s S3. 44y 41, O O O [ 1
36+ 454 108s T0s 634 Os 0 '] 0. O+ 44e 62, }&a,
122, 0y O 0s Os 0 0s 68+ 1245 405, [\ I Os O
- 1] Qe Oy 0r 18341000/
DATA (((ISTNLS(TeJeKtvl=199) s 2149} WKZIeled /
0. 651y 3loe 150, 95, TOe ST,
50e 47s 5T7+ 2570 2324 1R1s 104, 3¢ 61y 53+ 50, Os 185,
120+ 147y 137+ B8As  70» 6le 57, [ O+ 117+ a5, 120+ 125,
BBy TSe TDs Os Os Os 97« 7T+ 120+ 137+ 1Ghs 95. O
O 0 0 97s 8Ss 147, 181, 150, 0. O O Os O
117+ 120+ 232+ 3164 LS T Os 0+ O 0s 1AS. 2524 651,
O O [ I 0 O O» 00 577, O 041000+ 617, 292,
178+ 129+ 104+ 91, 3541000+ 450 326+ 344e 201 119s 11ls 97,
91y 35T 306, 196, 199y 259, 170+ 129, 111e 104, O0s 157+ 1A9,
138s 162+ 237, 170+ 139, 129, 'Y Qs 114y 154+ 124, 162, 259,
201+ 178, Oy O Os 103¢ 154, 1384 199, J4ae 292, O« GO
Qe Qs 114+ 189+ 196 3264 617, O« Oy G [ Os 157,
306« 45041000, O« O O [ [ Os 35741000, 07
DATA l(‘lSINLS(!'J'KIcI=l!911J=lo9)oK’5|6l/
O
0s 999+ 6264 299, 214, 16T+ 146, 136, 0y 998+ 463. 429, 431,
232« LR1lv 1564 lbs, 998s 460e 296, 269, 3104 366+ 215¢ 1A1e 167
Cs 300+ 270+ 2034 216+ 2RI I6be 23249 2100 0. Qs 213+ 2]09,
182+ 216+ 310+ 431+ 299, 0y 0. Os 193 219 203¢ 265 420
626, Q. [N O Gr 213s 270, 296+ 46441000, 0 D« O
Os Or 300+ 46051000, -2 O« O« Qe Gs 0 0«1000.
O s 0y Gs1000+ 7874 493, 'I24y 253+ 218, 2034 D+1000.
696+ 5264 S500s 3719, 277, 73S+ 219.1000+ 699, 429, 359, 374, 419,
350s 277+ 253+ S95, 451y 368, 283, 283, 340+ 419 379, J2a, 0
2744 309 2944 252, 283e 176+ S00. 493, 09 Qs 2164 277, 294,
2A3y 359y 5264 78R O O Cx 216+ 309+ 36Bs 429, 658, [
0 0 Qs 0+ 2744 451 699, Qs O O [ 2 D [+ 2
Os 595, ' O 0/
DATA (((ISINLS{IIJ!K‘tI=109)0J=109)oK=7'BlI
[ X% [ IS 0+5000¢ T70e 494, AThe 1la.
291, [« 2] 041000+ 692« 597, 5744 418s 3424 3la, Q1000 6324
4R0s 461s 4A6s 524, 418s 370010004 653+ 493, 385y 36Bs 4Llae 486,
ST4s 4% 449, 4u%, 418« 3B3e 339, 368, 461+ 593, 770, Te 242,
342+ 373+ 383, 3RS, 480. K92+1000, i 2% O0s 211y 342, 413 493,
632+1000 O O G Os 282+ 445 65341000, O D 0.
0 O O 449,1000. [: 19 [ L L 1 ' 0. 0e1000.
T9ls 542+ 4454 40As ['T] O 041000+ 736+ 666+ B54. 49T 445,

01/11,73 ¢9.15.2
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€OC 6400 FTN V3,0=-P308 oPTa]

1 [ 1Y D+¢1000+ 6A4e 578y STSe 6054 6544 5424 021000e 676y 522,
1 480+ S10s S75+ 666+ 791+1000» 655 593 496 4504 4AQs 578e 7364
11000 37Bs 459+ 475e 485y 496y 522. 66441000, O 0s 229+ 391,
1 7%+ 553 67641000+« [+ 0y [/ Dr 229+ 4599 655,1000+ O
1 [ 1Y O« 04 O Bs 378+10080. O Os Os [ 7
DATA (((ISTNLSUTI e ox} eTz19) e J=149) oK=9410)/
1 ' ‘ e . Oy 0
1 O 0 011000+ R4Ts 651 579, 0 O De 041000+ B17.
1 759+ 759, 651, 0+. 0O 021000+ 770« TOS5s 713+ 759, B47, 0s
1 041000y 740y 640+ 6459 705 RYI7,1000s 0e1000s 760« 5S4+ 60&e
1l 640¢ T70+1000 0%1000¢ 721+ 6464 6I3s 654 T40e10000 L] O
1 462« 533« SA3s 6469 76001000, O O+ O 0¢ 316+ S33, 721,
11000« O Qs 0! D [ Oy 46241000 Os De Ol [ )
1 0+ 0 Qe O De [ 1Y 0+100041000,1000s O 1]
1 0s 0+1000+1000+1000+1000, O O» O 0-[0Q00[000-10000
11000+1000, 0. Oy 0s1000+1000,1000+100091000, O O Qe
11000+1000+1000+2000+1000, Qs O 0+1000+1000+1000+100041000+
1 0 [ ] 041000+1000+1000+1000,1000, 0 O O 0+1000+
11000+1000+1000+ '] 0 O 0 0+1000+1000+1000, O O«
[ O 0. e/
END

01711773 CSU SCOPE 3,3 AR c012 cO013 Cl40 Clal L2/11/72
09.15,21.TA2923m
09,15,21.TA2924A1F0%8u,T20,CONNOR
09,15,21,FIN{R=0}
09.15.59. 4,504 CP SECONDS COMPILATION TIME
09,15.59.RENIND (NUTAUT)
09.15.59.COPYCF (OUTPUT M)
09.15.59,FL= 010000 CP 00004 ,812SEC, IO 00024 ,7055€EC,
09,16,01,EQF/E0T ENCOUNTERED
09.16.01,FL= Q01000 CP 00004,R2?SEC, [0 00025,.15556C,
09.16,07,FL= 0473000 CP ooooa B22SEC. I0 00025.155S€C,
09,15, 07.REWINDIDY
09.16.07, COPYCF(D-OUTPUT)
09.14.,07.FL= 010000 CP 00004 ,825%EC., 10 00025,195SEC,
09,16,08,F L= 001000 CP 00004.826SEC, 10 00025,650S5FC,
09,16,08,FL= 043900 CP 00004,9275EC. 10 00025,6505EC,
09,16.08.CP 4,827 SEC.
09.16.08,10 25.650 SEC,.

al/11/73

09.15.23,
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