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INTRODUCTION 

The model explained here is in a preliminary stage and 
is subject to improvement. Ameliorations will surely result 
from dialogue with the field scientists for whom the model 
was built (scientists of the FAO/CNRS project "Parcours Sud 
de la Tunisie" in Cabes). Because of the distance between 
Cabes and Logan, good communication between personnel 
was difficult during the author's stay in Logan. 

Because of close association with the Desert Biome 
modelling team and the availability of data, this first version 
model based on dry matter (and not on the chemical 
constituents of dry matter) was able to be built in a relatively 
short time (Fig. 1). 

We hope that this attempt at a simplified model will be 
useful to others working with simple data (dry matter) from 
the field. 

OBJECTIVES 

The most important objective of this model was the 
prediction of primary production for one or two years in one 
given type of production. 

It was proposed at first to use the general existing model 
used in the Desert Biome. Two reasons militated against this 
proposal: (1) the lack of detailed Tunisian data for the 
chemical composition of plants; and (2) the goal of having an 
easily modified simple program which could be used with the 
available data. 

In fact, the first attempt at simplification of the existing 
model, in order to simulate primary production for total dry 
matter only, was abandoned because of the inability to adopt 
several features of the model (e.g., ratio of protein carbon to 
total carbon, etc.). It was necessary to add "parallel" 
subroutines to the existing model. Once accomplished, it was 
easier to build a new model which fits more closely to the 
objectives and data. 

GENERAL CHARACTERISTICS 

This model was patterned after the "Multi-purpose Desert 
Biome Model" and shares its principal characteristics, the 
three most notable being: (1) modular structure; (2) 
submodels differing in degree of sophistication; and (3) 
ability to specify state variables at execution time, etc. 

Whenever possible the general structural design and 
processes used in the Desert Biome models were preserved, 
and for this reason detailed descriptions of items explained in 

Photosynthetic 
organs 

Other types 
of organs 

the 1973 modelling report (Goodall, 1973) and other Desert 
Biome reports are limited. In fact, processes come from the 
different existing version levels, including Version IV of the 
plant submode! (Valentine, 1974). 

Submodels related to the plants and soil are given here as 
examples. Due to the lack of time and the lack of data for 
animals and other processes, we prefer to add this at a later 
time. 

Dead organic 
material 
(type 1) 

Dead organic 
material 
(type 2) 

Figure 1. Simplified diagram for the dry matter model. Each valve is controlled by one or more parameters, including 
exogenous data, soil conditions, etc. 
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SHORT DESCRIPTION OF THE PROGRAM 

MAIN PROGRAM 

At this stage of development, the state variables are the dry 
weight of each organ of each plant species and of each type of 
dead organic material. 

The time step is one day, although the subroutine SOW AT 
and one part of the main program can run for lesser time 
increments. 

The most important role of the main program is the calling 
of the subroutines, which can be modified if necessary 
(Fig. 2). 

STEPS IN THE OPERATION OF THE PROGRAM 

l. Read parameters and initial data with the help of the 
subroutines. 

2. The subroutines will determine the conditions for 
vegetation in the current day (date, season, rain, soil 
condition, etc.) 

3. For each species, the subroutines will determine the 
phenological stage, the net daily increment of dry 
matter, allocation of this increment among the photo­
synthetic organs, transfers between organs, and the 
death of each organ. 

4. Subroutines will be called to determine the transfer of 
dead organic material. A sink can simulate the loss to 
the ecosystem or the decomposition which is not included 
in this version. 

5. Increments (whether negative or positive) are "tested to 
ensure that none of them would cause state variables to 
become negative where this constraint is appropriate 
(which is true of most state variables in ecological 
systems). If some of the negative increments are 'too 
large' in this sense, all increments are scaled down in 
such proportion as the most limiting constraint requires, 
the increments are applied to all state variables, and the 
subroutines are called again for recalculation of 
increments. These increments are then multiplied by the 
complement of the proportion already applied to the 
state variables, and the test of their magnitude is 
repeated. The process continues until a set of incre­
ments can be applied in toto. Briefly, this is equivalent to 
dividing the time unit over which the difference 
equations approximate the underlying differentials into 
arbitrary portions such that the constraints can be met." 
(Goodall, 1973, pp. 2.1.3.1.-17 and 18.) 

6. The main program fills a storage array with all state 
variables. 

7. Subroutines are called to plot specified variables and the 
program terminates. A listing of the program appears 
in Appendix 1. 

SUBROUTINES 
(in alphabetical order) 

DATE -- Computes the date (day, month, year) from the date 
of the initial day, and the number of days after the initial day. 

DEGREE -- Deals with the soil temperatures. The processes 
proposed by Griffin et al. (1974) are used in this model. The 
differential equation describes soil temperature, T, as a 
function of depth, z, and time t: 

where T is the thermal diffusivity (generally a function of 
time and depth), which is equal to thermal conductivity at 
the specific heat. 

DLIGHT -- Computes the number of daylight hours in the 
current day and the fraction of the total number of daylight 
hours in one year in the current day. This fraction is used in 
subroutine EV APO. 

If 

A 730 + 274· 10-'·RLAT + 793· 10-• (RLAT)' 
B 342· 10-1 + 78· 10-•·RLAT + 10-1. (RLAT)' 

z 2,n·(I+285} 
365 

DAPHOT = Number of daylight hours the first day of the 
calendar year (January 1, I = l; December 31, I = 365 or 
366). 

_A+ B +sin(Z) 
- 60 

where 

RLAT is latitude in degrees. 
DA~ITE is for the first day of the calendar year the 
portion of illumination relative to the illumination 
occurring in an entire year. 

DMDM (provisional version) -- Computes, with given rates, 
the translocations between the different types of dead organic 
material. To simulate the losses, it is possible to create an 
"artificial" compartment of dead material which is a "sink." 
For each season (IS) a rate of daily transfer, RTLI 
(IS, LD, LR), is given between the different compartments of 
dead material. The amount transferred to the receptor 
compartment (LR) is proportional to the amount of dry 
matter in the donor compartment (LD). 

Under these conditions the daily variation (DCLIT) in 
dry matter for compartment p is equal to 
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Read in parameters and T,ranslocation between type - Test decrement and adjust -
other data including those of dead material. including state variable if necessary 

read in by subroutine a sink (DMDM) r--

ii 

' ,, 

Loop for each day 
Determine death for each 

Fill storage array (FILL TX) organ (DMDT) -

• 
1 

1 ' 

Subroutines to determine 
date, season, Julian day Translocation between Print report if necessary 

(DATE, JULES. :\'JMOIS. organs (DMTR) (REPORT) 
SEASON) 

I---

,. 
1 ,, 

Subroutine to determine Subroutine to compute net 
exogenous condition (rain, daily increment of dry Plot required variables 

temperature. daylight matter for the spec.ies (PREPAR, PLOT) 

hours) (DMEXO, DLIGHT) (DMPHOT) 

1 , r 

Call subroutines to ( STOP determine soil conditions 
Subroutine lo determine 

(evaporation, water, 
phenological stage temperature, salinity) 

(DMPHEN) 
(EDAPH-EVAPO, 

DEGREE, SOW AT) 

' 

Loop to adjust, if necessary, - Loop for each species ~ decrement of stale variables -

Figure 2. Simplified flow chart of FORTRAN IV program for the plant and soil model. 



DCLIT (p) = 

NLIT 

I CLIT (i)· RTLI (IS,i,p) 
i = l 

i'l=p 

5 

'NLIT 

I CLIT(P)-RTLI(IS,p,i) 
i = 1 

if p 

~ ~ 
received lost 

by compartment p 

where 

CLIT (p) = quantity of organic matter in compartment p 
at the beginning of the daily time step. 

NLIT = total number of compartments containing dead 
organic matter. 

DMDT -- Deals with the death of the living material and 
lists the class of dead organic material to which the new 
dead organic material will be transferred. For each organ 
(J) of each species (I) a mortality rate (DRATE) is calculated 
depending on phenological status. The subroutine contains 
two parts: 

1. Dormancy stage: where the rate of death is an exponen­
tial function of the time since the beginning of the 
dormancy (cf. provisional version IV of the Desert Biome 
model). It is possible to give different parameters for 
each organ of each species. 

DRATE = a + b· ect 

where 

b C Parameters provided for each organ of each a, , 
species. 

t = time in days since the onset of dormancy. 

The amount of material passing into a dead status for 
organ J of species I, for one day, is now equal to 

DDMSP (I,J) = DMSP (I,J) • DRATE 

where 

DMSP (I, J) = the quantity of dry matter in organ I of 
species J at the beginning of the daily time step. 

This function has been made exponential in form in order 
to eventually cause a total disappearance of biomass of 
the organ concerned • 

2. Phenological states other than dormancy: the rates of 

Auxiliary Submodels 

death are read in, for each organ of each species in each 
phenological stage. 

DMEXO -- Reads in the exogenous data (rain, temperature 
and total daily irradiation) and provides this data 
each day. For the rain, the dates (and the amount of 
water in millimeters) are used, for the days where rain 
occurs. For the temperature, the dates of change of 
temperature are read in, and the temperature is assumed to 
be the same between successive changes. 

DMPHEN -- Determines the phenological stage for each 
species. This version is based on the provisional Version IV 
of the Desert Biome model. The possibilities are: 

1. A jump from germination (or leafing-out) to vegetative 
stage is possible if Xis greater than a coefficient which is 
an exponential function of the moisture in the soil. 
For the annual species, X is the ratio of the total dry 
matter in this species to the dry matter in seeds of this 
species; for other species,X is the ratio of the dry matter 
in new shoots of this species to the total dry matter in 
this species. The duration of germination is not allowed 
to exceed a specified value. 

A threshold value (CRATLO) is calculated in the 
following manner: 

CRATLO =a+ b· eCW 

where 

w is the water potential (WATER [LSOIL)) of a given 
horizon LSOIL with 

LSOIL = LCOUCH (ISP) 

a, b, c are parameters provided for each species (respec­
tively, PARPHl [ISP], PARPH2 [ISP], PARPH3 
[ISP]). 

The species will change its phenological state if 

X 

X,>CRATLO 

total dry matter contained in a species for annuals 
dry matter in grains of same species 

X = dry matter contained in the shoots for perennials 
total dry matter for the species 

Moreover, the germination period cannot be more than a 
given time (NDGERM). 

2. A jump from vegetative to fruiting stage occurs if the 
soil moisture and temperature are above the given 
thresholds, and if the value of daylight hours is between 
two thresholds; i.e., 
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Soil temperature by horizon (LCOUCH (ISP]) above a 
threshold (THTPVG (ISP]), 

Water potential of a given horizon (LCOUCH [ISP]) 
above a threshold (THWTVG [ISP]), 

Daily illumination between two values (PHOVMN 
[ISP] and PHOVMX[ISP]). 

3. A jump from vegetative to dormant stage occurs when 
either the soil moisture or soil temperature falls below a 
specified threshold. 

Water potential of a given horizon (LCOUCH [ISP]) 
below a threshold (THTPVD [ISP]). 

Temperature of a given horizon (LCOUCH [ISP]) below 
a threshold (THTPVD[ISP]). 

4. Test for return from fruiting stage to vegetative stage: the 
fruiting stage is finished if X is greater than a one­
parameter function of the soil moisture, where X is the 
ratio of the dry matter accumulated in fruits to the 
total dry matter in the species. The duration of the 
fruiting stage is not allowed to exceed a specified 
value. 

A threshold value CRATFT (ISP) is calculated for each 
species in the following manner: 

CRA TFT (ISP) = a + b,ecw 

where 

w is the water potential (WATER[LSOIL]) of a given 
horizon LSOIL with: 

LSOIL = LCOUCH (ISP) 

a, b, c are parameters provided for each species (respec­
tively, PARPH4 [ISP], PARPH5 [ISP], PARPH6 [ISP]). 

There will be transfer from fruiting to a vegetative stage if 
a quantity Xis above CRATFT (ISP). 

where 

X = DMNEW ISP = year's addition to dry matter; organs 
DMT (ISP total dry matter of the species 

The fruiting period (IPFRUT [ISP]) cannot be above 
a given threshold (NDFRUT [ISP]). 

5. Jump from dormant to germination (or leafing-out) 
stage begins if temperature and soil moisture are above 
given thresholds and if the number of daylight hours is 
between two given thresholds; i.e., 
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Temperature (SOIL TE [ LSOIL]) in a given horizon of 
LSOIL (with LSOIL = LCOUCH) above a threshold 
(THTPLO [ISP]), 

Water potential (WATER [LSOIL]) in a given horizon 
(LSOIL), above a threshold (THWTLO [ISP]), 

Daily illumination between two values (PHOTMN[ISP]) 
and (PHOTMX [ISP]). 

DMPHOT -- This subroutine computes for each species 
(each day) a total daily increment for the dry matter. This 
increment is proportional to the biomass of photosynthetic 
organs. The rate is determined from a maximum rate which 
is depressed when air temperature, the soil moisture, or the 
radiation is not optimum. 

The actual rate, LIGHTF, of radiation is given thus: 

LIGHTF = DAYRAD 
KM LITE (ISP) + DAY ARAD 

where 

DA YRAD is total daily radiation in cal/m 2 of leaf area. 

The actual rate, TEMPF of the temperature (here is equal 
to ambient), is calculated in two different ways 
depending on whether the temperature is above or below 
a given threshold TEMPUM (ISP). 

If the temperature (TLEAF) > TEMPUM (ISP), the 
function is linear: 

TEMPF = TEMPUT (ISP) -TLEAF 
TEMPUT (ISP)- TEMPUM (ISP) 

where 

TEMPUT and TEMPUM are parameters. 

IfTLEAF ~ TEMPUM (ISP) one has a sigmoid function. 

TEMPF = l 

l + CCPS (ISP) -e(- RRPS x TLEAF) 

where 

CCPS and RRPS are the parameters. 

The actual rate, PMSF, of soil moisture is obtained as 
follows: 

If soil moisture in a given layer for each species LA YCH 
(ISP) is above a given threshold WMAC (ISP) 
PMSF = 1. 

If this soil moisture is below a given threshold WMIN 
(ISP), PMSF = 0. 



If the soil moisture, WBID, is between these two thres­
holds, PMSF is a linear function of soil moisture. 

PMSF= 
WBID - WMIN (ISP) 

WMAX (ISP) - W (ISP) 

The daily increment of dry matter per g of dry photo­
synthetic material is then given by: 

PSRATE = DDMMAX (ISP). LIGHTF. TEMPF. PMSF 

where 

DDMMAX (ISP) is the maximum possible (ideal con­
ditions) daily increment per g of photosynthetic dry 
matter. 

DMTR -- There are two parts in this subroutine: 

1. One to allocate the total net daily increment of dry 
matter to the photosynthetic organs. 

2. One to simulate the translocation of dry matter between 
organs. This translocation is assumed to be proportional 
to the amount of dry material present in the donor 
compartment at the beginning of the day. This sub­
routine provides also the amount of new dry matter 
accumulated during the germination, leafing-out, or 
fruiting stage. 

EDAPH -- In this version only those subroutines dealing 
with soil processes are called: 

DEGREE for the soil temperature 
EV APO for the evapotranspiration and evaporation 
SOW AT for the water movements in the soil 

EV APO -- To compute evaporation and evapotranspiration 
with the model proposed by Griffin et al. (1974). 

FILLTX -- This subroutine deals with the storage of the 
state variables for the plotting of results at the need of the 
simulation. 

INVDAT -- Computes the number of days ( + 1) after the 
initial day from the current date (day, month, year). 

JULES -- Computes the number of days after the first of 
January of the current year (in Julian days) from the current 
date (day, month, year). 

NJMOIS -- For a given year computes the number of days in 
one month. 

PLOT -- Plots the results at the end of the simulation. 

PREPAR -- Prepares the data for the subroutine PLOT from 
the storage array which is in the subroutine FILL TX. 

7 Auxilfary Submodels 

REPORT -- To write a report of the principal variables, if 
this report is required. 

SEASON -- To determine the season on the basis of the 
Julian day. 

SOWAT -- This subroutine predicts soil water content and 
potential as a function of time and depth, and also the salt 
content (Griffin et al., 1974; Hanks et al., 1969; Jurinak and 
Griffin, 1972; Nimah and Hanks, 1973). The differences 
between this model and the model proposed by Griffin et al. 
(1974) involve only the input/output statements. 

The theoretical aspects of the model can be described by 
the following relations. 

The model performs the solution of the general equation 
in one-dimensional flows with an extraction term for 
roots, A (z): 

~ = a [K(0) aH] + A(z) 
at az az 

with 

A (z) = [Hroot + (PRES x z) - h (z)s(z)] x RDF (z) x K (0) 
I::,. z 

where 

0 = water content by volume 
t = time 
z = depth 
K = hydraulic conductivity 
H = hydraulic head at the surface (z = o) 
PRES= Re+ l 
Re = flow coefficient 
h(z) = pressure at depth z 
S(z) = osmotic pressure at depth z 
RDF(z) = fraction of roots active in the layer of soil a z. 

This subroutine permits equally the description of a 
process for salt: 

where 

Q = local concentration (positive or negative) of solute in 
the absorbent phase (meq/cm3). 

C = concentration in the solution phase (meq/cm 3 of soil 
solution). 

S = a "well" or a "source" for the efflux or influx of salt 
in the soil. 

z = depth (positive down below). 

D = coefficient (cm• sec-• combining diffusion and 
dispersion. 
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q = flux in volume of solution (cm' cm-• sec-') and V is 
the average speed of capillary flow. 
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We note, however, that the use of this model poses some 
problems since it presumes the soil has certain characteristics 
identical throughout the profile. 

INPUT ORGANIZATION 

Remark: Columns 61 to 80 are for explanations and are not 
read, except in some specified cases. An example 
of input/ output is given in Appendix 2. 

CARDS READ BY MAIN PROGRAM 

COMMENTS AND TABLE HEADINGS 

Any comments which are to be associated with the output 
may be printed out before the rest of the output by inserting 
cards bearing the comment information at the beginning of 
the input deck. These cards should finish with a blank card, 
or be replaced by a blank card if no comments are needed. 
The blank ending the comments is followed by a single card 
providing a heading (STATE(20)) for tabular output. (The 
80 columns are read in for this card.) 

lNSTHUCTION CAHDS 

One card with the starting date (IND, INM, INY) of the run 
and the date of the last day of the run (ILD, ILM, IL Y) are 
read in (615) format. The components of the dates are given 
in the following order: day, month, year. 

One card with the number of species (NSP), the number of 
types of dead organic material (NLIT), the number of 
horizons (NHOR) in (1215) format. 

One card (or two) with the number of organs (NORG(I)) for 
each species in (1215) format. 

One card (or two) for each species, containing the function 
(IFUN(I,J)) of each organ J of species I, in (1215) format. 
Provisional classification: 1 =seed, 2= fruit, 3 = photosyn­
thetic organs, 4=root, 5=stem. 

One card (or two) with the life forms (LIF(l)) of each species 
I, in (1215) forma't. Provisional classification: 1 = annual, 
2=shrub, 3=perennial herbaceous. 

One card (or two) with the name (NAMSP(I)) of each 
species, in (10A8) format. (Explanations in columns 61 to 80 
are not possible.) 

One card (or more) for each species, containing the name 
(NAMORG(l,J)) of each organ J of species I, in (10A8) 
format. (Explanations in columns 61 to 80 are not possible.) 

One card with the name (NAMLIT(I)) of each type of dead 
material in (10A8) format. (Explanations in columns 61 to 

80 are not possible.) 

One card (or more) for each species, containing the dry 
weight (DMSP(I,J)) in g/ha of each organ J of species I, in 
(6Fl0.0) format. 

One card (or two) with the dry weight (CLIT(l)) of each 
type of dead organic material, in (6Fl0.0) format. 

CARDS READ IN THE SUBROUTINES 

SuBHOUTINE REPORT (ENTRY INDMRP) 

One card, serving as a check on the proper order of the cards, 
which reads in a character string, in (20A4) format. Here­
after this will be called a read-check card. 

One card with the number (NREP) of tabulated reports 
required, including the report for the initial day in (1215) 
format. 

One card for each report, containing the date (ID=(day), 
IM=(month), IY=(year)) of the required report, in (315) 
format. 

SuBROUTINEDMEXO (ENTRY INDMEX) 

One read-check card. 

One card with the number of days (NDR) with rain, and the 
number of days (NDT) where the temperature changes 
(including the initial day) in (1215) format. 

One card for each day of rain containing the date (day, 
month, year) when the rain occurs and the amount of rain 
(in mm), in (315, FlO.0) format. 

One card for each day of temperature change, containing 
the date of the change and the new temperature (in degrees 
centigrade), in (315, Fl0.0) format. 

SUBROUTINE DMPHEN (ENTRY INDMPN) 

One read-check card. 

One card (or two) with the phenological stage (IPHENO(I)) 



of each species, in (1215) format. 1 = germination, 
2= leafing-out, 3 = vegetative stage, 4 = fruiting stage, 
5 =dormancy. 

One card for each species, in (1215) format, containing the 
following: 

The maximum number of days (NDGERM(I)) for the 
germination. 

The maximum number of days (NDFRUT(I)) for the 
fruiting stage. 

If the species is in germination, the number of days 
(IPGERM(I)) since the beginning of this stage (0 if not). 

If the species is in the fruiting stage the number of days 
(IPFRUT(I)) since the beginning of this stage (0 if not). 

One card (or two) for each species specifying the horizon 
(LCOUCH(I)) whose water content and temperature are 
used as an environmental trigger, in (1215) format. 

A group of three cards for each species containing 
parameters used in this subroutine, in (6Fl0.0) format: 

First card: PARPHl(I), 
PARPH4(1), 

PARPH2(1), 
PARPH5(1), 

PARPH3(1). 
PARPH6(1). 

Secondcard: THTPVG(I), THWTVG(I), PHOVMX(I), 
PHOVMN(I), THRTVG(I), THTPVD(I). 

Thirdca1·d: THWTVD(I), THRTVD(I), THTPLO(I), 
THWTLO(I), PHOTMN(I), PHOTMX(I). 

The meaning of these parameters is given in the 
comments of the program. 

SUBROUTINE DMPHOT (ENTRY INDMFO) 

One read-check card. 

Two cards for each species containing parameters used in 
this subroutine, in (6F10.0) format: 

First card: KMLITE(I), CCPS(I), RRPS(I), TEMPUT(I), 
TEMPUM(I), DDMMAX(I). 

Secondcard: WMIN(I), WMAX(I). 

The meaning of these parameters is given in the 
comments of the program. 

One card (or two) for each species, specifying the horizon 
whose water content (LA YCH(I)) is used as an environmen­
tal trigger, in (1215) format. 

SUBROUTINE DMTR (ENTRY IND MTR) 

One read-check card. 

9 Auxiliary Submodels 

One card ( or two) for each species i, containing the rate of 
transfer of the daily increment of dry matter for each organ 
J, (RTPH(l,J)), in (6F10.0) format. 

One card (or two) for each species i, and each donor organ 
JD, specifying the rate of transfer from the donor organ JD 
to the receptor organs JR (including the donor organ itself) 
during the germination (RTGR(l,JD,JR)), in (6F10.0) 
format. 

A similar group of cards for the leafing-out stage 
(RTLO(I,JD,JR)): for the vegetative stage (RTVG(l,JD, 
JR)); for the fruiting stage (RTFR(I,JD,JR)). 

SUBROUTINE DMDT (ENTRY IND MDT) 

One read-check card. 

One card (or more) for each species I, specifying the number 
of days (WTIME(I)) since the beginning of dormancy if 
species I is in the dormant stage at the start of the simulation 
(0 if not), in (6Fl0.0) format. 

One card for each species I, containing pointers (LREP(l,J)), 
which indicates the type of dead organic material to which 
the dead organic material of the organ "J" will be transferred, 
in (6Fl0.0) format. 

One card for each organ J of each species I (organs nested 
inside species), containing the three parameters (PDDTl(I,J) 
PDDT2(1,J), PDDT3(1,J)) in the exponential function which 
computes the rate of death during dormancy. 

One card (or more) for each species J, giving the rate of death 
(PDT(I,J,K)) of each organ K during germination (I = 1). 

A similar group of cards for: the leafing-out stage (I = 2); the 
vegetative stage (I = 3); the fruiting stage (I = 4). 

SUBROUTINE DMDM (ENTRY INDMDM) 

One read-check card 

One card (or two) for each season i and each donor type JD 
of dead organic material (donor type nested in season) 
giving the rates of transfer RTLI(I,JD,JR) for the season I 
from the donor compartment JD to the receptor 
compartment JR (including the donor compartment itself) 
in (6Fl0.0) format. 

SUBROUTINE DLIGHT (ENTRY INDMDL) 

One read-check card. 

One card to read in the latitude (RLAT, in degrees) of the 
site, in (6Fl0.0) format. 
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SUBROUTINE EDAPH (ENTRY INDMED) 

One read-check card. 

One card with the depth in centimeters, of the bottom of each 
soil horizon in (6Fl0.0) format. 

SUBROUTINE EV APO (ENTRY INDMEV) 

One read-check card. 

One card to read in the number of temperature thresholds 
plus one (NT), used to compute evaporation in (1215) 
format. 

One card to read the (NT-1) temperature threshold values 
(TARTUF(I)), in °C, in (6Fl0.0) format. 

One card to read NT values for FACTOR (1), the parameter 
used to compute the evaporation, in (6Fl0.0) format. 

SUBROUTINE sow AT (ENTRY INDMWT) 

One read-check card. 

One card with the parameters MM, NB, ND, in (1215) 
format. 

One card with the parameters ALAMBA, CB, CONQ, 
CUMT, DETT, DELW, in (6Fl0.0) format. 

One card with the parameters DELX, DIFA, DIFB, DIFO, 
SYSTD, in (6Fl0.0) format. 

One card with the parameters HDRY, HWET, HLOW 
HHI, RRES, SOCON, in (6Fl0.0) format. 

One card with the parameters SOURCE, TAA, TIME, TT, 
in (6Fl0.0) format. 

One group of cards with the value of D(I) in (6El0.0) 
format. 

One group of cards with the value of P(i) in (6El0.0) 
format. 

One card (or two) with the value of W(i) in (6Fl0.0) 
format. 

One card (or two) with the value of WATL(i) in (6Fl0.0) 
format. 

One card (or two) with the value of WATH(i) in (6Fl0.0) 
format. 

One card (or two) with the value of RDF(i) in (6Fl0.0) 
format. 
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One card (or two) with the value of SE(I) in (6Fl0.0) 
format. 

One card assigning a value to the logical variable !WRITE, 
in (L5) format. 

SUBROUTINE FILL TX (ENTRY INFILL) 

One read-check card. 

SUBROUTINE PREP AR 

One read-check card. 

One card with KSUP= 1, if the tables of the superposed 
symbols in diagrams are required (=0 if not) in (1215) 
format. 

For one required diagram: 

One card for each variable containing the following, in 
(315, 11A4) format: (see comments in PREPAR) IGEN, 
IND!, IND2, LEG(ll). 

One card with nothing in columns l to 5. 

To terminate: 

One card with 100 (or more) in columns l to 5. 
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APPENDIX 1 
PROGRAM LISTING 

Auxiliary Submodels 

Storage and time requirements (after compilation and 
storage of the program) on a Burroughs 6700 for a 
simulation of 36 days: process time, 0.38 min; virtual 
memory, 5.78 kwords-mins. 

Explanations for Variables 
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lv,-iL ._:,i.,..,,[), 
NlJIOtj[l'I IJt u•YS I,. l"l (1,1_Ltil i1UNT ... ()UtjMUUllNL N.J'i0)5), 
f1tt CtJ .. Mt,,f JUlJA'il •tl •, 

'f~Mt. ul -' :,ui,N•l!ITIN[ 
...... o, . 

Cl lfl 
Cl,:,!, 

{IU rl)lf'•"•Mt.ltN~ V>l•) i,(f,,.(LN 

CI ,tC" 

" Cl ,:,11,.lllt\l 
Ct' •"LIILI ll 
Cl 11."L II U I l 
.. 1 LHt:., (I) 
(,1 Ll,YCt1 (I) 
Cl I ATCH (I) 
Cl LLC 
Cl LC11,tCl'I( I J 
Ci LC0 1J1,.HI l I 
lJ t cu,1CH{. l 
CI t (G (I• JJ 

CI L II ( II 
C"l Llf ti> 
C 3 L II i. ll 
Ct I If ti J 
ti 111~uc 
l I LIT l(tl 
Cl Ll 
Cl Litfl' (I• .JJ 
C2 l "t['° CI• .Jl 
CJ 1. ◄II> (1,.1) 

Cl '414 

Cl ' 
CI ~A"'l 
CI NJ.l(ll II JI 
C 1 NAt1UHf.( I• .JI 
Cl N4MSP CI I 
CI Nit 
C2 NH 
Cl NtJ 
Cl o,,iJ.t.T 
c I wor~ult 1 > 
C2 o.r\lfKtJfl I) 
CI ttUG(HKt I l 
Cl N!JGfHtl 
Cl N!Ut 
C1 lilOIC 
C2 IIIUTC 
Cl l'lli•lH 
Cl HL IT 
C 1 11tUf)1),I 
Cl NOffl 
(.I NOfHUI 
Cl 1i1Ur.t:t1 
CI NOLU 
CI NOP'IUT 
CI NOAr. l I J 
Cl mJIHIUI 
!;I lil'lHlU 
CI IIIJS TC"I 
Cl 1i1{1'1£G 
CI >1Nff" 
C2 t,1lfft' 
CI NSP 
CI NI 
C2 'll 

CI p I I l 
ti:' " (l) 
Cl P.li1tP11l Cl l 
'-l PARP11tc II 
t J PlRPHII I) 
C• PUt'l''1lt.) 
C) P•Rr'11I l I J 

CI P4~f"1121 •) 
C 1 P.t.N">ill 11 
Cl l'.\~l'HH •> 
C2 pA'lf"114(. J 

CJ P.\""""41 I l 
(.;, PAll~11"( I I 
CI P,tlo>•t<;( 11 
Cl P•Rl>•tt,1 I) 
CI POl)T I I I •.J l 
(, Pflll t I \I• .J) 
t.l 1>l)f1I/ (!,.JI 
CI 1>1.1'1 I l 11 •JI 

o.t•"t uf • CUM,.,l,. 
-J.f.ldll!L[ U~(U 1-. •~11•-I' • 

..... 1 • 
lfli l .. iuuhll•J,.- ··••CH CA11:i15, Ill[ LOfcUUi I ·-•lJUN ,l•f( 
IU Ill ... u JI:. .. ,.p1u~ or1o1E11 ')l11lll f.t.1,.T(IK) ,t,tt[ Uf'ThUl 

rll" IHL :,l"[.1.lt!, 'I'• 
Inf SOil ,oUl(J/1)" IOliUH n"i,,1>f1ulu .. l •"'u/Ut4 5,tllL "41[R 
P!JllN'll.t.l I> U!ift• • lrilt.f,'-" 1111 l.,f l)Llll!JotlNAllU 1il M 
Li41L"!' k•lt. l!•(P('l[NT fllP ll~l l'IAll[ti:, 
C .. 10 ..:L•Ut.N, 
1'1f- SUIL MtJ"-llllN w,10:.( fLl<P["t•T11~[ ••fU/Uii ~U1L .... r(fl 
PUfLNfl•L 15' usr,, • , ... ,c.r.t .. fill' (.f .... 11 •• 1101, .i.,.-o LC,rlNr. 
•U,11 fU .. INC SPfCJf!, 'l', 
I U(H I \I 
llfl +IJ .. ,j 11,- 1t1r 5-PlCl(S I, 

I• •Nl•U•L 

1• )'"""" 
J• "(rtl!ioill •L ◄[P~lC[OvS 
,..,..r. ,,t .t. CU"i'ldN 
,. ... t. ,1r • CUl'l~l)M 
-J.f.Ml.tlLi. USl.0 .N '5Lhl,.f' , 
PUtN'lLN) lu 1·1u1CtT~ I"' ... 1, .. Clll•t'Atd .. LNI 1,r uu,u 
:-1.t.rUUAL 11JLL .. , '"•"'!:>f[llrilfl 111[ 1ft•11 ,ul ll'I u►-
,, ....... 'J' IN l11r )PFC I lS 'I', 
NUl U)(O IN \'1(5 ~rRSlll-'t , 
v•HU1tl[ U:,[U IN '5U11,"1' • 
N•JotL ur .h[ CtJ>il'l011 (IJ,l IHl AlPh.liJ<tTlt•L "•"[~. 
.t.LPl'IAtl[flL•L N.lil'IL Of" IMl •/[AU 01-HIIIAL (Al[UIJ .. Y I• 
.t.l1'114t1Cl.t.At. ,;,t,"( (Ii ltl[ ,JwG••• J Ji. Iii[ )t'lCl[S I, 
4Lf"1'1Atj(((l;-1,,. •Hl'll or fnl !.Prti[S I. 
[lilUAL TU f'I UM LESS, tl)t:0 •HC"' Ct)O!t'UTAI IUN OV(M UNI..'!' A 
.. Ul(IJUN' ur IH( l'kUflL[ 1!. ('l(Si~!U , 
SIZ[ Uf tnt t'1Jl[NIJ4L••UTlk C•INTl"T IAaLL , 
,tU-,l:1[11 or uus ltl ~IH<IL.t.TL ♦ I, 
1t•ic1"'11" NUJot!llof 11r u•T~ ro"' lHt ri,1JJII .. ,, )l.t.G( ur TH( 
SP't CI LS I, 
M.f.lCINU/11 fll'-'Md[H nr h4T~ ION l11t. \Oflltl!N'AIJU~, OIC L[Hllit~• 
l)UT, ur T"[ sP[CllS I, 
NU111tio or u•,s •I,.,. HJ'"'· 
NlJ,.a(tl Uf \/AT5o WHOSL IH[ l[atPt.MAIUHL CH,.,r.•,lSI lfll(LUOJHG 
TIC[ .Nlll•L llATI, 
"IU ◄ !l[W Uf SUIL HIINJLU•~, 
fll!I, a+ IYt'S ur (l[A(I U-tGA-.IC ... 1(111.f.L, 
(•C,J NUl'ldlH ruit UOH•-U-,1,;Y, 
t•<II NUM!l[N r,11f rM11ITlt1G )l,GL, 
<•?.l t,U"tlLlf or 1Ml f,l,Jl ru .. CJll.)/'11, 
C•ll /ljU/4ttlM I\Jr-1 t.lR!Cl,•Ufllto, 
1•,11 r.UotHlA r1llt Lt.t. ►·l,.1i•flul, 
(•\J NUNdt:M ur Tf1[ f' .. UTr,)TNln(IIC fu ... 1.IJu,.-. 
NU .. O[H ur IIMGO,S ur T.,( S1"[CIL5, I, 
<••I f'IU .. !1 .. M ur T"C( .. Oul ruriCTION, 
1 •I> HUt4n(IC ur Tl'lr 5,t.[0 fUNCllON, 
t•S) NlJKdl.it uf" Toil SH"I fU!11l.l•n•1. 
(•ll f'IIJ~i,t .. FUIC Y(&fT•l •yC: !il•UC. 
NIJMtf[N ilf Rtl-'URh C IN(LlJOC:0 (UN 111r l'11 fl.t.l UAY Jf 
UlSIN[OJ ,110IMU'4•io, 
NUo(fl[l'I llf Sf'[tlf:S, 
.. u .. oc .. UI ll'\k[SJot0lll5" \ ♦ \J U'",lU ,., 't'l.i'U' roK IH( 
Tl'"l'(K•fu,I[, 
Cl'I ur PKl:.SiJNl .. r•n•11•lfM Cl)t-1llHT •1t1C.t.r 1 .. 'Ut:Ll'I' 
lffC"C"'E" r:., 
P•~.t.141.ll"C uStiJ IN I ➔( :.UFIN!IUll!i[ 'IHtt"N(fll' IN (lCPU>l(N• 
,.u ftJ'tCIIU'- 1i1rL•JJf11,.. ,.,l "••l•U,t v•LUL uf" 111f 1(AfJO 
(tl"!T ,UITlN l't "(" l1)5"1Jf" Ill IOUL OMf -..•11(1'1 IN Pi..utl 
uH IN SfLII t'lJULJ.•T [,t, M Lt•r1 .. r.•uu1 Ok t,(Hl'IINlTION 
TV IHl ~,JIL ~•f£A pO.LNlfAL, 
Ct , 1-'ARP'11 t I l, 
Ct, P•1H'tll( I), 
l'.IN4Mtft~ U>[U IN JIil 5VAN•IUTINI '1,l'l't1lN' IN L•l"Ll"(N• 
ll•L IIJN!;l(Ut, IIFL•TIN•, l"!l •UAIMII .. Y4lUt OI l11t ii-fill 
PINY N4fl[I( .,. f,11115, 10 tlotY ,uflll< Jr. 1'1,.,.1-ll •I l .. O 
o, IHU!l!iG !,llG[ T'l IN( ~!!IL "''llM 1',1/(Nli<ll, 
C+ P•ltl'•♦,.I II, 
er .......... 1 1 i. 
.......... lfL,I ru .. , ... n..-G.,, •j• ,,, , .. l s,•( .. IL!i 'l' ,uS(O TU 
cu .. ,u I ( I 1t. IU If Uf \\LA r ... ,lt/'i IH<. I .. c ,>ukt1.!1,( l • 

Cf, f"UUI l I. ,Jl 
er. J>uOl I ti. j I 



Romane 

CI tl•IT l I• J,,. > 
C2 PUT 
Cl Pli(ll1J 
Ci P>IUht'il IJ 
C2 P -t11f'4"l t l 
Cl 1>•t,Jl,1l(l ll 
Cl P•tulltil( I) 

Cl ptt11rt1 
Cl l'ti 11V"'N( I l 
CL P>i11V'4N( I l 
Cl p1111v1u.t I J 
C2 PNIIV•<A.( 11 
CI PliSA Tl 
CI Pll 
Cl PL•II 
CI Prff+-'Alt 
Cl +-'ltfa( ft I l 
\.i i,,Haf,;I( I) 

Cl l'1<Lflt.1 I) 
C2 P>iLIHtl) 
CI p'(!(lll ::.1 I) 
Ci' 1'1-t,. 111 SI I l 

CI Pl<ll'I I::. 
Cl Pofo,A.TU I l 
CctPNSllL(I) 

Cl l'i'tT..-1",.\ I l 
C2 ot<Tl·O'( I l 
f I P(t<(t:11. 

CI '>llt l I) 
CI ,_(P 
Ci ·n;,,,,.I 
CL IHI(') 

(I 'l•PI-_ ( 1 J 
t:i ll'<"S Ill 
\.J II<"'> t I l 
l I Cl f 
f. I M ff•• t I• J, II. l 
l I 'I I 'Ir< t I• Jo I\ l 
Ll M 11,o< ( 1 • J," I 
( J "f,o~ Cf, J," l 
LI Q[l I it ,J,11J 
CI. If I,. I l I, J,..,) 
CI 1'1 l 'l l [, J," l 
CI II I"•' ( t, JI 
Ct' PI p,. <I, JI 
LI ~l'J•, tl,.J,I\) 
Cl 1o1u-.,11 
Cl SAVd ((! l 
Cl,._,, tll 
~ I i:;.t l I l 
0 '>l tlJ 
Cl ,;,[ •Su" 
Cl SIU( 

Cl s:1,;1:. 
Cl S,IIL 
Cl 'i•llllltil 
CI 'i•I J-''l 
CI S•1 ~ \I 
CI s~ t 11 
Cl <,ltlt. ttl 
CI S 1r-..- t I) 
Cl <;,1'•.!,I 

0 T ( !I 
Co(! T (II 
Cl 
l:l TU 
Cl fl'tf11f(II 
Cl n•HUH 11 
C 1 1<111 
Cl TCO'l[IC 
Cl l!H.'!' 

~ l Tt.-t"u"( I J 
Ct T(>1Pu1( I) 

t.l J(M"U rt I} 

C/ 1[1Puft I) 
CI TI >1r 

" ', .. i: 
Cl TIC>II 'ltitl J 

LI Tri;,1'11,H I) 
Cl f'1TP.._lll() 
Cl OH'".._U(l) 
CI 1-tf P'IO( IJ 
Ci TtHl''IIH I J 
Cl To-tl'"'l<.,I() 
C? llilt>V,.;,t I J 
Cl ltUILOll1 
Cl Jo4o1Tllll I J 
Cl 111,nv.i(fl 
Cl fH ◄ hhl 11 
Cl l11 ◄ f'lli( I) 

T-i•ilV\,,l I) 
Cl T loj( (t) 

Cl TI '1( ( 11 

CI TM 
Cl ll.lT'11N 
C/ till" I rt 
Cl '"'I, 
LI TtiU•S 
CI Tlfl<lt I t I• JI 
Cl JI 
C2 TT 
Cl fV tl•JI 
(l n ( I ,JI 
LI , _ (I• Jl 

l 1 'l(.J 
CI w t I l 
Cl w t I l 
Cl wAl 
CI wAT Ad:Ol I) 

c1 .ur11 ", 
Cl wq,, ( II 
Cl ofATl (I) 

C,! wATL I II 
Cl 11•11,, 
Cl ,.,.. ( (I I 

Cl ""~ \ I Ii 
1.:1 ""l•i (IJ 
Ci WHI '' I I) 
CI w 11~( t I l 

l2 11 I I '<l 
Cl ll l 
CI Ylli<II 

Main Program 

lf'll UI !J1.All1 OJUIIIH<i 111[ Sl4SUN •I• f•II( ltH. Urll,AH 'K' 

(If IHl ~l't.Clt~ •J' • 
NA,.( ,Jf A CU-tMllN 
1Cllfl"U" .,nofOl"t.R\UI• TI Gn >ID"' Lco·1N.;•ovr Ui'C ti[P-iJ1<tA• 
T111H IU Y(ullAll'o'f SIAGf fO'i !Hf Sl"t.Cll::i 'I'• 
ICA-llo'UM t'••1IIUl'(f,1l11f1 ,., GO fH(l"t L(AJ 1 .... -uvl lh( 1,[~"IIHA· 
T111;4 IU VlU!hTl'lr SIAtir HJtt 1'1( St>lt:lt::> 'I', 
NAICl vf A i:1,hOhlN 
1'1NIP4Ul4 1'r1t1flll'l1dll[I f,U( Thl St't.CJ(5 'I' 10 .JUHt' fM1)" 
vl1,(.TAT11l Id 1tft>icm,uCrlVL SIAG~. 
,.A.<IMU!'I ""1\lllt'LAl+l11 f't•k Toll St'lCJ[S • 1 • IU JUMP fl'IU,. 
Vlt,(T.I.Tl'IL IU "lrP"IOOUlllvl Sf.I.ti£. 
"ll OA1Ll Ur(f •UT1[A tuf.l T'I[ t:uRPlhl S ... lt:llS. 

~Ao!l-'ol..l U)lU "" •so, .. ir• • 
,,_A•o: ur A SIJIJIClll/T I,..[ 

NA1'l ur A ~U(lffl)UIIN[ 
Slui'CAII( ,ll(l(.lf rnR TMl l'l[P,h1T Jr TMl o ... ut. 'PSkAI[' '" 

SUhl'IOUT I NL I U011''1UI' , 
Slul'IA\o( Ali:tt.\l rru• Tic( H[PUl(J tJf f,1( 'OLU[ 'LIG111f' lk 

SUl'IICOUIINL 'Ul'l .. ~ur•. 
Sl•IICAb( ,1,r(IC.I.T fflf( TH[ IC[PlllCT tJr T'I[ '0LU( 'PMSf ' IN 

SUotlCOu I I Nt. • 1>"'1'1'111 I'• 
t;A'4t. \II ol. CU.,HLl"' 
Sl'll(,l.l,[ Ari.tat rnA f'1[ ft[P\hH ur TIC[ VAlUL 'PNSAT[' 1N 
Sl1111tUllf I l'IL 'U .. l"'HOI 1 • 
stuHAlll Ar(ICAl fOM J'1( M[Pdkl ur , .. c VAltJl 'l(,tl"( ' IN 

'sti••,(11111 l"'t. 'u•u•i,;nl •, 
I.Ai;( Uf A LU ... '4\IN 
r..-,,11u:-. or Kll1)1S l'4 LA(I( t>[PIH l.,Cltll(t."lrlicOKll.UN •1•) 
,, .. t. vr A CU1'1'4 1-. 

1<1ol.11t. uf A SUl$1C1ll•I IN[ 
RU,tl '4t.)ISTAH([, l.•l!I • 
Clr1:,T•Hr fOIC 1,,r ),>[CltS • 1 • ,,. f,t[ ll'IILUNATLU ro1t1 .. or 
lril L"C.l)IH lvu,IION HltAlf-.u ,..fl OAILl ltrtCll("["ll or 
flt(Y l'l•lrLK lU l[Mt'.:'-1.lluRr• 
14,1..,c: or A CIJIOII/N 
fHt S.1."l AS itTtilHI.J••\l ttVI f.Jr' fltiJlflN(, )UG[. 
HAI( .. , '"ANSf(~ oulil'"b , .. t. GlM'1f•fATIUN It/If (Hl Sf>[Cl[S 
•1· Kt.T•ll,'t r"I[ )tu;Jit uAr.•tt 'J' , .. o Iott. NlC[t'ION •J~GA't 
•11-•. 
11Alt. \.U fl(o,s•l~ r11--t lk( )[,SUN •1· 11Ll•tl.P1 IH[ ''" ·J· 
IUt.i,,1111) .lo'lh IH( 111-' •~• (1tC[f'TOHI (If l,llAu llolt.AHIC "1,f[Rf"L• 
IHI S,\14t. •s Hh,A(J,J,•1 H•II ruN L[.tflo'tt,•UuJ. 
NAll 40 ALLUl..Alr fH[ ~[T IIULT l'f(:H[ot[NI roic lttt: 
Sl"t.C fl) • I 1 1 U THl ll"t,A,.. • J' • 
111( S•Nt. •) ,111,R(l,J•") A•IT f•Jlt Vtti[IAflVt. ST.I.Ill. 
c•1otull.Yl'll c"' nr rlu''fllH" 1o4f[H (fflK ft,( CUf'IH[NI OAfJo 
.1.'411v"CI lJf SALr IN Htl~I/ON •1 1 !'lo '4(•:>•lll>I 
,tl'!,1UNI I.It SAll !H HtlitlillN • I' I~ 'i(U• 
cu .. 1.[)ifHAl(U"f 11( )ALI ,,. rtuRl'-0'- •1• .c.1.. ltlAUIHt,S l"f 

"H1♦ JSIC1C. 
NAr<t. ,., .. ,l SUdl(1ml Jut. 
'1.l1dA11ll vstu , .. 'Sil••l' • 
CU'l)lAHI •JSlll 1.., SALi C-Alt:1IL.lll0"-'S• 
NA-tt. ur A cu,oir1N 
SUIL l[ICt"t.t(,lfl),Cf IN M•hf!ZtlN •1•11"' Olt,k[l c.11.sT[NP(ll 

CUNSf.O,iT U::i(U IN S,,1,U C.l(UL&l!ONS, 
NA .. C: <Jf A SUd"lf)11T I NL 
VAl'l.1.<J.._t. USlll )'I 'S1l•<1,I' • 
V.l.'11At1LL •IH fttf TITL( 
SIJ!l l["'ll'L'iAIJN( J"I H•1'4l71111o •1•• l•Sullll.ll)). 
Jt. .. t'01U.1tY t'A1<"-'4f1Ut T•i ~ .. lft 111[ '1T011AULIC C0-'IUUCTIVIT1 
<1.1.lt.R Cu!-ll(NT 10\Lr• .. ,s t'I(( .. 1 .. Cl<(l'llHl) 'O[l<I' IN 

Slit• . 
Ltr'!l If TH( ~IIITll"I 'IOti,..OAKY IS A •AllK IAoL[, Jl11L 1hl$l 

ll,,1AL I U I. U • 
Ollft .. t:•.r l11H(Sr11JIOS ICH"(R.1.lo1tr (J,. Ull.llCi,.( (,) USEO 

IN '( VAt'U' 
Vol.1tlA11l( USLU IN •~U,t,.T' • 
tHHIIUN Vt lotl 1,I-IOUN1l swcrAct. COV[!(ll) t;T ~l1,1[lo\li'JN, 
Al .. , ..... Pl'.•hTv,u: (L,[G .. I"[ c.) <If TICf CUNMLlfT 1).1.T. 
IH[ •ul"t't.H Ul"'li'lll'I f(""[QHUQL• f,JII Nl(MU" 0AfLT IJtCR[• 

04t_,.J. 
IH[ Ul'P(t' f(,.l"LA.1.lul([ IH1tt.SHIILO J'IOVl .. ,uCl'I Tr([H[ lS -.o 
UAfLl INCIC[N[NT fUJ-: 01fT 1C•ll[N, 
Jl-i( IICl tuicPUHT IO"i :ITUIS • usu .. LLl u. - ANO h(( 
(U,tULAl!Yl ICUIIW' Ill' Trt[ ~IHUlAll(ll'I HUN fUl'I [AC'1 OAY• 
N(il U)[II 11'1 THIS YfkSIUH. 
l'fllf u:.r.u 1 .. 11115 'l(HSIUN. 
'41HIHU .. fLOit'(luTm•r to uu fl'UM L[A(IHG,•Uvt 
Uri GlHMl10IIOH Tfl 'l[Gt.UJl'I[ Sf.t(il ruw '"( SPtCl[S •1

1
• 

IP.tt(SttOLIJ fC•O'fR.1.lutt( TO tiU f'IC.014 V[6t.lATl'I£ 

TO UUIOUNI srtG[ fOlt 11'1( SP(CllS 'I•• 
,tH,dMVH lt.HP[l(ATUotr f,.11( TH( SP(Cl[S 1 1 • IU JU'tf> f''4U'4 
... c1,ETA1l'o'L TO H(P•q10,JCI lvl STAG[. 
,clrdMUM SUIL •l.ll(H ~UT(till4L 10 C.V fltUH L[AflNij•OvT 
OH G(ICMINAIIO'I TII v•ut:T .. 11'1[ SIAGl fU'1 lH[ Sl'[Cl[S ., •• 
IHIILSHULU SUIL 11,Hlol "l1Tfl'll(Al. In GO ricO"- H11t:htlV( 
rn tlOI-INANI SIAr.r roH In[ St>[Cl(s•1•. 
"J-.JNUN. SIJIL ,.,,,,..fir. f(IIC T~l ,P,CllS 'I' ru JIJNI" r~ON 

'llMIATlYt. 10 H[f>Hf'!OUCI (Vt. Sf,li;f., 
"'"· or UUr(>1.tfoll nus SINC, TH[ d(r,INNIN,.;, "' THIS SfAGC• 
Jt IHt. SPt:Cl[S 'I' IS IN UORMAkCTIIN OT11lll CAst:S•O•l 

YAHi AUL[ OSlO IN •sO•AI • • 
STUNAbl UHIAl'.!Lf US[U IN IH( CIJHPUUI JUN llf IJAPHllf '"'O 

Olli It 
Llrl11lr1 ot J,t( RAIN Futt ONE. UATtlN HUU~s,. 

NAHL ur A tUH"-U'i 
SI01H11£ AICNAT usn.t IN TMF' S'JAICUUTIN[ 'l)Ml'4'. 
IS I .u r,1 .. oA.ASIINlk UM o.'> row CR4NK•NICHULSON COMPIJU• 

I FINAL f'l1JC(uoRr ' 
SIOKAV( Ar(RAT llS(•I 8[.J<1[f'l'I T"t. SUliRUUllN[S 'l"il[P.tA' 

,,.n 't't.ul •. 
SlflNhl Ar(l(Af •nH lHE URl.l.ltllS r,;N}CII 11ILL lj[ l'LUTl[Do 
NAHL Of A CJHHtlN 
INlllAl VULUMlTRIC FRAtlfflNAl 111JER (:ONflNT lH "011110N 

•1•. 
NA .. l ur A CUMH(IN 
lllfAL AHUIJNT or 11Af(R (10.i IN fH( HOl11l0N •1·. 
SUI.._ <1All.C t'OICNTIAl 11f T'1[ lhlNl7UN 'I• IIN IIANSI• 

SATURATIO~ SUll t(,\T[R CONIC"'' or Ml)RllON ,,,. 
VOl!JMllHI~ fHACTJtlNAL AIA (/AT SOil 11AlClt CONllNl 
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6)• '"l fUlf"' 
6)5 c ... u 

Subroutine DLIGHT 

.,, .,, 
•>• ,1, ... ... .. , .. , ... .. , ... . ., ... ... .,. 
'" ,,, .,, ,,. .,, ,,. .,, 
"' 61'1 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
::,'-'1111,)UI l"'l UI. l\<1'11 

C• • • • • • • •••• •• • • •••••• •• • ••• ••• ••• ••• • • • • •• • ••• ••••••• • • • • • •••• ••••••• •• 
,u .... utf uArLI<."' NUiJNS 
Co•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 0 ••• • • •• •• •• •• 

cu .... , ... ""' ,u .. , , .. u. '"'"· 1 ... ,, J(l&r, j',llOAl, 1,n, llJo!, IC T, I>, lril), jOUltS• 
I 11.,At,IPlUI 

c,uo•u .. /L.(0/ hOl•lN•IOAf•u"P"11l,1>AfJIA1.1,D4Lll[,OOIN 
(l,IO!MUh /JNUU/ L[C,IN/',l,>tJ 

lUfll\Uh IN('1L(I(/ CML(l\l/1)1 
04L 111.•0-'tl'IINC JUt.04 r ,, rur .. ,., 
ru•"u I •u• 1 "I "'I Jui.I,,•, 1161.1, 
,., I uuH 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C"' lttY I '""'"Ul 
'ILAU(LlC•l?lll (1.1'1[(,o(l),l•l•nH 
•IIIT[l1Mt'o112)) lC"l'-11.IJl,l•l,lOI 

'l.i'>l r"'""'lllHIIJ 
1i,1 rc1 .. ,u IC 1.1., ,1.1,. .. 1 

'4L4Ult..lC•IJ MlAl 
IUIMJ"•O, 
+IU I J I• I• IO°> 
C• I 

61!0 •• f Jfl• • .,. /14•,.LA I •IJ, JOl9J• (kl.• 1 • •l I 
601 .,., )• • 1~11, lll•WLJ.1 •0, I •t I'll.I, I• •I) 
60i' /•l•fl•J,1'"16•CtC•2f\•UI/J#>".i.l 
60) ,1.1, 1.•11rot I l•••1t•::d11( l I 

6114 JO IL•!•l1'1•1"1"'1N•UAfllll'11 I l 
60'.i 1l1to1lllo(h6)•n.1,fl'IIN(J11~1 
6t16 <ft I U"III 
10, I ,·,1,oull6• IO,,n 

605 r "'" 

Subroutine DMOM 

609 C• • • •• • • • •• •••, •••• • •• •• ••••••• •• ••• • • • • ••••••••••••••• • ••• ••••••• •• •• •• 
OYO )Ul'IRIIUTl,1[ 0"0M 
o',1 Cul4MI)" /otC"(C11/ Cot[Cll.(lUI 
6'112 ru111 .. ,,,, /,1"IUl'I/ Prou, i"'"· 1 ... 1, 111-.r • .tllLO"r, 1Cu.1c111. ICY, I!>, l!JIS,JUU'IS 
O\I] I "'UAf.t~U4f 
,._. CIINWtJI• It 111JU/ LLC, I,.,., I l'U 
OY5 CUMl'IIJI• ,-.1,,c,v ClllltU),IICl.lTll"')•Hll'I' 
6'116 C11w11•Jh /t.111',.lf/ ftTLll\dllolUl 
097 c ... ,,. .. r'.iuv1:.JrH11A1.. VLIHIUIII 1U C(l14PiJlt. lw[ VANIAll(l"I!". ,,. ULJ,t, ~Al(KfAL. 
6¥~ 1IU 21) LIi• I• .. l JI 
6Y9 •J•I ti, l1C•l.11lll 
ruO 1r11.11.CtJ,llt) 4U 10 J,J 
rt1I ,1(ll4•Cll l(L01•fllll( IS,LlhUII 
702 IICllf'll>J•UCllT(lO)•U[lJJ, 
rlll 11~LJJi.Lftl•IJClfl(l10tU[LIA 
704 1 U COii/i INU[ 
Ht!I ,u CO,.IIIIUL 
,1.16 tft. Tu,u~ 

,1.11 C•• •••• ••• •••••• • •• ••••••••••• •••• •• •••• ••••••••••••••••••••• •• ••• •••••• 
rod [lilllCr INU'III" 
7oq ,_[Al)(LEl.•2222) (("(C11t(ll•l•l•lO) 
f!O 1tolll[ll1tl',l2ll) ICHLClllllol•I,10) 
'11 21'2 FUMw•HlJA-, 
,12 tt',, ruM"Allt4,10i•l 
71) c ........ N(41l ,,. ,..jUNCIL111S ftllll [I.CH S1.•sn1. 
,14 nu Ju It• 1. 4 
'15 II~ JU lU•l,/rllll 
'16 lU liLAOCL[C, IICMTLflll,LU,Lt.l•Lli•1,NLff1 
'17 I ruw"altti, 10.01 
ne lit ru""' 
719 .- .. u 

Subroutine DMDT 

rzo C••••• • ••••• •• •• •• •• ••• ••••••••••• ••••• ••• •••• •• •• ••• • • ••• • • • •• •• • • ••••• 
7;n Sl•lllltull J .. t uwul 
722 CllflNU!ro /U41UIII/ 1.110.11•"•''"',IIJAf,JULn•T.1-.o.rc1-,1c,,1s.1t11~.jU\/II$, 
fill I NUH.IPUU 
,2. CUMl"lott /uLA JH/•T J 14[(,.01)},llt(PI ?U, lu) ,l'UOI I I 21'1• IO), PU\.11 l( itJ, l 01, 
ns 1 PUOIJC11hlOl.t'Otc•,2oo101 
,lf, (UNNtJN 11-ilJU/ L(l,.,1,tt'.JPU 
'"' ruMMU"' /t..111[1(/ CLll<tQJoDCLIT"IU)oi.lll 
74!5 C11111,.,1i. /,tlft[CI'./ ""lCl\tlUI 
f29 Clll'lllllN /•LI,/ 1:.1',H>t'• 101u•l • IS'1l;M, .. nS[CO•NOP11uT, 
1,0 I ...... ,, 2U) •l Jr< 10) • I ""VH)f iU), '""' "'U lul, I ru'tl :ttJ, IU) • 
7)1 ;, UPISPI lO, 101,i>u .. SI'( 2u. I Ol •U .. l 120) •UIU•l it( lv), ""S• TC, 
,:n 1 ,-11GLM,,.ULU•'tOV(<,,IIIUt",c,1<4tJUOk•TCll•Ut 
rJJ ru.,.ut Al ,ot .er, o. 1 •1it.•1:1L •C11,c cc• •t, 
ru ldlU•IIUR .. 1 ISl'I 
,n II I l"N(w.il ISl'l,1f1. ... uuukl on In IJIJ 
716 c ........ , .. 1s :.((110"' ulA1.S 11tlo4 To4[ UtHM tlCCuNl .. r. uultl'tl, lt♦l 

f )1 ( u1lkMAtol,. t, 
7)5 frtlPn[NUIISP),NL.ll'nl111,(ISf'JJ \ol 10 10 
,)9 llll•1U.t11.1ioo1.YJ t.v ,u It 
,40 .. 11 .. nzs .. , ... TIMLll)t'l•I• 
r&I t,ll f•I 11 
,42 lo} ~IIW[tl$1'hU, 
r•l II h,I I"> J•I olSICl 
744 11,.4 lf•ru,.L• (l•"ul I ( ISi', j) ol'lllll ?I I )t', JJ ,l'OUI )<ISP, j), • I IHL( I )l'I I 
f4) 11•uNAl(•11l'S,., l)f',JI 
r•6 ou"':..,.~1s,. • .11•nu111:.,11:.P,JJ•n 



Romane 

71t7 "•Llf[l'(l~f',Jl 
7'1e flCLITl"')•UCL(f(N) ♦ U 

7'1¥ 1<; Cll"'llluJf 
7~0 ti( fu'flt 

1'>1 ifhl CUN! 1,.U[ 
1',1. c ........ 11-us !l[CTIUli uU.LS lflfN ht[ Ulot,TH DOMING A.LL PH[hOLOOICAL 
f)J C )follii:io,(l(CfPT TH[ uu1vu .... ,,. 
1'>4 11.• I 1'>1l"111 I SI' I 
f'>"> 1111 I I'> J• I, JISllJ 
l'>b 11• l'<Jl(l(.J~l',JJ•uKSP((SP,Jl 
7'>/ UUH:..-tLSl",JJ•IIUMSPl(!ll',J)•(I 
7'>ti •i•Ll'H'I 1:i.t',J) 
7',,,. •JCLJf\Hl•tJCLlflt;hll 
lbO flit,, It 1,1.1f 
/61 'IL IU'flt 

lbl C •• •• • •• •• • •••• •• •• +•t ♦••• •••• ••• •••• •• ••••••••••• ••••••••• ••••••••••••• 
lt:d f,;f1H t,;vl'1lJI 
lb~ •11.AU{L[C,li'22) ('-1il(1'tll>i•l•'U) 
lb"> "'I I It.\ I""• 12211 I C11l'-"I 11, I• I, 10) 
,,.,,. 'IL'>I r1po,•1t'I.""'"' 
71d //-;J f,111•Ull lA,?UA,.) 
lb,._ "'t 4.,/l LLL• I )(II, r!OIL( I I ,I •I o'oSl"l 
ft,'I '•I• ')0\1 i•l,NSi> 
rte, 1 .. 1u•NthH,I I) 
711 '>th' ,"l•IJILCC•lllLHll'll•JhJ•l,1"'101 
772 •111 '>•1 I I• I ,ttS.., 
If I [~tt1 ■ ,;•Jlof.,t I) 
II• •l.l ')11 • J■ I ,J 'I I IJ 
II~ ">('II Ul"-!1CLlC•I) IPOOllli•JJ,,-1\Ult'(l,Jl,p•ll)f)lJ,JI 
T 1 t; 11.1 ~'I J 11,,0 I , • 
117 "ii )ho! I• I, NSI' 
/7f1 1.cJu.,,,0,1.,tl I 

11'1 'J('I~ '<f•11CLtt,;ol)(t'f11("',l•Jl.J•1.J'1(0) 
,~o ·•nJ r,,,.11 r..ut. 
1111 1 ruotPl 110, 10,i,1 
1r,~ J f 111-0,.1111-ll'.>) 
7t>J "f T u..cr, 
fr,Q l,IU 

Subroutine DMEXO 
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1b6 :.ut1R11vl I r,L l)llf i.u 
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7-,0 l,'.\11"1111,., /Jodu~, ltto,J)o111, INY, ltrJ.Y •. hJLOAf,J\.U• Ill', I('(, l),hJ!:,,Jl .. hJIIS 
r',I I NIIA~.11',JAt 
7-,2 Cl/1'1'411r, /1.:i..,11 1)Aftl!N,ll'lAY,1)ll>HOT,,, .. ,.:.•u ,lULJl(,l"IAlft 

711) l:UHMllh /1H1IU/ L[1,,,IIO',IP•J 
,.... r,, .. ,u .. /rtl:t1[C-./ CNLCI\( lO) 
79'> tt1'4111lJ\I 1r1•1 ,'C1IN,JUll:(IO\/)•IRll1,j{(,1',1),otlJJC,,10T(ll\,,0J,Al(l(ll\10) 
1\16 I,.,..,.,• ,,u 11,I ~Ll 
1'11 1HIU I ,.,..1). 

'""' nu JO 1•1,NOII 
lYY lttl~IAT,.;L.Jll9(1H (;J 10 10 
!4V0 1a1'1,[l''l•A"A[N{IJ 

AO I ••II 1,1 ll 
11"'2 '1J LUrfl I f'<Ur 
IHI) (, .•• .,,. 1rl'll'[r1AfUltl 

oQ'I 11 ••'I :u l•I •~Oil 
1:10S IUAl•Attl~tll 
1:1\.lb ltl 1.t.11,••UICI 1.0 IU JJ 
IIIJ7 11• I• I 
oc~ p(lf)Al.Ll,JOf((IJl) I.ill lo Jj 

l:lt.r't ll t:•"11 !f'<III. 
1110 11 1o1uu1-11, 
!111 l"• .... , •• .. •• .. , •• • ••••• ............ • .. ••• •• .. ••••• ...................... ••• ......... , .. •••• 
012 ['ff1n 1•11,,.fx 
1111 ~l•Ut1..H:,tl22l l1,t1[Cl'.(i),l•l•701 
IJI,. .t•UfllJ"'r'•?22JJ tCt1E\.1".ll),l•l,201 
Ill~ :.!.!?? t'oot1Ul{',/,,1,,•) 
Sib .'/?l fUl'l•Ul(P,2(.tA4) 
"'17 C •.,,. • .,,. ••• , •,, •. •,,, •. •,.,, •• ,, •,,.,,, •,,. •.,,, •, • •, • • •, • • • • •, • •,, •, 
81~ C """ .,trHJt:11 Of I/Al) "'JIM ,..,J,tt.t.ll 
1119 C "'"H Hl!1t:1ll-l or UAYS 11Mn!,f TH[ T(HPLR,roRr '""'H,[),l lNCLUO(O 
1!,.tO C ltH. l>41TllL llif) 

1111 t.: • •. •. • • • •, • • • • • • • • • • • • • • • •, •, • • • • •, • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
11:n l'ilAOILlCd ,,.v!t,,,.JIC 
llil] VU 2n l•l•-cOM 
1124 ~[AUILt.ColJll!•l114,!f,I" 
bl~ CALL IHYuA.l(l~ll,INH,INY,l1Hl•lt.r,l11,l'fl 
tJl6 .1111H I l•J,u,T 
t12 7 • it• I~ I II ■ t' 

8iiH :>V CUN11floUl 
829 UIJ 21 l•l,"lt1TC 
11)0 oel•t11Llt>I )IU,IH,il,l 
&JI C•Ll l"l\'IIAT(INU,INl'lolNT•lUAl•ll••ll<,!Y) 
till JufC1il•lUH 
8]) ,1111 ll J )11 I 

IS) ■ :>I CUNl11tUl 
bl5 Ht IU'I" 
836 I ~IJIOt•l( Jl"i,r1u.l)) 
fll7 [r.U 

Subroutine DMPHEN 

8]11 l • • • • • • •• ••••, • • • •• • •• •• •• • ••• • •••••• •• • •• ••••••••• ••••• •• •••••••••••••• 
819 SlltlhUUI f:.[ OMPriEoC , .. 
'" .. , .. , 
, .. .. , ... 
'" ... . ., .,. 
'" . ,, 
'" .,. .,, 
"' 
'" ,,. ... ... ... . ., .. , ... .. , ... .. , 

: • • ~r.; ,;~i~C • i~i • ~~;,.~;,~~;, ic;~ • sr;~c • ·: 
r.11~~:1~ • ;~; i~~; • i~~: j~~: i ~~: io;;: ~~Lo;;: iCo, 1 CH, lCY, JS, ltJJS,JUURS• 

I NI.IAf, ll'UA. t' 
((JHN1lf'< / l .. (1/ ilARA I II, I UH, UAl'HA 1 • uURAU, 0-'l It£, TIU IN 
C•1'iM'll• 11,rnut l[CdM"oi ... U 
C 1lol"Ol'f It',.( NO/ PAfO'ttJ I iO I• PUIPM2( 20), PAIU'ttl 120), l'AMPN4l 201, 

I PAMPtt)t ,!O) ,PAkPk6l 20> •Cit& TL0120), CRA IFT ( Zll), 
? I 1HPYli( 20), T .,,, UGI 20), PHUYl4Nf 20 >, PHQ',MJt ( 211), 
\ TMRTYi..t:tUI.JMIP'IUtltl)• 

I N11 IYII( 20 I• ti,Mf"Ot 20)• THTi'LU( 10), TN"l LU(20l • 
PMUl ,.Ht /0) ,PH•JJMJ.l ('0) • 
I t'lil!tNI iOl, lf'fRUII ?OJ •HOGLW,o( 2U) ,1<tOI MUT<201 • 

7 LI.IJUCt1( llll 
CJ14,0:IN /Ht:,.[C._/ (Hl(r(( iOI 
f;Ul'll'l1"' /)UIL/ 1U.Tt.rtl1u1,sn1LJ[{JU), NMUM 

CUHH'I,. /II 1,/ f)P,NSt', l•NIJAL, ISl'IICd,NO\[(Q,HUPMl)J, 
t HtU(GI 2ll), Lift ?01, J?H(MO( lO) • .... Hfl'tN( 2oJ), 1ruNI 2U, 10), 
? il"~PI ZoJ, 10), ilOMSl"'I 20,101, (lHT ( 20l•UMN[ 111 20) ,Pt1SA T[ • 

'40Gt.R • NULL!, "Ollt: G, /lU) M, t1UOl)M • TCOll(R 
'u,.H At •bf. er. Xl l•At. .. lll•(,:PI r-f.• '(() 

LS,JJt•lCtoUC•H l~P> 
lfllll,.f.L..r.l ... UAYJ \10 IU 2',10 
I HA l•1l • I ,.A lft.i 
I NA J ,.i• 1 "A (H) 
I HA tr.l■O 
lf<Oo1AJ.~.GT.O,OI IIIA(Nl•l 
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16& 2o9 lsrAGl•ll"'N[HU(JSI') 
6119 Gn flll)\lQ,]00,~0',1,fUIJ,'1001,iSTlG( 
1170 c •. ,,,,, .. , .. , . • .•.. , , , • ... , • • ..... , , , .... •., .•...• • .•• ,. • • • • • •, • •. • • •,, 
1111 c •••••••• rr.:.1 tUlf JUHP Fl'IU/t G(~HJ,,jlflO"I <nit l(lfJ;.1.,-ouT) 1U VllilflTJ\ll • 
1172 C SU.GE. • 
s7l c ....•.....•...•....•••...•..••......•.••.••....••..•.•.••••• ,,.,, •• , ••• 
8'-' JOO IF(li>HLN;JIISl'J,Nl.ll"'"(N"(ISPI) Gt1 TO ]tO 
117S IF(Juo.U:,1l uO TU JloJ 
11111 lfll•>AY,lll,!Pu-'l.l GU TU 31~ 
t,17 11-'G(l'lrH [St') ■ ll-'ti(1h1(J)PJ .. 1 
1578 IHlotAl",l.[Q,l,UiC,JIUIPf2,[Q,1) Ii'• rn Jli) 

81¥ r,o Ill Jl'> 
aoo Jp.) '""' LI.I( l)t' ) ■ f u/.lXt PAPll't11( I SP), P~l'lr'N2( Ii,~ I ,t-Or'H]I I SI';. .... IUC<LSU!l I l 
&bt .J•'> ltilll•l"UllutJSt') 
&62 UV J"ioJ JUM1.>•l,ltsll) 
dO] ll(lr11..:11s .. ,J1ll"1(,,l.l"'•!'IIJSt.lO) GJ IO \It, 
1104 J"jO CONT I ,tU[ 
IIIIS c ........ lf c,1 .. ,._,d .. 1: ... 1 lir S,ll_ 1JS '-!UT Gl'l(N till TU vt:C.lhfiVl SUG[ 
1186 !IIJ 111 )JU 
llb7 L ........ 1r ,:mll'ANll"lll"d .. 111+ )(ro) t: ..... ,,, JU"" Tri lol[b(IJ.1111[ SIA,jl. 
508 .tlb ltll)w:iPtl!>P,Jlf/olGJ.LU.J,UI r,I) JO lJ'1 
1109 PILilll)"I.IH, UNIJALJ .;ll Ill),!-, 
590 A .. t1Mlt JSr'l/lJ'"ISt'( ISP,.tlll'luJ 
891 r.u Tu JI;, 
&'ill l;>O l•U•"Hll(l)r')/U"TtlSt'> 
8jJ 1'S lttJ.,\,,(,1.1U!L1J(l)P)) i..v f;• JJO 
av, c. ••.••••• !f,:,f Iii!< LINIIJN(, 1'1( .. , .. ,uut •Ir •>£.lt'IINJfl(IN. 
avs IHli'l.oUI ... IISl"1,L•.Nu .. lnl'l((St')) (ilJ TA <,Q~ 

896 qu l"Nfll,IJl l)"l .. •••• .. t.t. 
OY7 ,1"1-.(tfl I)" J•0• 
&YII 1.-1otnN( t:i>'J•O 
&Y<;. bll fol 'iY f 
9f,;O t. • • • • •, • • • •, • • • •, • • • • 0 • • • • • • • •, •, • • •,, • • •,, • • •, • •, •, , • • • • • •, • • •,, • •,, o • • 
YUi t .... , ... 11.)1 , ... ,. ..... JNf' fi,u,. ,£ .. tTAlf~t. 10 i:,..u,1(11(, ST,.bl• 

9Vt" C., • •, 0 , • •, •, • • •,,, • •, • • • • • • • • • • • • •, • • • • • •, • • •,, • •• • • • • •, •,,,,, • • •,, • 0 •, 
9!J) ')('l,J 1,1:,11ILIL(I.SU!L),Ll.l,.lt'IG(l)P)) i.u lu .,~y 
9!.i' p4,.•JLl<IL)UILl.1.l.l"•l .. blJSr')) ~,; Tl -.5.., 
90S Ul~4t'l'llll•Ll•1-'N0{"Nll:,r'J,,.II.JAPM 1,l.r,I.PM.J\1'1111SP)) \,,IJ To ~~'ii 

906 ft'Nl -.ul, .,,- l•N,1►·" 

'i1U7 ',IJ 1,1 /,J1.1 
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.-..09 c .. , .... ,11)1 ► 111, Ju .. P fNlt" Wlblf,IIJYf (fl V!ll( .. lHT STAbl, 
910 C • •, •., • • • •, • • •, •. •,, • •,, •, •, •,,, • •,, • •• , •, • • •., •,.. • •, •,,, •, •, • •,, •,,, • 
911 >~II lfl ■l·(k,lSUILl•bf.Jtt■flJ(fS")I l•U fl, 9-.1 
912 ll(S•llLll-lL!iU[Ll•C.1,l,d"l,1(1'5Pll uO lu 9\IY 
YI J lt'n(•1Vt 1:>f'l• -cUOuM 
'II• H>'Nl.,\ IS" I •II• 
<,IS ,,., l!J y9-, 
91b C. • • • • ••.• • •,. •,, • • • •, •,, •, •, • • •. • •, •,, • •,. •, •.,.,. •, • •• , •,,,, •, • •, • •,,, 
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12J6 
12H 
1238 
12)9 

C• • • •• • • • • • •• •• • • •• • •••• • • ••• • ••• ••• • • •• • • • •• •••••• • •• •• • • •• •• • • •• • • ••• • 

···········•·•••••••·••••••••••••••••••••••••••••••• r111s :.11ot•COUTIN[ Uf.llS .. 1r11 r .. c ~llll t'ffOCLS~E::, • 

c~;~i",~. i~~ i ~~~;. ~;; ~i~~ ~;~;: i ~r~ i~ ••••••••••••••••••• 

C1lliot 1111 lu•IU!4/ l"U•l1"•ulNJ. I HY. JuLn•Y, !LIi, !C'I, l(:r.1S, lol~,JUI.IIIS• 
I /.111.lT, I l'U.l 1 

C\Jpj,MO:O. IC.11.lfU•U UU(ll).t•IIH[ 
(I..IHl!IJ'• ILtl.& I "4/ I llU IN. rul(([ 
cu10,r11• '"'"'"' L!,CV11l',,.1,cro1t(,.>,f11,Kfur<-'•NI 
Cl)olH•P• /l ~Ill u.lk.l I H, I (1.11 T. U.lP>1r'I r. ,11, ,A•u. OAI. IT(.' ,u J '.oj 

<:vot,01Jlt 1,uui)(I Sl[Mt'l 11) ,Cvt 11 l ,C,J/ol()tlC( t l) ,!!;lb fl Ht 11 I 
Cul!M1J,-; /INOV/ l,.[1..,!11P,il'\J 
CUHH:11• /,cCi1LC11J CN(CII( 20 I 
CU"H•J"' ISVILI 11ATl1Cito),SOILTC<I.JI, 
CQl!14011 Hlli/ f.lll1f(IHtfJtl•IC1IVrH 
Cl/>11'1U,. /11Al / ,;A T•oSt IUI ,litlNOF, 

I o1-tU.>! 
CU•Ol'I"' IIO,t(II •L•IU)A•CCI .Coo,i;, •CUl!T ,0£11 •U[L11 • 

I UCL• •lllf .l ,1l iFt:I ,O lf11 
.iu,u ,1111LT ,ttLOOI' 
:,IJUWCC•TA• ,1111[ 

,Httl ,IIR(~ ,~OC.JN • 
, l I ,NO ,11ruu •ll•flM ,Ut.'.L I 

h, •ldll , .. ii , 5-t.11,c , C•rL)( • °"'"'' 111\•l'i.CK 
1H bU 1,,.(60>. Tt e,OI, 
l( 111,li( 111.H( 11) t'lllf( 11 ).)U( 11,.:.Ct 111.sst I lJ• . .,( 11 hllAfHt l1 l,1UfL( ti l•Y< 111,,t 11 J•:!tl ll,t.111 J,f( Ill, 
llfl(I TC 

L!JUfC.IIL l•IIIf[ 
IIJHl"l!IIU"' IJ(t' IP1( IO I 

c ........ ,,1"P11I[ TH[ NUl!~L"' ut 1'1llllij'i 'IK.lll<' •llol IHJH fUH I,+[ CuRRC11T 
C U.ll• 

TIU i N•o.11,u IH1'0"..:l 
(rtlNAJ"l•til.2,.) lRAiN•2'• 
'ltJN0("0• 
CHL JlC."lC 
l[M.ll1"•'• 
(All t.Vu•u 
fOR•[VAI" 
otkA I ,,_•Tll:A I"' 
H[.-(t•U, 
If( ltlA.l/.l•Lr • .J.V) GO lo 60 

'1J J ► ('111AIN,L(,0.0) tiJ lu ~o 
CI lit[•AMt/.11 I I•• HHA 1'4l 
>!(PE T•W[t'L It[ T IML 
HIUI "'".ll!A-., \ (0., 1'1W.l (N'l •) 
CALL ~0,.AI 
c 1uur•u. 
C.u Ju lu 

c,U C 11 H£•2• • •A(P[ I 
Jr([llHf•l(.U.O) tiO lo 62 
CALL lV•r-ll 
[UA•£\'A.P 
~u fll 61 

f,U [I lH(•2- • 
~I CALL ::0011AI 
f,2 CONT J J,jUf 

n-ou CONIINU[ 
MlfUR/.1 

c .. •••••• .. •••••••••••••••••••••• .. ••••••••••+•• .. •••••••••••••••••••••••••• 
[NlHY J1'1Ull(O 
H(.lO(L(C•l..>i:'l> (CH(C~(l>-1•1•20) 
'fWll(ll•H',:?;;o:i'JI tC"ltli(ll•f•l•.!01 

'0'2 roKH.l 1 {?l)U I 
U;,3 ~Ol0uf(l4•10.l4J 

Cl rORCE l(.l{t.rALL lf'll(NSJTT '""/11nv111. 
H(A.O(l[t• I) f"11HCL 

c •••••••• H[AU IH[ Ut:l'Trl ur lrll .. url111! 1,f ril.CH 11Ultll•)N, 
11(1,U( LLC• l) cor,•t,H I)• l• 1, 'IHLIK l 

c.,.,..,.J,i( FIRST ,.LIRlll)H (\/(KT 5'1ALLI I~ A T"'lUAi.11\:AL LAf'[IC fQH 
C TML JnT[RfH[ SOIL•Al>11lSl'ot[Ht:• fHl 'O(Plt4' Ot THL tlOIIUH llr 
C (~t,;H rUJRJllll'( IS (UN\/Ct(T(I) l"l u(PJH, !,t,(I l,(UHP.t.TloL[ ~ITtt r11( 
C 'SUdl' SU"l'10Ur!"'( ~~ICH ASStMLS IH.lT 111r r,11IIUM uf' ii,~ NOMIZON 
C I IS 11.lLf•,.u 1t[l11l(, OOC!l 41,t,1111\Cl•tl, llt II 15 ,;[.;L~S.lltY 
C •ou ,.,,. c•,~· ,;uMJl!IN tJ(L•lll Tt4t. IAUL ,oOttll!l'IS Ju rlT ,dlt4 SONAT. 

'IHUl(I •,;r1Uw•I 
tlU( I )•11• 
nu sou !•l•Nrll11'11 

)no OJ( I 1•< Ul,. IH( I "I J "UV( 1-1 l) •7• ••IOI 1 • 1 > 
JIIJ( 1111UN) •IJt.Pf,.( Nt10H) 
~[ ltJRN 

I r(IRN.llt6t 10.i.l> ,., 

Subroutine EV APO 

12,tJ C •• • • • •• • •••••• • •••••• • •••• • • .... • ...... • • •••••• • • ••••••••• • • • ••••••••••• • 
12,1 SudROUIINl [l•l'O 
1242' Cul'IMOfl /LIUJN/ ILHAl .. ,tuwcr 
l:i' .. l Cl)NHl\1'1 IL'O'JP/ [l,l..,.ll'dACIOoll~l,laqf,.;t(,)•+41 
12'• CUMP11111 lli1I/ 1J.lk•IN,lt)Af,l<.l1'ttrlf,,11,.f11•1J•l>•Lll[,IHAIN 
124'1 CUH'4llri ,1 .. nu/ L[C,IM,.,lf'U 
12'6 (QNNU.C /tCLP1LC11./ Cr1l(1"t<i!O) 
12,r C0otr1UH t~lr.t IS~,"ISl>,IA'tU•L•ISt4Hr-,110>((0•1'1ll 11"'11, 
12l6 I '11lHCi\ ,HIJ •LI f' t 70 I• 1 "•H:l'IO( L\J), l~H,.1'1( ;'11) • tf UN( t\J, I UJ • 
I 2l9 ? Ut4Sl'I :i'\J• llll ,\JUMS"< 71.1, 11 l, 0'41 t 201 ,•)"I"[•< tu) o l'H:,4 ll, 
12>0 l "10Cil"'. /.IJLU• N1jV(G' ... ,r "I. u<JuO-t• I COV[A 
12!>1 C., ,,,..,U.lNAl'-•"UI,. I,. '"' 
12'):i' IUHAIC•O•J.c•ll'(/10• 



Romane 

12>] l ► (IJOAl\.,L[.J,01 b•I TU 7.1 
1.!'>4 t.. ,,,,.,. IC:>f If 101( ~AIN 1:i, rJ...ilS!i[IJ f1J,( Iii( CLIMA[•H 0.U, 

12'>"1 It lltMAJ~.co, IJ i,u hi 21 
11~6 'iu lU lO 
14''>/ ;)l lfrC.611••0 
ll>lt IIIJ I" l•l ,r,,I 
12'>~ J• I 
l.'oi, !Hl1u,T,l.l,T'4fc1Utll)l liU 10 I'> 
17'>1 IV f1Jr;ljNUf 
1/C>i,! l'l IL1'4P■ tl,0'11JAtJtJ2, 
17'>) L J ••t IIAL 11 r., (MP•rAC I .irH J)) •-"• 

1)11/0!"'• 
12.:0• t~•"· t:1•11,~n.:o~t:1t> 
120'> ''l f J>lh 
l2ob ......... ., If KO ill ut:CUII:> 
I lbf ;111 f I ■(), 
1200 c, ....... ·t~'"' fuH J 11f1UN• JHl['ISITT ljf ,-it: ~'1"1,1(11) 
I 76r, L ~ "i"■ VA.oi" i C / t "IA I,. 
1210 H >IA.I~• I 
1211 "1llU"''' 
12,2 , ....................................................................... . 

12() [hr~, (1'1u"lt'I' 
Jjfll Nt•UtL[(o17l}J tCtt((,ql),l■ t,?0) 
Ill'-> -..,dl(llrll',l2i'Jl lCKLt,.,(llol ■ l,701 
111b ll.'11 fuKru,1{/,JhJ 
I'll/ ?.:;,) t1Jot11•ltt,;,;>O.lq) 
l'l/n Cl f,l,1:11,tttl It. ,1[,..;,lt. (..-1 .. r-11 r,M[!.'1UL05 U\t,, 1•1 (ALCUL•lt: (OP 
l?n, f,lf:lut ,,.,, ll. 
12olJ l<L .. Ut .. u,;,t) NI 
I 2nl HI I •'1 I -J 
ll"7 •1t,1,J1Lt.C,il1Tuttuf<IJ.l•l•"'illl 
12oJ 1.Ulll/t(,.IJ•T•tHUtlHTI) 
l2G'I t1(,1,1)(L[{:,2)(1 4i;T1JIC( il.1-"I •NI) 
12~'i l"l I ,IIC"" 
liMf) l f'Uttit.t.Hlil',) 
l2nl I f11Hot.,l(ht ln.U) 
l 2tl~ t 'tU 

Subroutine FILL TX 

l'lo'I 
I ?YO 
1791 
12-ti! 
I 2Y J 
l2Y'I 
L<'Y'> 
12,-. 
12H 
12va 
l2'H 
l)tHI 
IJUI 
1)02 
IJvJ 
lJ•I• 
I JU') 
1).)1', 

1307 
IJIJI\ 
tJ::.'11 
I JI 0 
1)11 
I )12 
IJll 
1)111 
lJl"t 
t )16 
1 )l 7 
1)1!1 
I )l '11 
l.3l0 
ll.:l 
1Jl2 
I ]21 
I H'4 
I J/5 
I J~6 
Ill/ 
I )25 
I J?9 
1 JJO 
IHI 
I ))7 
IHJ 
I J,• 
IJJ'J 
I Jlo 
1)37 
I Jld 
1 JJ9 
134!'1 
1 l~ I 
13'12 
1]'3 

11•• 
lJOl':i 
I ]'16 
l J~ 7 

n"e 
1)49 
1 J'>O 
1 J'J I 
I 3'>2 
I J'il 
IH'I 
13~5 
IJ'>h 
13)/ 
I 358 
IJ'.>._. 
1360 
I Jt, I 
I )64' 
I l6J 
tJc,• 
IJt,'J 
1366 
IJc,1 
136!1 
IJC>',i 

lJIO 
I Jll 
IJ/2 
IJIJ 
IJI• 
I J/~ 
I )/1> 
IJ/1 
I JIii 
I )7y 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
'IUKkOUll•u. rltLIA ,._ ............................ ' ....................................... '. 

L Ird:> )\Jllli\JuTl,,l UlAL) .. ,1rt TNL s,u ... ,r.t. Of TMl STllft:. YAlilAbL[S. 
c ..•.......•...••••.••. , ••.•....•••..•..•.•••.••..•••••••••••••••••••••• 

CUM1111r1 /1Jl JIJOI( (HO• I '1ot, 1,, • Ju• 1', .J JI.O" r. rco, IC"· ICY• IS, J,t Is, JUU'tS• 
I tllJt.1', IPU• r 

C\J"ll!llr, /t•lll •11u1:4IN, IUAY,l}f,r''11)l,.IJ.,~lU,t)Allf[•l1ClJM 
l'.1P•,4IIN /t ILL/ rx(!IO, luu, 
Cuot"•IN , 1 .. uu/ L[C, I i-tl', lr'U 
C:J"MUN lr...AS/ r...l, "2,i,,l. l\'I• 11o;, flO•f\l • <~• li9,1UO, 'I 11 o 1(1 2• 11 I J, .. l•,1()~ 
CUi41'1m, /LITT[k/ CUll1"11•UCllT(liJ>,HLIT 
ftJolMON /"CK[(-.I ~ri[C'-tiOI 
Cll"IM,l'o /!:ollll/ .,lfl'lljlJl•SIIJLI(( 10), N141lM 
CUNUI" IHI,,/ i$Y,l-tSl-'•)ANiJlL,l°'ol~,i,o,uJ$((tJ1NUP"1Uf• 

I Nt)l((jl 20) •LI f C 201, I r'l'll"l'l( lOJ, IPH('O<I {IJ), I ruM( zo, 10) • 
l111SPI 20, IO J, U'IMSPt 20• I u I• Ulllf ( 20) • Uf'IN[III 211 I• r'liSA J( • 

.. 1J(it.k• ,,uu,, Nl}\f[(i •~Ort!• trt•ltJO"I • TCnV[R 
CO .. M!I .. ,~,11 ,..t,JlBS(lo,.11uN11r, Sll11fY(l0l•COk,(Tl"'(•ChJUT• 

I ,HIUUI 
c ........ ,r.sr 1f Int flR!,I tJA,T 

If (IIJ.t.,.(~.11 GIi TU 1U 
!l(NO.-T,Ll,IUOI uO IV 22 
fluAr• IOAT 
f"'IIJAl'"•:tJ"I'" 
r1,1,11s•f jl.lAl/ (PiU"-1'/ I .JO•> 
I AHS■t I ldS 
1r<J,1,ds ... 1.1uo1 1,11s•1uo 
GJ TO I" 

,1. llbS•IUlf 
\0 lftlldS.Ll,ll rl[IUtl'i 

li!J T/J ii!I 
,11 I At!:>• I 
;ii ~•u 

c ......... Jfn ,.,.ll(k rol'I [ACH Sl"LCI[S 
no 2} IO,"ISI" 

"'•"-•1 
,J h(11.,IJ.IJ::Ol•U"'l<II 

,q■it. 

C •• ,., ... tHT "1AIT[11 f\JH tACr1 tlotr,Ui llf (ACH SPLCJ[:> 
n1., 2'6 I• l ,,.5p 
IHID•1.U1t.,(I I 
r•u lt> J• 1, u 111 
,..,,;., 

;,6 li(M,,IAll>l•:)HSi'Cl,.Jl 
,-z■K 

C,. ,, .... O(AU •Ult'.Hl-'l 
Ill.I 2'1 I• I •Nll T 
"-•"'•I 

;,-4 J,;(,;,l.lK.:Ol•ClJT(I) 
l(t■ PI. 

c., •, • •,, ,i4f['I 
11<1 ,!~ I• I •N11Uk 
it. ■l(•I 

;,'> It( 1<, IA'l.>l•11A1LJH I) 
1( •• ,.. 

c, ......• sutl ltotPLklTUff[ 
111.l 2/ 1, 1 ...... 011 
11•11. • I 

,r f,;(11.,IA,:l!:o)•SUtLlltl> 
11;•r<. 

C • • •, • • • .R-.tot 
~ ... •I 
I• u,o., I All.:O hOA>tA Ji. 

"6""-
c •, •, • • • • T(Kt'(rlAlOl"ll t AJIO 

11( I(, 1-.d.:Ol• IOAr 
1(/ ■ I( 

', •, • • •, • P'1LN\IL'l,)(,1' 
11._i 21'1 I• I, MSI" 
,;■l(•I 

,11 t~t,;,U11>l•ft>,u:Nutll 

C •••• ,.,. ,.11,.,::, 
nu l'I l•l••UtUlf 

"•"•! 
,1 1n11,l.t.,pJ ■ o1AUt1:>(l) 

t-tlllJ'I" 
C • • • • •••• ••• • •• •••••••••• •••••••••••••••• ••••••••••• ••••••• ••••••••••••• 

c .. r1u Ji.it ILL 
~L11.11LlC•l222) (l:K(C,-(l),J■1,,0l 

•rlll[(l;tl'o'22)) (CN(~fl(ll,1•1•20) 
'i"l ruHHll{20U) 
2;7J r,jHotA \( l-'•20••1 

( ........ 1,1 LttAM Tot( :tllJHJllt,( OU1A1, 
1111 l'hi J• l,\•l 
IIIJ JJ.J .J• l, tOtl 

to:1 IH J,Jl•oJ, 
ot[ Tuio 

'" 

16 

Subroutine INVDAT 

1380 C •• ••••••••• •• •••• •• •• ••• •••• •••• ••••••• •••• ••••• ••• •••••• •• ••••• •• •• ••• 
lldl 501:JROUTl"IC Ph•OAl tl4Uol"l'I ol"IT,10lToJCOoJCH•IC1> 
1 302 c----·---------- ------·-·---·-- •---------•---- ----·- ------ --------------
134 3 l COlll"UT[ l1"4L cuRH(HI t>Af(H.IU) ~{TK TllF OULttru.JC11,p.;Y) I 
1 304 C -••••-•••-••- • ---•••••••--•••--••--•-•- -------•• ••- --- --••-•-•••-- -•••-
1305 C, ••• ,..,lt1ISa.iuw<4J VAltlAHL[ 
1306 c.,,. . .,.l.~1.1 •l!olTlll !JAY \li.tPiHl 
1)117 C ... ,,.,,1-1,. • >1!Jfff'1 (lo;PUII 
l)oe , ........ '"' • f[Ak { l~Ptll 1 
1)119 L ........ l:,IAf•i...uR,tL'IT ""'· cuu .. llr4<i ritutt J'1t: l"'lfllL UJll1'(1NCLUU(~)UUT!'Ol 
IJ90 c ........ lCIJ•THl UAJ( •ll•'lli , .. r CI.JHl(l .. l .. ,IP,l1H{-Nl'UTI 
l)YI c ......... p,;~•111r OIIHifll .,,, ... 1 .. hrt: Ctlihlr.•H r[AICl!W'Jfl 
139, c ...... ., ICY• li'il t\JKHt.~I rr,wt jNr''Jl) 

JtCl"''•Ll.!'ilOllJ IIH•INltl',lOIJ 
I{)• (NV 

fM•J,;" 
I I• INT 
IIJAT•I 

I I 1ft lil,N(,it:O) t,IJ TU IU 
l((Jw.Ni•ICOI) C.0 TU ii) 

1t11, ... [,ICT) (i{I ru IV 

>It fUll1' 
J,J fUAT•luAl'1 

I u• l1J• I 
,-.LL kJ-4uiS( l'I, 11.lfJ• ltll:»l 
I rl Ill, Ll • "J) 1i1J IO I I 

' ... , ... 1 
I U• I 
1r1 /1•Ll• In IU t I 

I"" l 
1u•1 
1,.1 hi II 

"" 

Subroutine JULES 

,. , 4 , ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
10., SUIHtUU\ l,.t. JUl.t.S 
I• 16 c, •, • ••• • •••• , ••••••• • • ••• •, •••• •,,, •• •, •••••••••••• • •• • •, •••••••••••• • • 
1411 C\J"!l'\Jlf fKf 'JuLJl~ OAI' tl)K l,;f L11,f!Cl,ol 1/Jllf 'IUlf', 

14111 C• • •• •• • • •••• •• •• • •• •• • • • •• • •• •• ••• •• • • • ••• • • • • •• •• • • ••••• •• ••' • ••••• •' • 
141V l'.U,jM•jl'I /vlfojH/ IN\J, l••l'I• , .. ,. 1u,, • JULII~,. ,en. IC1• ,c,. 1S., lt1l:t,.J!JUAS 

1420 I 
1411 JULUil••I 
1.,n ... ,, .. -1 
111&'3 <lu I ,1 I• I•" 
l4i• CALL 1,.J,.ulSC I, ICf,JuUIC::O• lt;J.)J 
142!1 II.I JULIJ,1,f•JVLl).t.T • ..:uvll:t 
1416 JULOa.r ■ JUI.UlT•ICU 

1421 J1fTui.11, 
14,~ r .. 1, 

Subroutine NJMOIS 

142'1 C•• • • •• • ••• •• •• ••••• • ••••• •••• •••••• • •• • ••• •• • ••• ••• • •• ••• •• •• ••••• •••• • 
l•l•I SiJIJ"IJUTJ .. t 't.l~,Ji:tlMOIS•l•,.,JUojltS,101'\J 
14JI c ...... ., c•LCULl LE NUMdH[ IJE .JI\JOIS 0·• -t111S-ll'4t: 1101s 0[ t.• -"NII[[ IA.ti, 
l11)l 'li"l"l:t/tJi. "iJ01,11H Iii 
1411 UJIA NJijUft/)1,U,Jl,JO.Jl•lO•ll•Jl,)'l•J\,JO,JII 
1414 li!IS•l.f 
UH JIJU~S•HJuui.(M,IIS) 
14)6 Ir( JOUHSl lUI • 1\)l o 102 
l4J7 Int Alll•[Alt 
I'll$ ••AOIUUC .t.l'I, 4, I 
14H IF<lll\14•104,),J) 
14•0 104 JUIJM$•1~ 
IHI lf'IIS•I 
144?, GI) l,J llli 
1443 lnJ JUUIIS•ld 
1'141 lnl ,H, TIJMl'I 
t•4S c ........ JIHS•l•f[l1.tUAHT JS 2'1 o•rs. IMJ:t•O IN Ollt[H CA:tt:. 
14"6 [HU 

Subroutine PLOT 

1•41 C•••••• ••••• ••• ••••• •• •••••••••••••• •••••• •••••• • ••• ••••••••• • • ••••••••• 
l l48 ~IJtl!MIJI J"t: f't,U1 ( UU.C, XIII~, IH, 1 "IU, ltP"-5,(Ur'l ,PI.CHUIH,I\SJP) 
t.•9 C )(y(l(W.I( lllkNING,., IH 'PLUT•, •111111• ,~ "l(Jf fttl l).t,l or INL l,.lfUL 1)11[, 
14:tO CIJHMIIN /INIIIJ/ l(C,lHr',IPU 
U)l COMMON /VIAGH/ H[CI lo.JOO) ,L[r,l 10,i I) 
14)2 ClJMMflN /t1LAO/ TlfR[(ZOI 
145) O!Hl"l:tlUN GPAP"'()hlUJ),f(JUJoST"'d0lllO)•XVAL(6) 

145~ C ........ l(Ur'T• l•f'A:> Ul (i~Af'KIOII[, 
1456 c •. ,..,.. • • 2, 011 6R4Pt111i1U( r,t;",'if.lhL•Oll'IS Ct. ClS KCttUIK•2• 
14!17 c.. ...... • • l, UH t.HAP11111uc P&.M 'll"IHIL[, 
1458 c;:,.,,,.,. • • "• Ult tiltAl'itJlluE PAN o/l~l•AL[ S UN ii[N[IU.L, 
1459 '•••••••• l(CHtllH• 1, MAX• lJ Hllol. l'QUII CKl,IU( lllClPIIJOU(, 
1460 C,.,.,.,. • • 2, Mt.i4l .t4Jt. [l "I"• t'O\l,t TDUS ll5 tioCAPHl"UlS. 
1461 Cl K:»UP 11HI I[ lti[ SVt'(kPIISP) .>f"AOLS IN OIAGIUl4S<•O NI.JI l 
14ol Ill TA 1.t.11S/' I'/ 
1•0J OATA )YO'lcllJL/'l', 'o' ,•c• ,•u•, •r•• ' ► '·······"' ,' l ', • .J., ..... ,•L· •'"''• 
1•64 1 'N', •u•, •p•,•u•, 'k•,•s• ,•t•. 'u', •~•. •••• •x• .•r •, • z•, '•' ,•-•,•••• 
141>'> 2' •' I 
141.16 1'14AIC•IY(Lll, I) 
1411117 T"IIN•IV[~( 1,1} 
14611 <lO };)U fl•!,!NO 
1•1>9 OU 120 I•l,NY 
14/0 YotO:•AIU11( JYt"Cl; ,11.)•TKllt) 
1471 J?O Yl'IIM•Al411'1I( l't'(C< I ,II.lo Tlllrll 
1472 l't•O 
141J ltLANK lrit. Gk.I.Pl>\ 
1•14 l"IV I\LANC•' ' 
14/5 OtJ 30 l•l•5l 
1416 Oil 30 J•l,lOJ 
1411 ]OGMAl'Kl(,JJ•' • 
1418 sn ui> ,-u1s 
1479 l)O 50 l•Lo~2 
1400 Ir l"UU( l•?,51 ,UI• ii) ijl) J,I 4tl 
lul G~APH(I .t hl'AXIS 
lu;t r,,IAPtHldO))•TUIS 
110] tiO TO 50 
1481 411 GRd'otll•IJ ■'•' 
14&5 GRAYHl!,IOJ)•••• 
1406 '\U CONllhlJ[ 
141'7 S(T Or' .rAI I 5 



17 Auxiliary Submodels 

1 •e11 U\J /,J J•I.. I 02 
1411"' tr l>iiJIJ(.J•;),11)) ,(g, O) uO fl) 60 
14'H) c:,i0,l'l-{ll,J)•'•' 
1•',II f,MAl'hlSl•JJ■'.•" 

l ■ .,l r.u 1\1 fO 
t•,oJ ,.o GMA1'>1(lo.JJ•'•' 
14'f" GHAP ►4l)J,Jl•'•' 
14"''J 7u COl'lfli,,u£ 
100 tl)l'l ■ \~NAll•J(/"IJH)/100,0 
1, ... , rvl V•\ , .... ,.-Y"IJH)/50,.> 
1401 ,,u 111 llV(l,?ll•22Uo2/Qlofl0Pf 

14"\I 2,u H•IV•l 
15~0 CilJ J(ll<1\,0),-.ClftJIK 
I ';ul • I f"I I MS• TYlC( IV, I) 
1~1112 fl'IAJ(:-.•Tv~(..( !'o', I) 
ISIJ) 'IU •J ,.,,u1,, .. u 
1<;v• 1 ..... s ...... ,., ( lll(Ct IV,111.ll'll or,U.('i) 
ISvS ld , ... 1Mti.•A!oill'ol(lvlCt!Y,,.O!l,Ool['f<;) 
1Su6 'l'Ul'f~•(f"~~S•'f1t111SJ/lO, 

I 5iJ7 '"'IP• IN I ••!I 
I Sud fld'ft'•fl•IVS 

15,,y .. 11 '" ., 
l)JfJ •I tt,IVl"•YUlt 

1511 ''"'"•'"'I, 
151? 1f ,hi 2V) !\ ■ J,111111 
151) 1(\l■IV[LIJV,,.l 

151 • ~ .... 
151 '> '(•11,•'(l'.t.:, 

15111 J■ l.,')•(l•••.0Jt1)/X'JIV 

1<;11 l•<:,2•(YI ll•flllt')/flJitP 
ISl6 l r ( UtC4,'ttl I, JI ·ell •HC I :n "' 211, ,,o 
lSI.,, LIV ►~I J[l J'1r',j)II,' ,JC,IIICAl"l1( I ,J),':,f,4!:IOL( {VI 
ISLO 'l Fuot11,1.1(1A,llil•fl).v,IU~,.,l•'•'•All 

I ')./I Ll I CUHT (NI.I[ 
1'>1l LOS 1,,...Ar',Hi••.!)•:.f.,t10l..(lvl 
I St'.1 h() Ill LJI 
l').:'11 <'?I IH,,;Svl'.LU.01 vO JU t'l':J 
I'),-.) .. ~J T(l!,.r'd) 
I 5,,11, J rc,10, .. 11' I',' ':JY>tt1JLt.$ '.)Ur'Lll~IJ':JfS , ....... L( UIU.P11 IIHI( suJv••• I ( ,\•AN( J [H 

IS21 l•H•Hllu.ifAu)'/IX.IUl'r'AS J,11111 .l•'f•'I} 

15;.,11 I CIJIJi. I •• 1 

15,.,, nu 2H• 1'.L'1•\•IIJ 
I '>JIJ 11fJ 2 Jt. "IL.-.• I,~ 
I SJ I L16 TAtl[L\ IIL", l(.LH l 
I SJl <?'> OIJ llJl .,. I, P•u 
l~JJ l•"-
1)311 ••J;.-.:r'A':J 
153'5 r,u 2l•J l•l,NY 
15J6 lnl rt I l • I .il,.I I,,.) 
I )J/ J■ 2 • S•l J• ,l'llllll/)(vl Y 
ISl'I 11ll c'fl" I.• I• H'i 
ISJ~ 1 ■),'•~Yl~)•fl'll"'l/l\JIY 
15•0 H(11S.,l'.LW.,.1' i.,O hi llJ 
ISltl 1r(Gll•l'rHl•Jl•dL.,~C)Llbill,21c' 
IS42 /12 1Cuu,.J■ll.t111~l,I 
15'1] IAd(Ll!dC•JUl'II)■" 
tS"" U.l:l[Lt'ldCutJl'll)•.C 
IS4'J I.A.l:l(LlJ,ICl,Ul'tl)■t,1Ul'r1(1,.J) 

1 !,'lb r .A.11(Ll Ii, ICIIUHI ) ■ )Yi.tlJL( LI 
1Sti7 ltl(CutJt.l•JO) 2IJ,2)1,l)l 
1 '5'111 ,n I ~>I I f[l P1r', lJJ) ( ( 1 Atlt.L( l •"-LM), T.A.•h.L( 1• 11.Llth T AIJ[L( J, IILN), T .ll:l[L( 11,JCLII 

1'5<i..i 1)),1\LN•l.!COUHI) 
1S'51) ill ,o,oul(IAtJOll],1).Q,p ... q,••••1'•')1 

1'5~1 j(fJUNl•O 
I!,)? Uu n:.. HN•l•IU 
15'51 flll 2P '"LIi.•! •'i 
155• .:'Ji TAll(L(O!Ll',l(L/ol) ■' ' 
15:»'.> 0:t l CIJ,.T I NIJ( 
15)6 lO'I Gw,t,Pttll,.J)■.SflotlUL(Ll 

15~/ /Ol CIJNIJhUL 

IS!lt! 11' ( ICUU'-1 l11',l)0,1Jf 
IS~', Lll uU T[I I 'Ir', 2Jl I (II ld[l.l I, 11.L"'), I •1:1rL< io'"'ll.14lo T i8l'Ll l•l<LII I• Ud[l( ,t, l(LII 
l'St-0 I I I ,r..LH■ t, ICIJV"ll I 
1'5t.l llCI ttJ•HINU[ 
l'5b2 P1U1.J l'1l. (.HAPH 
IS6J LOI ofO(ll[ll.,l",YQ) (TITK[(lfllolTl■l•2•11 
l';(.111 QIJ r,,l(;Ult' 1',211AIII) 
ISt.'5 i;,1 IOIQ,.,'1'5)•"''-'Ull'I 
l5q6 4q T11ll1•ffll ,5 
I '567 YU I .. ■ lO! w:, 

l!lt.1' r.u ru 11t. 
15,t,9 11'5 Y"'l1ol14J1. 
I '5/0 ,,1111• TUI• 
1'57 I 111b CUHI I ,_U[ 
I '5 '2 I 4IJ I.IU l')U .,. I •6 
l';/1 l",O XYAL(lld • J(HJO.: ♦ (ll.•11•2\J,'ht,)IV 
1'574 -.,nJLlb.JbO)h'U 
1'57~ 1 ... 11 ru1ouf</1,,111C111,.t,1u.c.)) 

I ')f6 ou l"u I• I ,'SJ 

161S c ........ JfilN■ IH Tfi[ YARllRL[ M[~vlMLO JS TH[ RAIN IOk 111[ OA'I'. 
1616 C .... ,..dGt.N•f• fH[ VARIARL[ ~[JUIMEO (:> TH[ OAILY 1[141'[1CATUH[. 
1617 c .. ,,..,olGlH•ll• TH( VMIUkL[ R[~UilltD (':J ht[ P11(NOL\JGJt,t,L STAG( 

1618 C ur TH[ SPLCl[S 'IHOI' • 
1619 c ........ lGt.h■Y, TN( iUdAisLl R[llUJ"lU I;> T>ti 41'1UIJhl(14H) ur 
1620 t TOTAL 1ul[H IN THr 1'!111(1'/IJ .. 'lHOt', 
L•i!I C••••"•., Ji.,[H 1,R[,t,J[II Tl'IAl'f 99• NU OTHLR r,IAGA•M AlQuJi.tlU• 
1622 c ....... ,L[\olNt,I l N,lM[ or T•H. V•AlltJLlS (CUL. 16 ru )9). , 
11:i2l C, •., •.,, ••• • • • • •,,.,,,,. •, •.,., •• ,.,,, •,. •., • • •• , •• •, ••• • • •,, •, •, • •,,,, 
1624 COKi!OM /uATUM/ (l,fOolNH•i"'f•llli'f•JtJLOAT•HD•fCM,ICT,l:.,h:1ts.,JUUAS• 

16.i!S I NIJ,t,T • lt>11i1' 
1626 CUM'IOI• lul,t,GII/ IH10•1VOl•L£1.i( 10• 11 I 
162' COMl'!Ok tr ILL/ Tl( ">0• 100> 
1628 COHIIUH /INflU/ L[I., l,tr', H'IJ 
16.iY CuM .. Oh /"'.lSI 1<1,"'1•K),11,11,.o,;~,<ti•llf,ll.11t•l\9,11lO,,q1,1112,111J,lll4,11I~ 
1610 COMMOh /LITT("/ CLllltU)•IICLITIILll,NLIT 
16JI CUHMO,. l"'C-'[CII/ CH[l.l'.IL0) 
UJi! CUKHUh I.JO(LI 1uf01(1u1"SO(lT[l\ul, '1-tJ~ 
Ull CUMK.01'1 1,Cr.1 l!l.P,1tS"•IAliUJAL•ISNR11•'fnS([t1,NOP11UT• 
I (:,)II 1 NUMGl 2D l •L II t l0), IP>tL,.llt LOJ • IP.,r 'UH 20J • It VNI lU• I\J I• 
16J'5 ] u .. Sfl 20, I 01,ULl•S~( lU• I 01 • Jl(J( /0) •l)l'lh[ ~( iU) •P"':JJ. f( • 
16.16 l NUGEH•NIJLU•'IOV[i.,,'t(Jtl'l,'f,J1l01t•lCrt'l(K 

16H MlAun.[(,2;f21l (.,:H[C"'t!ld ■ l,?0) 

UJIJ ,or'JltlJ'fr',?'/211 (Ct-c(C1'.tll•t•l,211J 
16l9 'll?2 ruM•Afl2JU) 
l640 2L?l ft1KH•ll1.c.,'/OA•l 
1641 qlAUt 1.[C, l J 11.!i,\JP 
161112 " ,,1,1■0 

164] Ill r,~•MY•I 
16•14 JH•H•l(.JO) >U 1(1 IL 
16~'> ,.1,1•JO 
1641:i N[4Ull.LC•I) l\,[M 
""' 1r<J1ot.1t,1.o,1,ul 1.,0 Tu ;ou 
16U Gd fl) 10 
16119 12 11L.l011.[C,IJIG(N•INUl•INU2,( L[lil'•l•l)•I•l,111 
16':>0 fft lf,lr,.1.11.991 C.u fl) JvUJ 
I (:,)I II I I i.,t.H .l.\f,O) C.0 ltJ )UU 
IO)'l Gu fn(i!l•L?•ll•2••2!1•lo,ll,]1',l91,Jr,ti. 
16!11 C •• ,,.,..1111,t,L U~T 'IArl[k ftlM l~COI Sf'(t.lE'i 

16')1 ?I (l ■J'fUI 
U'>~ fi•J ID 4011 

16lt1 c ........ 0111 ,1111,l l(k rn..: u ........... s 
16~/ )l IC 1 ■ I( J 

165" !HIHUI.L~.l)GtJ IU IUc' 
1659 jNLll•IIH'1•1 
le,61,) !JO 101 J ■ l,1"101 
IUd lt1IU■HUt11o,11 

1662 11'11 i<f■trn111.,(IJ•11l 

161:o • Inc' • I•" r • I r,u? 
1611'1 1,,u Ill ,._,., 
1611'5 , ........ U(AD •Ul[KIAL 
l61:i6 ?] 11 I ■ll'I• I HUI 

1661 t,(1 1(1 "'u 
L&o8 c .......... f[lt l•I S1lll• 
l6b9 ,~ •1■11l•l"'UI 
16f0 IOU IU 1110U 
l6l1 (. ........ SUIL lL'"f'l1Ul1JHl. 
1612 ?S 11.l ■,4•1HUI 

16f) •ill lu 40J 
I b/4 C •,, •,, • • 11.l l'f 
161'> ,1:i l(J-,,',,l 

un, Gfl Ill ,ou 
16/f C ....... ,UAILY l[MP[M,t,IUIH.• 
1618 :;,1 Kl■Kti•l 
11:,19 1,,0 111 11101,1 

1600 C, •• •••• .l'HLl'l0LUGY• 
1601 )ti '4.l ■l(l•Jtu.11 

Uts:> Cill r11 •OCJ 
I e,i,] C, •,•,••,•A 1 AH:. 
I 6e4 ?7 ,i: I •110• ti.<11 
IU1'5 , ........ f!LL In[ All•Uf •rv• •t-cICtf IS l.AllLO ,tl 'Pl.UT'• •ult LACH 
I (:,Ill:, C UI AG,ll<l'IH, 
16117 IIQJ LAl'l•Hl1<1Ut 1ou./rlOAT) 
16811 OU 1101 ,r;•l•L.llt 
161'9 ,01 rvthl(•I(>• f1(11J,r.J 
100 CD ltl 10 
l6YI )(II> N.i•HV'"l 
161f2 <Ot'l •L 
16111 11Ct10l11•2 
l6'J4 f'NOAY•hD"'l 
16'-S KPAS•I• 
16'ilA lf(HllA1.i.ol.lUO) .tPA':J■rl'IOAT/100, 
16'il1 l(M IH• I• 
1698 l11A.t■"'OAf 
16\19 C-All t'LU fl•""'"', J.l'I IN, •~v, L,t, I lo'• 'l(r' A 5, IIUP T, 11\:H!l ht, IISIJP) 
17UO GO fU 9 
17-11 1voo N[TUlolh 
1702 I roH11,t,l(31~,IIU) 
1703 f1<1U 

I 5f1 •HI Tri t>• 110) ( (.ICU'tH I• J).J• I, \(l )) 

15711 17U ru,oull!Ll,llljAJ) 
lS/9 I! \l'!UU(l"2.IO> .H(. JI VU 1'I IYJ 
1So0 >l ■ fl'll!-,+JUl•o(')2•1} 

I S,o1 ,oHJ fl lo, I i:tO Iii, ,I 
ISOc' l~O ruR,u.fl .... • IJ,,[9,l, l,)qX,[10.)) 

Subroutine REPORT 

ISol 190 COHrJt-c•J[ 
1',tl ,udltto,l&U)lVAL I 7U4 C •••••••••• • • • ••• •••••• ••• •• •• ••••• ••• ••••• •••• ••••••• •••• ••••• •• ••••••• 
J Sb5 IIU 17:> I t-c!ll■l, -.'I 
l!,b& It:, •rdlf(j-..l",116) St .. dUL(PtSJ.(Lf.G(IMS.lfS)•iT~•!oll> 
l~ol 116 f"Uk•Uli\A.,4l,:O•IU4J 
l',1$,8 ,ol(IJ(l\"1r'ol'1J )(,.IIV,fl)lK 
151:i'il 17/ ru,oul<' I CllLIJNN[ [N .. esc1ssr•'LIU.J, 1 I LIG'tl [N ON;O.■' [10,l) 

17US SUIUIOUTIN[ R[PU1tr 

!~~~ ········~~;,r.·;;.;;.~i·ir·~cc~ssA~~········ 
17Ufll • • • •,, •, • •, • • • • •, • • •,, • • •,, • • • • • • • • • •, • • • 
1109 CUKK.ON ,u .. lUNI Jt.U•l""''"''•ID.t.(,JIJLl)Ar,1cn,1ctt,JCY•IS•ldl':J,JUUAS• 

l'5YO r.() rL1t7r.o,200,22c',illc'l•llt)PT 
1'5\ol l?2 U(f'l•NVl2U9•'119•llJII 
1S~2 llY IV•IY.,I 
l'5YJ GIi TO(?llo,10il.2011,l?I ),IIUPT 
l';'f• Lr,H N[JUkh 

1110 I NUAl,ll"UIT 
1711 CUM11UII /t\J,t,f1hO OU(lll•UTfM( 
1112 COM"l/lh /L"'l"/ E.T,['1,t,l'.l,t,CfmH<1loll•n1Jfl11J,'lT 
1113 CU1'1110N /L)(L)/ u,t,kAINdfl.lltD.lP•mr .. 1 .. YNAlJ•O•LIT[,r.tAJN 
171-1 CU .. KUN /r1[AO/ SUT[llOI 

1!>v'5 (t,U 1715, C(Jfll'!(l,i /INl'IU/ L[l.,IKl'•ll'U 
1716 COMMON /LllT[N/ CLll<li>l•l>CLIT(lv).1<1llT 
1717 cu,owr-. , ...... l/ NJ.r1SP(L(ll,IH>t1JHU(i'll•ll'll,Nl"LITIIUJ 
171d r.uKMUN /l"lftl'IIS/ l'MLJl[(,!Ol. l'Hfl"l'()l.l).l'H110ISl201•PlftACTllO), 
171', I l'ifSA I(( lU I 

Subroutine PREP AR 

l '5~ o· C • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •' • • •• •• •' • • • •• • • • •• •• • •• • • • • • • • • • • 
15·0 SUtlHUUI l•it l'K[ ... ,t,l'I 
I Sl/8 C •,, •, •••• , • •••••••••• • • • • •. • •. • •• ,,,., •. •, • •• •, •, •. • • • •,,,,,.,., •,, • • •• 
l'5'1'il ( l"RLl'A ... l Tli( o•u l1)H PLOT • 
I b\10 C • • • •, •., • • •, •. •, • •, • •, •, •, • • •, • • • •, • • • • • • •, • • •,, • • •,, •,, • •, • • •,,, • • •, •, 
16JI c .............. J>1u11 ... 111 .iuq,1;1LlS •o~ I ,11,Glf,t, .... . 
16v? c .. , .... .!uUf•'-• TLl INUIC•ll T'fl (ttll ut THt: LlST Of TIil VA,IJAIIL[S ruR 
toO} r-1t: \:UIUftHI U!Ali"""'· <•1 [14"Ty C•kU ,\fTUt fH( GROUP 
'604 uf YAlll,t,oLLS ftHt I vl•t.lfAl'il'I• l 
161,'j c ....... o1tiLJf••· Ttil SIAll lo'ANl•aLl ofl•lUINiO l':J THt: TOTAL ORY- IIATTCR 
lt,l'(:, C r,1,1 IHE. S~[Cl[S 'l'OH'. 

16,)/ c ........ lf,lt••Lo ft,( SIAH. VAltlAflL[ lfl1UJM[O JS TH[ Dill' ""'fl(k ro11 TH( 
1(:,1111 C ~~t.CHS 'IHl>I' Al'<O T'1l O,t(i,\-. 'INJ2'• 
l6ll9 , ........ 11,LH■J, l"t SIU[ YAklAAL( Mt,,u111t.:o IS f)j( UNI 11.-TT(k fOA TH[ 
1610 C 'IHOl' CAft1ou,n tlf" l)t,t,O I-IAlE"l•l• 
1611 C••••••••lolLII•~• 111( VAKIUIL[ ltlJUIRLO l':J 114[ IUl[M IM Hl.)MllUN 
lt,17 C '!NI.JI', 
lbll c ....... .1 .. 1.N•~· IM[ 'IARIAl!ll ll[IUIJILI) f':J , .. l SUIL llMP[IUTuRE 1.;. 

161111 C MiUIZUH 'INJI', 

17i!O CUltMIJ<I '"Ci'!lCII../ ,r1cc ... <201 
ir:.!1 (\lflK'l'I /11[P/ IU,t,JH(,!\J),Nl'I("' , TH(" 
11l2 CUltKUh /SOil/ •.llEHltOJ,SOILIC(IOI. llt4111f 
172) CUPll'ION /lo'i(;/ l':JP,HSP•!Mo'U,t,L,lS•Otn,N1"1S[[l)•NUPri(1f, 
1 li!4 I N1J,t(i( 20), LI rl 20) • I ">l(NU( lO), [r'Hr1<11j( 211), lfu,-.l lO, !U>, 
I 72S 1 o .. SP( 20, I OJ ,UU'4S,.l I.U• 1') ! , tJHl( 2U), UMh(,11 lO) ,Pii).l rt, 
1126 1 'iOG[R,N\JLU•,.0.i[{,.~U~H,"10110ltofC(lY[M 
1721 CUMK,1N , ... ,, .,,1.u1:1s,10,.P<1u/ilnr, ~.ILHf'f(IO),(OIC.[TINl•CIIJUl• 

I 7L8 I HHOur 
17'/9 11.J\JtU,l f'Nl(.ISIIJ"! 'l,t,MSf',10'4('!Hli•'ii"'Ll1 
1710 ,re 1,nP,l.ll .N'tff') lfl ,_, ... ,. 
1TJI If' (IU,t,T,N[,luAlM(JkLl')I KrJuRN 

17J2 lklt'•l1H.f'•I 
11J] 1t1Kll[(l11~•6) (Sl,t,IL(ll•l•l.:?U) 
trl4 J11•n•Ju.u-1 
1()5 t1N1T[(Jhr',2) iCOolCM,ILT,tnAfl 
11 lb di I rt:t '""· 11>11AICA 11<1• To11Y • lJ.\POIOI • ,1AYA•1Jot14LI Tl•'"" lk 
1711 11RI 1(1 IMl',V) 
17JIJ l)U 20 l•l•HSP 
I 1]9 t1hJ f(( lllr', l) 1,A'i':JP( 11,\1111( J 1, J!>k1 .~O( 11.PML!l[( I l ,l'Rlll'II'( 11, 

17•0 I ~IOttJIStll•r'ltr1CT(ll•l'NSATC11) 

I I" I I~ I u■-.,Jlf..,t I) 
J7,t2 Ill) 20 J•I• ltlifl 



Romane 

lf'I 3 
11•U 
l/4":i 
lr4t• 
1/47 
l14t, 
1 74i 
lf>J 
l75I 
17'>2 
11,:>l 
1n .. 
17>5 
I 1,,:, 
lf'll 
lf')n 1,,., 
lfoO 
llol 
1/oi 
lrl'J) 
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2UJ'I 1n,;111,i.l,Hll[f,uH.r1l1J.L(,11,Jl(J) GO I,) 1'-'U~ 
l040 d 01l•lUl't 
2041 ,i( I l•l lllr1•UUI 2'10( I 1•,;( 2) efT•Gl l J-T'l•Ul 2h Tw•Oo( 1. l J/1 T 
20-.2' IFIH(ll,Ll,11u,olll 11lihrtl1,n 
20'13 ff IHlll.tif,11•LII rt(l) ■H■[T 

lu"• /JU IU IJ" 
21HS I-Ill'> lilfllll•OI I 1• ( tt1I I )•11( 2) )•TT• CGI I l•u1 ll I• TH•UDI l. I J/Ull(2) 
20'16 l J4 i• l 
20•f til If (t1IJ)•f.i(l)J 6),111>,oS 
20118 ,_, ~r1l•H" 
lO•I, '4LU•I 
20'>0 J•/5 
l0'.11 6CI If l11tl)•l'(JJI 61,/2•60 
20')2 61 ~HI ■ J 
20'>3 l,I) 10 O'I 
2US4 60 '<Lll•J 
2US'> 6Y Jl•J 
2056 J■( Nrtl•1LUl/2tNLtJ 
20'>7 If lJ-JII 66•/0•o6 
20'.18 TO If tt1lll'"l'IJ>I 71,12•'2 
20'>'1 71 J•J•I 
2060 72 CUNT 1/'hJ( 
2061 11Af•ttH I 1•t'( J) )•Ul!..11/(~t J• I J•,>t Jl >• fl JJ 
2062 t1Cl) ■IIAI 
206] UU Tu I ti 
zoo■ I l<> .. , I I•' ( I j 

206S l171\0260i•2,i<ir. 
l066 ,11IJ•Clll•C•HIJ•1,(lll ♦ Ttll 
2001 If (WHl,GT,i;AJrtlJ)I ,Hll•IUTHCIJ 
2llt10 ,1111 If l•lll,LT,IOl.11,.llll "tll•11AIL<II 
2009 20'1 SUH3■v.u 
2Ul0 SOH2•1i,U 
20fl SUlll ■l),IJ 

20f2 OU IJI 1•2•11'. 
20'1 SIJlll ■■CIHSUHI 

2014 SVH2•ft 11 ♦ sut1, 

lOfS If (AOSOUt11•SUN.!)"-.t1SlSU"'l)) l31,1Jlol3V 
2016 llV SUM3■!iUNl'"SU'4? 
2011 131 CU~TINU[ 
2orc 1r t Ait:,t 501431"usu;u~u J J6l, 63• 111 
20/9 IJ7 lflU(Ll"U[tl•O,llb3,0J,t)J 
2~t10 l]J O(LT■U,5•0(LI 
20o1 Gil lU l8 
2002 6J SUNl•U,0 
2UO) SUN2■W,0 
20(14 OU llOU 1•2,K 
2005 su,u•-< I l•(UU( l•I )•OU( 1-1, )/2,•SUIII 
2006 OfliJ SUM2•Tlll•(DU(l•l)•Ul.l(l•l)l/2,•Su112 
2oat c•r■su111-,t1 
2008 CvNS■11rDli•tl[LT•CUNS 
200'1 SUMA•SUr1A•S J l't,i;•l)ll I 
4!0'r0 co1rL•• l SVMI :.5yP42) 

20Y I C•• ••••••• •••••••••••••••• ••••• ••••••••• ••••• •••••••••••• •••••••••••••• • 
20112 C•••••SAL T LUO,. 
20.,.J C·•••••••••••••• .. ••• .. •••••••• .. •••••••••••••••••••••••••••••••••••••••••• 
2014 i<~•l(•I 
2015 ll'fHU■at I l• ( ( rl( I )•Kl 2) I• TI t( G( t )•,,(~I) •T'4•U0( 2 J )/OU( 2l 

20H, l)U 21 .. l•:i•JI. 
'J.UY7 OL.U■tuutJ)•Uu(J•1)) 
20'11" OlllA•lUOllttl•DOCl)I 
20"'9 OLAC■IUl)tl•ll•UD(l"IJJ•O,', 
21 uO IOflolll•OI I l •t (HI I) •H( I• I I I• fl♦( /JI I l•li( I+ I J hTN•OLllil )/1.lLXd 
21111 t,6 "MAT\J■ ('flll•JN•ll(ll•Tl•1tl•ll•114•ofll•IJ .. Tl>l7,0 
21 U2 ,, 1 :ioU•UlllL •O. 'j.,rrk0"( II( I J• T( I l J • ( ~rim• olfMU I •"MF'Hu•U(l fl( 8 • 0•10, TO• 
2IU3 l(11ll)+TlllJ> 
2104 !i( f A•U IF U•II J FA .. c:•P ( U I ri;•-· TDl • Al AHR •• 11,BS I 11fRU/IIA f I) l "0 I so 
21U5 1r (I ,r,r, 2l GO TO 68U 
il!U6 •Lf,hu.O 
21117 1r (llfllU ,GT, iJ.u) liU TO 1~2 
21111' ,1(MU•U,O 
21U9 GU Ill ld4' 
2110 611,Q 11ATU 11 {Tllhlll♦!!'lll•TT•l'll•IJ .. TH•11(f•l)•lll/2,0 
l 111 ti I SU•ULXL •u. 5• ,ijfflU•( ■{ I J •)' ( I I l •< .. rHo• ~ritu I .. ,.rHu•O(L 1 /( 11. 0•111 A Tu• 
4!112 I ( 11( I J•T( I) J l 
211 3 ALf A•U I fv•o If A •(Ill"( OI ro• ..... TU I .. ALUUU • A9SI ,ifllU/i(.l TU J •u1 SIJ 
2114 11 (11fMU ,GE, ll,111 GU IU 1112 
ll I') ,i, ■ o.v 

2116 GO Ill ltU 
2117 l11,2 OP•l ,U 
211& I") Ott•J,U•Uf' 
illlY If \11FMU ,Gl• u,u) GU IU 1~5 
21 lO •lfo'),'•,J• fJ 
il Ill i,O TO I IICI 
21l2 11'1) 11Pt'•l-tl 
lll3 t,6 (JHN ■ 1,v•vl'I" 

21 lll St.I I) •I OLXC•T( i) •SSI I )/Ut'.LT•Al ( ,- ♦ I $SI l• I l•UI J) )/ULXA•BC:TA•( SSC I)• 

ll l.5 I 'o)( I• 11 )/UlXK•ttr11u• I SS< I l•t1P,.• SSl l• I l ♦ l)lfHJ•11FHu•t )51 l•I >• u,. 55( I) 
ll 116 2HJ/\l •).1ur1Ct •UL,o!C l•U[L J /("II J •OLJtL I 
Zllf 'il11)•$Sll)•lSt'.(i)•S:»tl)J .. ~UtON 
21.!tl l14 •Hh1••IHU 
'J.129 S[tir.o•S:,(1111,J 
ZtJO SUll) .. SEll)•liill 
2111 OU 111 1•2,ltK 
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2132 
UH 
21.)4 
U35 
2l J6 
21J7 
21311 
illJ9 
211110 
2141 
2142 
210 
2144 
21115 
21'16 
21 ,, 
2148 
U■9 

2150 
2151 
2J'j2 
4!1H 
21">4 
21 S'j 
21 )6 

21'>1 
ZISII 
21 )9 

2lb0 
21t.1 
2162 
21 ol 
211,,4 
2105 
2106 
2161 
21 on 
211'19 
21'U 
2111 
2ll2 
2113 
2114 
2P) 
21ff> 
21(1' 
l 11& 
21'~ 
2100 
21 OI 
2tn7 
21rl3 
211H 
21 d5 
21116 
2 I .,7 
2111tl 
2109 
21 '10 
21 'ti 
21--2 
219] 
2194 
21 Y5 
21 '16 
.tlH 
21>wtl 
1119 

uuo 
2201 
221>2 
22U3 
220• 
22F.15 
220b 
l20T 
Z2UII 
220 ... 
2210 
2211 
2212 
22 I J 
221• 
2215 
2216 
Z21f 

2218 
221'1 
2220 
22.!1 
2222 
2223 
22l4 
22<!5 
2221> 
22V 
Z228 
2229 
22]0 
223 l 
2232 
2233 
22H 
22H 
2236 
221' 
2238 
2239 
2240 
zz.:11 
2242 
2243 
22U 
22115 
2246 

22H 
22A8 
2249 
22)0 
22'>1 
US2 
2253 
22)4 
225) 
22511i 
22S7 
22';d 
22')9 
2260 
l261 
22U 
226) 
2264 
22b~ 
22116 
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211 SOIIJ•SE(l)•lllll 
706 lrt[Of'C•0.011 J6• IJ6, I J5 

I ]5 HUNO(•PIUklJF • I [Oll•lillFOll l •Uh T• I U • 
IJCI TUl[ ■ lllll+O[ll 

Ir (SUN)•O.OJ 13YoJOl,1J9 
Joi OU.T•2.o•O[Ll 

GO TO 14) 
13'1 l••Atl)(CUNO•U(Ll/SUMJJ 
14V IF (Tlll•O,hOCTT> IAJ,142•142 

l&I 1111•0.l•OlYT 
GO fO IU 

142 ir1r111•1000.o•o[Tlll44,1•••141 
l•l T ■■IOOO,U•O[I T 

I•· Jf(rw.,r.2.o•o[LI) GJ Tu JOI 
UCLT•h 

C••••••• .. •• .. •••••••• .. •••• .. ••••••••••• .. ••••••••••••••,.••••••••••••••••••• 
C•••••lt5T rt; H[ IF' [UP llK RAIN INH,.SlfY ([OM) ,;1.5 C11A1H,ltl 
C•••••••••••••••••• .. •• •••••••• ••••••• •• • .. ••••••••• .. •••••••• .. •••• ... ••••• • 

l•'j Jf (flo((•(TtH[ll•&olHoJ•& 
1.r If ( IIC[l",GT,+tll[P) 60 IU 141'111 

IF(JOO.,.l,101.IMIUl[t')l\oU ltl !AdU 
11RIT[lJ11l"oSOOI (SU0:Cll•J•l•10) 

,oa fOMMAl( 1 1 •20••> 
IORIT(\JHr',6661 
•loll f[( pit', t6ll)l0U( I l•lll i l.lC( I I ,All >,St( I I ,~I)( I I ,SOILT[( I J, l•loltl 
"'" I Tll J 'lr'o 160 I (OUC Kl>,>, •l "11.) ,rt("" I• AC !(fl()• :,t:(l'I(), :>OC !(,.JI 
olll I T(l J 11,'• J 84 l 
"'" I T[t IHI"• I 6f I IOA r, r INL,l f ,(UH• 511141., IIUlwUf ,HRULJT .cwr .Cull~ 

14,\U f"l[U•IJ(I I 
GD TU 16l 

146 1r (JIH[•VHf•(TIH(l 10,16,1411 
1,1; O(LT•LJIM(•Tl'4[ 

GO TU 16 
161 CUHTlkV( 

11.l T[lh 1 J•,;c I )/IUI 7, 
,14lAR:i.( ll••lt)e(OUCl)/4!,l•lll. 
SALlrlllfllJ•SU<II 
fH) I OUO I ■ ;i,11 

IIA 1[111 J l•H( 1111017, 
IIAT Adll,( I J••I I )•I I UO( I .. 1 l"UO( l•I I I 11..) • I 0, 
SALNT1(1 ) ■ :.IHI) 

1uno CflkTIHU( 
IIA T(IH 1(.11 l ■ H(IUi 1 / IUI 7, 
111, l A8!ooll(" 1•111 ,.,_) •l I Otl( ,l.11.)•1)1}( I( l JI l,) • 10, 
SALHT T(JI.,_ )11S,I.I( ,_II) 
[ TUU 1•$UIIA•IU, 

C••••• .. ••••••••• •••••••••'"'" ... ,.••••• .... •• •• ••••••• ••,. • • •• •••••••••••••••• 
IU roMMAI (11(11,0 

lt.f f0HIU1 C1tlo(],d(L12••1•//) 
1166 ro+11uT(tA,'1'H11f011U[ul( L/1,Ulr~•t:T,1 l'flf[IIITILI. (XI,""'· CUP<IC, St:.l 

I ... Uo\HI, !i[L TfNP, NIL, Hllll,'I 
11111 ruk11Alil-<,1Ell,4) 

.. .,,( .. TIA!.. CU'<l)VCltYlfl olH'-''slvlfl l(u r()kJtAI CI l'iltt "'" f[IC 
ICll) V[PT11 ••ULPT11 11•('11.,'T,t !Wf•O[f'Ttt S(•ll(PTHI 

172 ro1c111.f 1,J11 HQIIT ""(l en Sh JU ) 

18J ft}'4M4l ( 011,"4 oll.C tlf/1 IJ£L• 
I T Ill[) 

IOI ro1t10T (o,61'1 '" HHI 
I ~ti( S) 

IA4 FORMAi t•U, 1 UAl'•JA,'C"M, HOURS'•lll,'CT 
•',UN,IHA,.S, IIUNUH HlfUOT Coif 

l74 fOHM41 (11£12,41 
:i"• ro11:11Art60h AlAHIU 

I )UCuH) 

of[TUPN 

C +• • • ••• • • •••• t • • •• •• •• •• t • t ••• •+• • • • • • • • • •••• • • t • • •• • t • t • t • •• •• •• ••• •• • 
("'IMJ IH11H11T 
klAIJIU.C,:t722J (CHlCll.tl),l ■ l•2U) 
OIRIT[l!Nl",722)) tCHlC11tJJol•i,?OI 

ll'2 f1JHIOl(2VA•I 
C2,3 FUIOUlt 1••20hl 

'"•'"" I IJA,,C ■0,'1117 AIHQ)PHlM[■ l,Jlr CIC Uf 1111,T[A, 
, ........ Pf• LOG(!; .. $[ lOJ on• 11Hr.1t r'Ql[NlltL IN HILLJBAHS) 

A[,t.0(L(C,S02l 1114-Nl:l•NU 
M[o\0( LCC•">Ol J AlAMdA•Cll,,ONQ•CUl'I I ,Urf f ,UlLW, 

\ U[L1t,ulFA,1.llffl,UlrO,!oolSTU 
R( AU( L[C, !,,J\) HUNT, '111[ f, HLflll, HHJ • MM[ S, $,1i:O"-I, 

1 souw,c.ro,tto1c,TT 
C••••••••Otll l) hi[ IO'Al(II CV'4IIUCTl'IITT, 

ot[AO(LEC•',03) (DCl>•l•l,NO) 
C,, •••••,Pt I I IS R( All I"' I ol 11.lMS. 

1C[A0(1.(C,5U3) (Plll•l•l,NOI 
K•MNOli: • I 
l(,t■ HHUH 

11:[AQ(l[C•'>Olltfl l(),111\,l<I() 
M[/1,0(L(C,')Ol)(IUIL l!J,l•l•IU(l 
MlAIJ(l(C,'j0\l("Al'1 lil,1•1,KKI 
H(o\tllLEC•'>Oll(NO► l!J,1•1•11.l<I 
Jl(AOtLEC•~f,ll)(S[ lll,1•1•11'.Kl 
M(/1,0(l[C,SOA) lttlll T( 

Sn\ fOHMAl(MIO,U) 
~02 rooAr<1lJ5) 
'>03 f0olMATl6ll0,0J 
'>04 roKWAI{ L'i) 

C ,.. •• ........... • • • ...... • • .. • .. • • • .......... •" ........... ··••• ••• • • •• • • • ..... • •· ... • • .... • • .. • 

OU SIU !•l,NO 
'>10 OCl)■U(ll•!iYSTU 

IHU'IT•O(Llt 
IOFUU••,;,09 
Ll•HH 
00 4 1 ■ 1,i<11 

4 S[(l)"($l(JJ•1U,l/l1dJ)/OJH(il> 
P(ll■t'(IJtJ,O[+OJ 

Tl I l •v.o 
tJU 900 1•2,,.0 
T( I J ■V[l ~ • T (I• I l 

9Un Pll)•r'(ll•10lf, 
SMU•)Sl,I, 
c11rL1t•O,U 
O(l T■ll[Tl 
TM•l•\l•Tl 
fdll• I ,II• I AA 
00 14 1•1,IIJI: 
SS( I )•S[l I I 
SUtll•Hlll•lllll 

.,,, ........ 
•JO IS l•ioi< 

15 PIT•11li)•tOtJl!•IJ•uOtl"lll/l,•t'll 
If (l~RI (L) IIP'!ITll lMt'.17"1 
I 11 ■ U( I I 

c ....... ,d(TUNU 1111s PUINf O(ll IS THr OlffUStHTT 

I)( I ) ■ (Ill ll•ll"t 2)•,t JI I l•Cd 
J•l•d 11•1 ( 1) 1/IJ[LW•l •0 
ti( I J•IPI J•l )•t>I JJ J •t •t l )• Tl JI J/Olllll+I'( Jl 
G{ I l•HI I J 
Cl I ) ■U[L11/{ ,CJ• I )•Pt JI I 
H ( l•ltl I() •lfflL{ J'lt',27•>Tl I ),Pl I), h,'lt 11,Cl I J .oot I), II( I),,;( I), 

,. IIUfl I)• l>[( 11 
DO l I•?• 1111 
h•Otl) 
011 >•Ul I J•IPI 1 )•l"l J•l) l•C1; .. 011~ I I 
J•llll( I J•lt 11 l/O(Lll•I ,O 
,;1 I l ■ tPI .J• I, .. ,., JI>•<"( I) •TC JI >IUt..L11♦ '< JI 
Cl ll•llH•IIPlJ•l)•t't.JJI 
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2207 CHlJ•l'l(II 
2268 H (J,11Ufl) Ml'IITLll14Pol7111f(l1,PllJ,l1t,Oll),C<I>-ODIIJ,1Hl),rt(IJo 
;no • HOrt I l•S[( J) 

22/0 COf'IIIHU[ 
22/1 ... ",;• I 
22/2 11:J 2 l•f'i•frU) 
2213 h•IHI> 
'l2111 llll) ■V(ll•(Pll)•t'(J•IJJ•CtttU(J•l) 

22/"> 2 ff q,.,qf[lNR!f((fHt',l74Jl(l),PllhT"•OIIJ 
2~1b C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• nu If ,.~OT.hRJTt:) ~o Jo II 
22,,, ,1'(! lt:lt,.r,1no1 
2219 ,.,. I lrl (1,u,• • 166 IU[LX, UL rT olaKlVf, CO,.Q,O(L•, I JMr 
nl)o .. ,11ru1,o•,1i,11 
iu,l 111111n 1"4,., 160 I rT ,CUM I, I AA,HLOuHt1J ofl:ltf.S 
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ll~ll[lll0',17'll 
-.,11 I TCl I Ht', 166JH0H:T,Hll[T, Cfl,STSf0 
dCITCl 110•,,os,11, 1•1,11:10 

>CIS fOKtUllUotl(' IU.IL('ol1 1 1 'JJ 
w~IT(IIMr',506> Cd,JL(IJ,1•1,,c,,;J 

S\"16 rotOUHl.fiollltl,J) 
;01 I lEl IHl',5011 l I• I •I ,r;,U 

)n1 raMHi\l<IX,11(' o,TN('dl') .,, 
"KIT£l1'4,.•5061 <•,On<IJ,1•1,oC.KI 
.-klT(l 11'"'1d41 
"A IT( l ( '4r', 214 I i\LAIUSA• SUUltCC, O I ro, U Ip., 0 I ► ti• S i.JCOI< 

11 1!;(1h1 
otMUUT•lo<1l 
M[ TURII 

"" 
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APPENDIX2 
1NPUT/0UTPUT EXAMPLE 

An example of each form of output is given: (1) 
parameters for the soil; (2) report for the initial day 
(November 11, 1971 -- day l); (3) report for a day with rain 
(November 18, 1971 -- day 9); (4) report for a day without 
rain (December 1, 1971 -- day 22); (5) two examples of 
diagrams. 

Auxiliary Submodels 

Input Example 

2 
3 
4 
5 
6 
7 
H 

• I 0 
II 
12 
13 
14 
I 5 
16 
17 
I~ 
19 
20 
21 
2l 
n 
24 
25 
26 
27 
2K 
29 
30 
31 
32 
33 
34 
35 
36 
37 
36 
39 
40 
•1 
•2 
43 
u 
•5 
46 
47 
46 
•9 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
66 
69 
70 
71 
72 
73 
74 
75 
76 
77 
16 
19 
80 
bl 
b2 

Ii t; 

••••••••••••• 

lfRANCUIS RUHA~L • LnGA~• AVRIL \9/4) 
ClCl [SI UN [bSAl ,PUUk AJUSl[R LJS •ARa<lTR[S, 

~•~ES ~M 52. ~TlPP£ A ~ANTMtMIUM St1AV~ULF~S 
10 11 1971 IS 12 1971 

4 • 

3 2 
3 5 
3 • 
3 5 
3 • 
2 2 I 

RAhT~.S,PLANT 1 A.A. LIGN[ANNULLL[ 
PUUSSES TIGlS RAC!NES 
PUV5SES RACINE> 
PUVsSES Tic.ls kACl•ES 
HU!LLESRACINO 
P.A.S, Llllf.Rl ~AC,NOKTP~ll~ 

31000, 1111000, 9a4JJ7, 
23000, 12n62. 
39000, ~8000. HJOdl, 
17000, 13\140, 
2706U, 04000, 

JNT RlE I NUMkP 
• 

t O 11 197 l 
t 8 11 IQ/ I 

I 12 1971 
15 12 1971 
rNTHlE !N0Ml~ 
33 21 
16 11 IHI 
29 11 ls7 I 
13 12 IHI 
,~ l 1Y7l 

2 2 1'172 
H 2 1972 

2 3 I Y72 
16 3 IY72 
21 3 1"72 
,. 3 1•12 

4 4 1"72 
11 4 197' 
19 4 1172 
21 4 l97l 

6 5 IY1l 
8 I l97~ 
5 9 l97l 
5 10 197• 

15 10 197' 
?5 10 1972 
?5 II 1972 

5 12 19H 
,5 12 1972 
15 I 1Y7J 
?5 I l97J 

5 2 1973 
15 2 1'173 
" 2 1973 

5 3 197 3 
t5 3 197J 
,s 3 IY7 J 
15 4 1973 
?5 4 l97J 
1 0 11 I '171 
15 12 1971 
15 I IY7l 
15 2 l97l 
15 3 1972 
15 4 1972 
15 5 197< 
1 5 197 2 
15 1'172 
15 o 197l 
15 9 1972 
15 10 IHl 
I 5 11 197' 

30,U 
9,0 
8,0 
7,U 
2,0 
4,0 
2,0 
9,0 
9,U 
2,0 
5,0 

•v. o 
19,0 

5,0 
u,.o 

7,0 
7,o 

65, 1 
4,5 
1,1 
•• 6 

23,4 
l~,8 

5,1 
7,6 
3,7 
7,6 
1. J 
3,7 
o,4 

31, ~ 

2,5 
2,5 

11.1 
tv.2 

8,1 
11 ,9 
14,4 
15,6 
18,6 
24,6 
26,3 
26,1 
24'. 6 
2U,l 
13, I 

J, 

MN 
MN 

DATU UEP,/ARR, 
Nd/SP,LIT,HDR, 
NB, 0RG, /SP, 
RA,flH, /fONC T • 
PUNT ,tr0NCT, 
LIUNE.tfoi-.ct, 
ANNUE..lfONCT. 

HN 
OHG,HN 
ORG,Jr4N 
DRG,Jr4N 
UHG,HN 

L fr( I> HN 
NAM SP( I J 
NAHOHG( 1, •) 
NA~ORG<2,•> 
NAHORG(3,•) 
NA,WR1';(4,*) 
NA"LIT(I) 
RANTH, 
fo)LANT. 

•S•GIHA MN 
•S•GIHA HN 
MS•GIHA MN 
HS•G/HA HN 
HS•GIHA MN 

LHu DlV, 
Al<NU[LLES 
CLII (I> 

SORTIES 
DATE 
0ATE 
UATE 
0AIE 

RESUL,IN0HRP 
IN0MRP 
IN0MRP 
IN0MRP 
IN0MRP 

N0R,N0TC IN0HEX 
PLU!E INOHEX 
PLUI[ IN0HEX 
PLUIE INOMEX 
PLUI( INDHEX 
PLulE INDMEX 
PLUI[ INOMEX 
PLUIE INOHEX 
PLUIE INOHEX 
PLUI[ INOMEX 
PLUIE INOHEX 
PLU!E INOMEX 
PLUIE INDMEX 
PLUIE INOMEX 
PLU!E INOM[X 
PLU![ INUHEX 
PLUIE INDHEX 
PLU![ INOHEX 
PLUIE/DATE AP,INOHEX 
PLJl(/DATE AP,INDHEX 
PLUl[/0ATE AP,INOM[X 
~LUl(/DATE AP,INOMEX 
PLUl[/DATE AP,INOMEX 
PLU![/DATE AP,INOMEX 
PLUl(/0ATE AP,INOHEX 
PLUl(/0ATE AP,lNOM[X 
PLUl[/UAT( AP,INOHEX 
PLUl[/DAT( AP,INOH(X 
PLUl(/0AT[ AP,INOHEX 
PLUl(/UAT[ AP,INOHEX 
PLUl(/0AT[ AP,INOHEX 
P~JIE/DATE AP,INOH[X 
PLUl(/DATE AP,INOHEX 
PLUl(/0ATE AP,INOM[X 
TEMPERATURE IN0HEX 
TEHPEHATURE IN0H[X 
TEQPERATURC IN0MEX 
TEMPERATURE IN0HEX 
TEMPERATURE IN0HEX 
Tf.HP[RATURE IN0HEX 
TEHP(RATuRE IN0HEX 
TlaPERATURE IN0HEX 
TlSP[HATURE IN0HEX 
TEHP[RATURE IN0•EX 
TlHPERATURE IN0HEX 
T(HPERATUH[ IN0HEX 
TE"PE~ATURE IN0HEX 
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83 I 5 12 197l lV,O HHPEHATURE INOHEX 

84 I 5 I 197J 0,7 Tl1•PERA TURE loOH[X 
05 I~ 2 l '1 I J ~•I T[aP[HATUR< I NOH EX 
06 15 3 l97J l O,::, TLHP[HATIJR[ IN014EX 
67 15 IHJ l'f,U TtsPE~A TIJRf INUHEX 
08 I 5 IHJ 2v,/ Tl•eE••TuRl INOHEX 
89 1 5 l97J l4,b TE~PERATURE INOH[X 
90 15 IY7J ?b, ti T[~PERATIJRE INUHEX 
91 r,;raEE lNOHt'H 

Y2 3 3 J PHENUL,ISP, INDHP,; 

93 15 15 V I) NUUEHlh,,,SPt INDHPN 
94 15 15 , 0 N0UEtO••,, ,SP?' INDHPN 

YS 15 15 0 NOGERM•,, ,SP3 INDMP• 

96 IV I 0 u 0 NU1.1(HH•,,, St>A INDHPN 

97 3 3 J 2 LCUUCH(•) INOMPN 

Y6 0,0 I• 0 u ,1 u,o ~.I~ U,06 SP! l!WHPN 

9• 7,0 •II ,O 13,i 16,U 0,17 5,0 SP! INDHPN 

100 • 11, 0 O,J5 4,0 •12,U 11,0 13, 0 SP! INUHPN 

I 01 0,0 I• U o.i 0,U U, I~ 0,06 SP? lsDHPN 

IOl 7,0 •II• U IJ,2 16,U o. t., 5,0 SP? INDHPN 

103 •! I ,0 o,os •• o •ll,O 11,0 I), 0 SP? INOHPN 

JO• J,O I ,O o.i 0,0 v, I~ 0,06 SPJ INDHPN 

I 05 '. 0 • 11 • 0 13,2 la,u U, 17 5,0 SP1 INOHPN 

106 •II, 0 n,O!, •• o •12,U I I ,0 13,0 SP) INDHPN 

I 07 o.o I, 0 o.i 0,0 IJ,l'i 0,08 SP4 INDHPN 

108 ,.o •It, 0 13,2 18,0 I), 11 5,0 SP• INOHPN 
IOQ • I I, 0 0,05 4,0 •12,0 l l, n 13,0 SP4 INOHPN 

110 ENfq[[ INOHfU 
Ill 75, 125, v,65 3>, 10, 0, O!, SPI INOHfO 

I 12 •'JO, •5. SP! INOMfO 

113 75, 125, \I, 65 1"1. 10. 0,1..15 SPl INOHfO 

114 •30, •5, SP2 INOHfO 

115 75, 125, U,65 3,, I 0, O,U5 SP) INOHfO 

116 •30, •5, SP) I•OHfO 

117 75, 125, v,os Jo. 10, 0,05 SP4 lNOHFO 

116 •30, •5. SP• INUHFO 

119 3 3 3 LAYCt< (.) INOHFO 

120 FNTS[[ JNOMIH 
121 1,0 0,0 o,o RTPH/SP I INOHTR 

122 1,0 o,o HTPH/SP 2 J•OHTR 

123 I, 0 0,0 0,0 RlPH/SP 3 INOHTR 

124 1, 0 o,o RTPH/SP • INOHTR 

ll5 I, 00 u.oo "'. uo HfijH•SPI/POU, INOMTR 

126 ,),02 o.9Q U,02 RfijH•SPI/TIGF INOHTR 

127 0,01 u.01 U • Yb RT~H•St>l/RAC, INDHTR 

ll6 :).'i5 0,05 RTGR•SP2/POU, INUHTR 

129 0,01 ,) • 99 Rl<iH•SP2/RAC, l•OHTR 

130 1.00 o.oo o,oo RhH•SP3/POU, INDHTR 

131 0,02 0,94 v.v2 RTGR•SP3/TIGE INDHTR 

132 0,1)1 0,01 J,~6 RfuR•SP3/RAC, INOHTR 

133 I, 00 o.oo RT\lH•SP4/F[UJ INOMTR 

134 ,.oo 1.on RTGR•SP"/RAC, INOHTR 

135 1,00 0,00 o.oo RTLU•SPl/POU, INOHTR 

136 0,02 0,94 0,0·2 HTLO•SPI/TIGE INOMTR 

137 9,01 0.01 0,96 HTLO•SPl/RAC, INUMTR 

136 t .oo o.oo RTLO•SP2/Pnu, INOHTR 

I 39 0.01 0,99 RTLU•SP2/RAC, INOMTR 

1•0 1,00 0,00 o,oo RTLO•SPJ/POU, lNOHTR 

101 0.02 0,94 0,02 RTLO•SP3/TIGE INOMTR 

142 U,01 n.01 v,96 RTLO•SP)/RAC, INOHTR 

143 I, JO o.oo RTLU•SP4/FEUt INOHTR 

144 U,00 1.00 HTLU•SP4/RAC, INOMTR 

145 0,96 0.01 O,Ul RTVG•SPI/POU, INOHTR 

1•6 o.oo 1,00 o,uo R1'G•SPltTIG£ INDHTR 

IH 0,00 f),00 1,uo RTVG•SPI/RAC, INOMTR 

l40 0,99 0,01 RTVG•SP2/POU, INOHTR 

1•9 ,), 00 \ ,\JO RTVG•SP2/RAC, INDMTR 

150 0,96 O,Ol U,01 HTVG•SP3/P0U, INOHTR 

I 51 0,00 1,00 o,ou RTVG•SP3/TIG£ INOMTR 

152 1), 00 o.oo 1,00 RTVG•SPJ/RAC, INOHTR 

153 0,99 o,Ul RT-/G•sP4/fEU, INOMTR 

154 o,oo 1.00 RTVG•SP4/TIGE (NOHTR 

155 0,90 0,05 0,05 RTFH•SPI/PolU, INOHTR 

156 0,00 t,00 u,uo RHR•SPI/T !GE INOHTR 

157 o.oo 0,00 l,UO RTFR•SPI/RAC, (NOMIR 

156 0,95 0,05 HTfR•SP2/POU, INOHTR 

159 0,00 t,00 HHH•SP2/RAC, INOHTR 

11>0 J,90 0,0!) U,05 RTFH•SP3/POU, INOHTR 

11>1 .i,oo 1,01) u,uo HTfR•SP3/TIGE INDHTR 

162 0,00 t),00 I ,00 H TfH•SP3/RAC, INDHTR 

163 0,99 0,01 RTt"R•SP4/fEU, INDHTR 

11>4 0,00 1,00 RlfR•SP4/RAC, INDHTR 

165 rNTREE JNOHUT 
16~ 0,0 0,0 o,o 15,0 WTIH[ll) INDHDT 

167 2 I LH[P/SPI INDHOT 

166 2 3 LHEP/SP2 INDMOT 

169 2 1 LH[P/SPJ INDHOT 

170 2 3 LHEPtSP4 l•DHOT 

171 U,0 V,0111 0,001 PUOTl•J/(l,I) INDMOT 

172 0,0 J,0111 0,001 POOTl•3/( 1,2> INDMOT 

173 0,0 0,0111 0,001 PDJll•J/( loll INOHOT 

17• 0,0 u • 01 l 1 0•0~1 PU011•3/(2ol I INDHUT 

175 0,0 0.01 l \, 0,001 PDOTt•3 (2,2) INDMOT 

17~ o,O ~.011 I u.001 PDOTl•3 0,11 INDHDT 

117 0,0 U,0111 O,OUI PDOTl•3 (3,21 INOHDT 

176 0,0 0, 0111 u,001 POUTl•3 ( 3, 3) INOHOT 

179 0,0 '-'• 0111 lJ,Ul PO~Tl•3 (.,I) INDMUT 

160 0,0 u, t) 111 ll,01 POOT l•l (4,2) l•OHOT 

IU I 0,000 u.ooo 0,000 P0Ttl,1••> r,R INOMOT 

lb2 0,000 0,000 PUTC I, 2, • l GR INOMOT 

lb) 0,000 0.000 U,000 POT<t,J,•> GR INOMDT 



23 Auxiliary Submodels 

1•4 0,<100 0,000 l'U T t 1. 4, • > GR INOMOT 
IH5 0,000 0,000 0,000 P0H2,l••> Ln INOMOT 
IB~ n.ooo 0,000 PUT(2,2••l Ln INOHOT 
lb7 l\,UOO 0,0\Jl) U,000 PUl(2,J••> Ln l•OHllT 
I bH 0,000 0,000 t>U I ( '1, 4, •) LO lt,OHOT 

I BY 0, 1)001 J.0001 0,1)01)1 PUr(3.l,•) VG l•OHUT 

190 o.~001 J,0001 PUT<3,2,+) VG INOHOT 

I 91 O,(JOOl J, OOU I O,V()Ol PUf(3,3,•> VG INOMDT 

192 0,0001 v,0001 PU r ( 3, .q, •) VG INOHOT 
193 0,001 0,001 o,out Pll T ( 4, 1, •) rR l•OMOT 

194 0,001 0.001 PUTC4,l••> rR lNOHDT 

195 0,001 0,00:? O,O!Jl P0Tt4,h•> rR lNOHOT 
196 0,002 ll,007 t'OH4,'-••> rR lNOHOT 
197 rNTREE INOM1.H4 

198 0,9YIJ 0,001 o,ouo o,00J RTLl(l,l,•)PASINOHOH 
I ~9 O,JOO U,99'l o.voo 0,0V5 HTLl(l,2,•)LTTINOHOH 

200 0,0000 V,000\.l 0,9~9 0,001 tHLI<t,3,•)RM lNOHOH 
201 0,0 0,0 0,0 I, 0 RTLll l••••>Pto!INOHOM 

202 0,999 0,001 O,OvO 0,000 HTLll2•l,•lPASINOHDM 

203 0,0000 u, 99V"1 0,0000 1),0001 RTLl<2•2,•lLTTINOH0H 
204 0,0000 0,0000 0, ~Q\IY 0,00('1 RTL1<2•3,•>RM INOHOH 
205 0,0 0,0 o,O l, O RTLll2•4••>PU!lNOHOH 

20b 0,999 0,001 0,000 o,ovo HILll3•1,•lPASINOMDH 

207 O,JOOO \J,9999 0,JOUO 0,0001 RTL1(3,2,•lLTTINOH0M 
206 0,0000 u,ouoo 0, Y<.199 0,0001 RTLl(J,3,•)RM INOHOM 
209 0,0 o,o 0,0 1,0 RTL! ( 3• 4, • l PU! I NOH OH 

210 O,'i99 0,001 0,000 0,0')0 RTLl(4,l,•)PASINOHOH 

21 l o,oou 0,99~ O,vOO o,Ol►5 RTLll••2••>LtTINOH0H 

212 0,0000 u,0000 0,999 O,OJI RIL!(4•l••>RH INOMOH 
213 0,0 0,0 0,0 1,0 RTLl(4•4,•)PUIINOH0H 
214 rNT q(E JNOHuL 
215 42,000 RLAT (DEGRE) INOHDL 

216 £NTH([ t•llHlO 
217 5, FORCE INOMED 
21ft 0,05 40,0 100,0 J lO ,v DEPTH(•) INOHED 
219 [NTH([ t•UHt.V 
220 4 NI INOM[V 

221 0,0 4, 5 10.0 UHTUfl I) INOHEV 

222 0,0 0.05 O, I 0,5 rACTUHll) INOHEV 
U3 [NTR[[ lNUH\JG 
224 I 2, 10. 9. .. 8(ijl[H(•l INOMOG 

225 Ool 0,3 0,3 0,3 CV (.) INOMDG 

226 3,6 3,6 3,b 3,6 CUNOUC(•) INOHOG 

227 24, OTIME INOHOG 

226 [NTH[E JNOM•T 
229 99 2 5• HH,N8,H0 INOH•T 

2~0 1,0 I ,0 0,05 24, 0 0.002• 0,01ALAHBA•••• INOM•T 
231 7,6 0,001 1,0 0,01 0,1 OELX•••• INOHWT 
232 -30000, 0,0 •lol/00, o.o 1.0~ 0,lHO,n,, .. INOHWT 
233 0,0 I• 0 0,0 I, 0 SOURCE•••• INOMWT 

2)4 , •00[•06 ,100[•07 ,150(•U7 .200£•07 • 260[•07 , 380[•070( I l A O( 6) INOHWT 

235 -~20[•07 ,7UOE•07 ,960[•07 ,130(•vb ,l70E•06 , 230E•060( 7) • Q(l2J INOMWT 

236 • HOE•Ob , 4cuJ[ •Ot> ,600l•06 ,610E•Ob ,110(•05 ,IS0[•050(13l A 0(16 l INOMWT 

237 •?IOE•OS ,2~0[•05 ,360l•05 ,540E•OS ,720E•05 ,990[•05U(l9l ' 0(24) INOMWT 

236 ,t40[•04 ,190[•04 ,250[•U4 , 350£•04 •460£•04 ,6S0[•040(2Sl ' 0(30) INOHWT 

239 ,900(•04 ,I 20£•0 3 ,170l•03 ,230[•03 • JlO(•O) ,440("030(31) • 006) INOHWT 

240 -~80[•03 ,7\J0[•03 , IJ60t:-U3 , 100£•02 ,120£•02 , 150£•020( 37) A 0(42) INOHWT 

2•1 ,160[•02 , 2lO[•O? ,260l•U2 ,32oE•v2 ,360E•02 ,460["020(43) • 0(48) INOH•T 

2•2 .~60(•02 ,660[•02 ,600l•02 ,960E•02 ,120[•01 ,120E•ul0(49l ' 0(54) INOM•T 

243 .,.20[+03 •,5\JOE+03 •,200L+03 •,t00E+0l •,800E+02 •,400E+02P( I) A P( 6) INOMWT 

244 •,?50E+02 •,1oot+o2 •,100[+02 -,900[+01 •,7soE+OI •,650E•OIPl 7) ' P( 121 INOHWT 
245 ·,s5or+o1 •,4jO[+Ot •.JSO(+OI •,260E+OI ••2?0(+01 •ol60E+OIP113l • Pl 16! INOMWT 

2•b •,t40E+OI •.tUOE+OI •,600t:+Otl •,771j[+UO •,750E+OO •,72SE+OOP119l A P(24l INDH•T 

2"7 •,100£+00 ·,6/5E+OO •,65UE+OO •,625E+uo •,600E+OO •,575(+00Pl25l ' P(30! INOHWT 

248 •,ssor+oo ·,525E+OO •,500[+00 • 1 4711j[ ♦ UO .,.soE+OO •,42SE•OOPOI) • Pl36l INOM•T 

249 •,oOO[+OO •,375[+UO •,3SOE+OO •,32SE+OO •,300[+00 •,27SE+OOP(J7) • Pl42) INOHWI 

250 •,?50E+OO •,225[+00 •,200i.+UO •• 175(+00 • el 50t:+OO •,12S(+OOP(43) ' Pl46l INUMWT 

251 • .J 00£+00 •,7>0E•OI •,500E•OI •,250E•OI .,oooE+oo +, IOOE+07P( Ol • P(54l INOH•T 

252 0,065 0,065 o,063 0,063 w INOHWT 

2~3 0,030 0,030 0,050 o,O~l.l WATLIESTIMEl INOH•T 

254 0,520 U,520 0•520 0,520 WATH((ST!H[l INOHWT 

255 0,0 0,5 0,5 0,0 Ror (£511H() INOH•T 

256 0,00 0,65 V,50 0,50 S((M•HHHO/CH) INOHWT 

257 TRUr l•RITE INOHWT 

258 ENT RH INflLL 
259 [NTR[( Pk[PAR 
260 I KSUP PREPAR 

261 2 M,S, TIGES ((;/HA) HANrHEHIUH PREPAR 

262 2 J M,S, HACIN(S ((;/HAI HANTH[HIUH PREPAR 

2•3 I H,S. TUTALt: (G/HA) HANTHERIUM PREPAR 

264 
PR(PAR 

265 2 2 H,S, RACIN<S (G/HA) PLASHGD PHEPAR 

266 1 2 M,S, TUTALt: CG/HA> ~LANHGD PREPAR 

267 2 3 H,5, TIG(S ( G/HA) AuTRES LIGN(UX PR[PAR 

26H 2 3 J H,S, RACIN<S ( u/HA) AUTRES LIGNEUX PR(PAR 

269 I 3 lit, s. TUTALL ( ll/HA) AUTRE,S LIGN(UX PREPAR 

270 
PREPAR 

271 2 I ". s. PvUSSt.5 (G/HA) HANlHEHIUM PR(PAR 

272 2 2 .... s. PUUSSlS lu/HA) PL&NJi\GU PH[PAR 

273 2 3 114,S, POUSSlS (G/HA) AUT"ES LIGNEUX PREPAR 

27• 2 • H,5, f(UILLES(l;/HAl ANNUELLES PR[PAR 

275 2 4 M,S. HACINlS IG/HAl ANNU[LL£5 PHEPAR 

276 I • M,S, TUTALl ( G/HA l ANNIJELLES PREPAR 

277 
PR[PAR 

276 3 I 114,S, (G/HA) PA~TIE A[Hlf•NE S<CH[ PHEPAR 

2/~ 3 2 .... s. ( GIHA l LITIFRE PHEPAR 

200 3 3 114,S, l GI HA) HAC!NES H•JHTES PREPAR 

281 
PREPAR 

20? 5 2 l[H~ERAIUH( uE L.'HOHJZO~ 2 Uu SUL/,05•ijQ, '" 
PHEPAR 

2• 3 5 l IEMPERAIUH( Ol L'HOHJ70'< 3 uu SUL/40•100 CH PR[PAR 



Romane 

2b• 
2H5 
266 
261 
lbb 
2b9 
290 
291 
292 
293 
294 
295 
296 
297 
296 
299 

Output Example 

100 
LAST r.ARU 

TEMl'lRATUHC (AIHl 
l'LUIE (MtO 

24 

~OlfNTlEL LA~(rlAR)•~o~.2(010~ A QO.o C~) 
P0l[NTIEL LAU(O~Rl•H0H.J(4J, • 100, CMl 

[All Tt.lTALi l/'411) OA,N:; 1. 1 --HIRfltlN .u.oj•4\,), c,-1 
t.t\U TuTALt (/olf't) 1}.\~!i L'•lll"<l,llN 3/40•101) CH 

~~[NtJLOGll U[ L'£5PiC( l(kA1,THfHlU~ SUAV.) 
P~[NnLOGIE Ut. L'[SPECE l(~t.ANTAlill ~L~,, 
t-'HE.NflLOuJt: IJ[ L'[St't.CE 1tAUTH(S Llr.·HU)I.) 
l'HlN0LU"I• "E L'ESP[Cf • c,••uELLESJ 

G A h E S ............. 
/\M•~2 

(FRANCOIS HUMANE :·Lo~;~:·~~RiL·;;;4;·· 
C[Cl E,T UN [SSAI ,P0UH AJUSTEH LE> PAHASllRES, 

ENTRlE INONRP 
ENTRlE 
ENTREE 
ENTRlE 
ENTRlE 
ENTRlE 
ENTRll 
EN TREE 
EHTRH 
ENT REE 
EN TREE 
EN TREE 

IN0M[X 
INUwPN 
)NUNfO 
INllwTR 
IHUN0T 
lNUM0N 
IHU•0L 
INUME0 
IN0NEV 
lNliwOG 
lN0wMT 

~AHR PUT[NTIAL CUN0UCTIVITY UlffUSIYITY 
o, 

,lOOOE•OI 
,2000[ 0 0I 
,3000[•01 
,4000[•01 
,5000E•Ol 
.oouol•o1 
.10oot:•01 
,11000[•01 
,9000[•01 
,1000[♦00 

,1100[+00 
,1200[+00 
,1300l+OO 
, UOOE+OO 
,1500[+00 
,1600[+00 
,1700[ ♦00 
,1800[+00 
,1900[+00 
,2000[+00 
,2100E+OO 
,2200[+00 
,2300[+00 
,2400[+00 
,2500[+00 
,2600[♦00 
,2700[+00 
,2800[+00 
,2900l+OO 
,3000l+OO 
,3100[+00 
,3200[+00 
, 33UO[+OO 
, 3400[+00 
,3500[+00 
,3600l+OO 
,3700l+OO 
,3800l+OO 
,3900[♦00 
,4000[♦ 00 

,4l uOl+OO 
, 4200[+.00 
,43001.+00 
,4400l+OO 
,4500[+00 
,4600[+00 
,HOOl+OO 
••600l+OO 
, 4900l+OO 
,5000t:•OO 
,5100(+00 
,5200•+00 
,5300[ ♦00 

•,8200[+06 ,6000[•09 
•,5085[+06 ,1000[ 0 08 
•,2034E+06 ,l500E•p6 
•,1017[+06 ,2000["06 
•,8136[•05 ,2800[•0• 
•,4068[+05 ,3600["00 
•,2543[+05 ,5200[ 0 06 
•,1627[+05 .7000[•06 
•,1017[♦05 ,9600[•08 
•,9153E+Oq ,1300[•07 
•,7626[+04 ,1700[•07 
•,6611[ ♦U4 ,2300[•07 
•,5594[+0• ,3200[•07 
•,4577[+04 ,4400[•07 
•,3560[+04 ,6000[•07 
•,2848E+U4 ,8IOOE•07 
•,2237[+04 ,1100["06 
•,1831[ ♦U4 ,1500["06 
•,1424[+04 ,2100["06 
•,1017[+04 ,2900["06 
•,8136[+03 ,3800["06 
•,78b2[+03 ,5400E•06 
•,7628E+U3 ,7200["06 
•,7373E+U3 ,9900["06 
•,7119[+03 ,1400["05 
•,6865[♦03 ,1900["05 
•,6611E+U3 ,2500[•05 
•,6356[+03 ,3500["05 
•,6102[+03 ,4600[•05 
•,584d[+03 ,650UE•05 
•,5594[♦03 ,9000[•05 
•,5339[+03 ,1200["04 
•,5085[+03 ,1700["04 
•,4831E+03 ,2300["04 
•,4577£+03 ,3200E•04 
•,4322l+03 ,4400E•o• 
•,4066£+03 ,5600( 0 04 
•,3814l+03 ,1ooor•o4 
•,3560[+03 .8600["04 
•,3J05E+03 .1ooor•o3 
•,3051[+U3 ,1200[•03 
•,?7Y7[+03 ,150u[•03 
•,25•3E+03 ,1800E•uJ 
•,??H8E+03 ,2200£ 0 03 
•,2034[ ♦UJ ,2600["03 
•,1780[+03 ,3200[•03 
•,!526[+03 ,3800["03 
•,1271[+03 ,4600["03 
•,10l7E+OJ ,5600E•OJ 
•,7~26(+U2 ,6600[•03 
•,5065[+02 ,ROOO[•OJ 
•,25•3E+02 ,9d00[•03 
O, .1200["02 

,1017l+IO ,1200[•02 

,24Q:>[•03 
,5607£"0) 
, I 018["02 
, 122?[ •02 
,1279( 0 02 
,143]["02 
,1~nr•o2 
,1~71[•02 
,163~E•02 
,1648["02 
,1674["02 
,169R[•02 
,l730E•o2 
,J77~E•02 
, ldH[•02 
, lH9Af•O?. 
,1961f 0 02 
,202,r-02 
,2107£•0? 
,222~[•(12 
, 2301["02 
,2316£•02 
,23Hl•O~ 
,2360[•02 
,2H~E·o?. 
• 2444£•02 
, 25o7E•o?. 
, 2596£"0? 
,2718["02 
,2884[•112 
,3 II ?["02 
,3418[ 0 02 
,3650["02 
,443~E•02 
,5248[•0?. 
,6367E•o2 
, 7841( 0 02 
,9621[•n2 
dl~1E•01 
,143~[•0I 
, ir•or•o, 
,212?[•0I 
,2579["01 
,313Q[•OI 
, HOO[•Ol 
,461 l[•OI 
,557Qf.•Ol 
,67lt9f•01 
,617l[•OI 
,9HS!£•OI 
, l 1 flHf. +OI) 
,143HE+OO 
.1rt11r+on 
,1220£+0¥ 

C ( I l 
, 1093r•os 
, 1093["05 
d 093["05 
,t09Jf•O., 

ll[LX 
,7600[+01 

TT 

oETT u~AVY CllN~ 
.,,00[•02 ,7600(+01 .~000£•01 

CUMT TAA nLUW 

:J(L" 
,IOOO[•Ul O• 

HHI 

DEPTH 
0, 

,IOOOt:•OO 
,7990E•02 
.1200E+OJ 

Tl M[ 

t<RES 

N•OEPTM 
,6500[ 0 01 
,6500[•01 
,6300["01 
,6300["01 

H•0CPTH 
•,2085[+05 
·,2065[ ♦05 
•,2268[+05 
•,2268[+05 

PREPAR 
PREPAR 
PREPAR 
PREPAR 
l'f<EPAR 
PHEPAR 
l'REPAR 
PHEPAR 
l'H[PAR 
PHEPAR 
PHEPAR 
PREPAR 
l'HEPAR 
PREPAR 
PHEPAk 

R0f•0EPTH 
o, 

,5000[+00 
,5000[+00 

o, 

sE•oEPTH 
0, 

,5200[+02 
,4127[+02 
,4177[+02 



25 

,IOOOE+OI •?400[+02 ,1UOOE+01 • • 1 t>UU[ +O'; o, ol050l+OI 
HORY HWET c~ SnTn 

•,3000[+05 o. • lOUO[+Ot ,1000[+00 
wATLl I) •All( 2) ••TLC 3) WAIL( 4) w~TL< 

,300[•01 ,30U[•OI ,500[•01 ,500[•01 
WAIH( ll ftATHC 2) WJ\ TH( JI WAfH( 4) WA ltt( 

,SLOl+OO ,520[+0U ,520[+00 •S20E+OO 
ALAMHA SllUHCE OlfU UlfA ll l f B SUCUN 

, IOOOl+OI o, ,1ooor•o1 , 1 UOOE •o2 ,1JOO[+Ol ,1000l+OO 
[Nl RlE lNfJLL 

UBE~ KH 52, STEPPE A kANTH(MlU"4 SUAVEOLEl<S 
PROfOhOlUH EAUCfRACT,1 Pul(Nlf[L Ex!, HAC, CUNC, Sl:.L vu,u~r. SEL fEHP, HlL• HOR, 

0, ,5700E•Ol •,JOOO[+OS o. o, ,. ,1 I IOE+02 
,1000[+00 ,6H5E•OI ••2l06E+O!> o. ,'>202r•v? ,3'lbh[+U1 ,1l0d(+02 
,7990[+02 ,6300(•0I ••2l6UE+05 0, , • 121r•o2 ,?.hOO[+Ol ,<;118[+01 
.1200E+03 ,6304[•0I ••l264£+0t:> o. •• 121r•n • 2",1)2[+01 

OH CUH• HOURS u EOH C11H,THANS, HUhUff HRUUI cwr 
,2400[+02 •,bllHl•O? •, lfl:S'i4l •02 o. u. •,1600[+05 .,.906[•02 

iABE~ KM 52, STEPPE A RANTHERIUH SVAV[ULENS 

PLUIE<HH) TEHP,(AlRl OA~HOT OAYHAU OALITE THAIN 
0, •111[+02 ,991[+01 ,27~(+03 .222(•02 O• 

~,S,/OAG, 11,S,/SP, PS[NOLCl\il[ LlliHTf Tt:MPf PHSf PSRA TE 
HANTH,S, 

POUSHS 31000, 
TiGES I 173000, 
RAClNlS 

PLANT,A, 
POUSSES 
RAClN[S 

A, LIGNl 
POUSSES 
TJ&ES 
RA,JNES 

ANNUlLLE 
HUlLLES 
RACIN[S 

NU[Hlt.L MUHT 
, .•. s. 
LiTlERE 
RAC,MOHT 
PUITS 

904337, 

23000, 
122262, 

39000, 
68000, 
83661, 

17000, 
13940, 

CTAT HYuRlOU[ OU SUL 

2106337, 

145262, 

~10681, 

30940, 

27060, 
u,ooo. 

112422, 
o, 

HOHlZON PuTrNTIEL(HARSl EAU TOTALt. PF 
1 •29,~0 0,03 4,H 
2 ·20,12 25,87 4,12 
3 •22.30 37,77 4,15 
4 ·22,26 12,64 4,15 

ITo•,6)18[•02 [VAP••,48Y4[•02CH/H[UHE 

liUES KH 52• STEPPE A RANTHERIUM SUAVlOLENS 
PHOfONDEUH EAuCFRACT,l POTENT IEL EX I, RAC, 
o. ,5200[ ♦ 00 O, o. 

, 1000[ ♦ 00 ;7506[•01 •.J 319[♦ 0~ o. 
,7990[ ♦ 02 ,6300E•OI •,2268[+0!> 0, 
, 1200[ ♦ 03 ,6304E•OI •,2264[+05 0, 

OAY CUM, HOURS ET [OH 
9 .1000[+0I o, ,5000[+00 

) u, 

o. 

o. 

~ o. 

CONC, ~EL 
o, 

,">128[+02 
,4127[+02 
,4127<•02 

CUH,T•U.NS, 
o. 

"BE~ KM 52, STEPPE A RANTHERIUH SUAVlUL[NS 
PHUfONOEUR EAU<FRACT, I PUT[N!i[L Ed, RAC, co,-,t.:. ~lL 

0, , 1798[+00 ·•1432[+0'1 o. o, 
.IOOOt+OO ,6596l•OI· ••9'>64[+0'1 o. ,5060[•02 
,79VOt+02 ,blOO[•OI ·,2268(+0, o. , 4IU£•02 
, 1200[ ♦03 ,6:404[•01 •,a64E+os o. ,412'r•o2 

DAY CUH, HOURS [I [UR Ct1r◄, TH4~!>, 
9 ,IOOnE+OI o. ,)()00( ♦ 00 o, 

GA~ES KH 52• STE~PE A ri,_IHER !UH SU•VEULE~S 
PH OF ONO I.UH [AtJ(fRACT,) POTENT I EL EXT, HA.C, ~ONC, ~LL 
o. ,5200E•OO o. u. . .. 

.iouot+oo , 9730[•0 I •,b040[+0olf u. ,4..,Y8f+IJ2 
,799~[+02 .6:.00[•:)1 ••l?6o[+u5 o. .q1irr•o, 
, I 200l+03 ,b30sE•OI ••l264[+0j o. .1.112,r•lll 

OU (;UH, HOUHS ti [UH t.:lJ:-1. rreo~s. 
9 , IOOoE+OI O, .50UOl+JO •J. 

0, 0, O, 

O, 0, o, 

o. o, o, 

o. o. n, 

f.lUANT, SEL IEHP, Hll• HOR, 
u. ,I 110[♦ 02 

,3A49[+01 dl10E+02 
,2600£+0I ,96!>8E+OI 
,2602[ ♦01 

HllNUff HRUUT cwr 
,2h06[+00 • .J bUOE +05 , 4016E+OO 

l~UANT, S[L !Er<P, MIL• HOR, 
o. ,IIIO[+Ol 
,4349l ♦ Ol ,1110[♦ 02 

,21'\UO[+Ol ,9U58[+01 
,2~02f.+UI 
Rl)NUFF HROOI cwr 
,H33f. ♦00 •, 1tH)0[+05 18:\75[+00 

f.tUANT, SEL fEHP, HlL, HOR, 
J, ,1110[+02 
.4'1bJ( ♦ Ol ,lllOE+U2 
.2~•0E+OI ,SH5ij[+OI 
• ).liH2t.•Ul 
r(IJ"fUf f HRUUT cwr 
.47t!n[+OO •.t&OO[+O'l ,1?90E+~I 

Auxiliary Submodels 

CUHS 
•,99U6l"02 

PHSA TE 
O, 

O, 

o, 

o, 

CUMS 
,4739[ ♦00 

CUMS 
,4357[+00 

CUMS 
••5,l1E•OO 



Romane 26 

ijAH~ "" 52, snePE A RANTHERIUH SUAVlULEsS 
PHoro,utu, [All(fKACT.> PUTfNl!EL ur. HAC. co,c. ~iL 1100.n. HL TEHP, Hll• HOR, 
o. .4tSSt:+OO ·•2056[+0J 0, o • J. ,ill~E•02 

, lOOOL+OO • 1087[+00 ••674tt[+O't 0, • ""'44f'+l}2 ,5J/4f.+01 ,1110[+02 

,79!i10L+02 ,bJOO[•Ul ••2268[+05 o. ,4127f.+Ul .?600[+01 ,9858[+01 
,121l0l+03 ,6]0~[-01 ·,2264[+0) o. ,4127f+02 ,2h02[+01 

UAT CUM, HOIIHS lT EOR Cl..ll'I, rrt4NS. RUNOFF HRUUT cwr 
• ,llh)0(+0t o, ,5000( ♦01) o. ,44'19[+00 •,t6UO[t05 ,1745[+01 

ijAH[S "' 52, STE~~[ A RANTHEHIUH SUAVEUL[NS 
PHOfO~O<UH EAU(fRACT,l PUTENTIEL lX I. tO,C, CO'iC • ~lL i.\UAN T, SEL Tt:HP. HIL, HQJt,, 

0, ,4K'>2[+00 •,tlt,4Uf+Ot! o. a, o. ,1110(+02 

, lOOOt+OO , 1211E+oo •,54tt4[ ♦0'f o. ,4n92r•o2 ,5H3[+01 ,1110[+02 
,7990[+02 .6100[•01 ·•2268(+0) o. ,lll27r+02 ,26UO[+()t .9tt5d[+0l 

,1200t+03 ,630,.E•ol ••226 .. (+0'> o. ,4127f+02 o2h02[+01 
UAY CUH, HOUHS t: T [UH CUM, lt<ANS, RU>iUff HRUllT cwr 

y ,lOVoE+Ot o, ,~U\Jl,)L+OO o. ,4q2sc•o1 ",1600[+05 •?240[+01 

•AHE~ '" 52, STEP~[ A RANTHERIUH SUAVt□LENS 
PHOfONOLuR £A11<fRACl,l PUl[NTIEL UT, RAC, CO!it: • SL L OU4NT, HL TlHP, HIL, HOR, 

o. ,5?00(+00 o, o. O, J, ,i 1 lvl+02 
, 1000[+00 ,1323(+00 ·•"345[+04 o. ,4H49F.+02 ,6U4[+01 ,1110(+02 

, 7990l•02 ,6]00(•01 ••2266(+05 o. ,4l27[+V2 ,2600(+01 ,9tt56E+0I 
,1200(+03 ,6304[•01 ••2264(+05 o. ,41?7[+02 ,2602[+01 

DAY CUM• HIIURS El (U~ CU"4, ltU.tfS, HIJNUff HRllOI cwr 
9 ,1000[+01 o. ,5000[+00 o. , 5260( +00 ",1600( ♦05 ,?~88E+0I 

GASES KH 52, STEPP[ A kANIHlRIUH SuAVEOLENS 
PHOfONOEUR lA1t(fHACT,l PUlENI l(L [XI, RAC, CONC, SEL wUANT, SEL IEHP, HIL, HOR, 

o. 0 5700(•01 •,3000(+0'> 0, o. o. .it 10E+02 
,lODOl+OO ,1311[+00 •,4469[ ♦ 04 •,1661E•o5 ,4t\~•r.•02 ,63bl[+Ol ,I 110[+02 
,79~0E+02 ,6300[•01 ••l268[+0> 0, ,41?7(+02 ,2600[+01 ,96~6t:+01 

,1200t:+03 ,6305(•0I ••2264[+05 o. ,4127[•0? ,2602[+01 
OAT CUH, HllURS ET (OH CUM, IH4N>. ~UNOff HROUT cwr 
• , 16('10[+02 •, 59' 3[•02 •,47fAE•IJ? •,12JOE•Ol o . •,lbUOE+05 ,?Al9E+Ol 

oAB[S KH 52, STEPP[ A RANIH[RIUH SUAVEUL[NS 

JUUk• la ~UIS• 11 ANNE[ 1971 JOUKS SIHULES• 6 

PLUl[(HHl TE>P,<AIR) UAPHUT OATRAu UALl!E THAIN 
,300E+02 ,tl1f+02 ,9b8E+Ot ,27~~+Ul ,217(•02 ,600l+Ot 

H,S,/ORG, H,S,/SP. PH(NOLUGIE Lll>Hlf TEHPF PHSf PSRA TE 

HANlH,S, 
POUSS(S 21'9Q6, 
IIGES 1 l 74't66, 
RACINES 

PLANl,A, 
POUS~(S 
RACINES 

•• LIGN[ 
~OUS~ES 
TI ij[S 
RAC!NlS 

ANNUELLl 
fEUILLlS 
RAC INES 

KATEHllL HQHT 
,.. ... ~. 
LITllHt. 
HAC,HORT 
~UIT) 

906020, 

23272, 
1?~013, 

36416, 
90957. 
86641, 

15249, 
12504, 

£TAT HYORIQU[ Ou SOL 

210~435, 

l 'I 7265, 

ll4015, 

27754, 

30629, 
7H286o 

11862H, 
19036, 

HORIZON ~UifNTIEL(8AHSJ EAU TUTALt. ~f 
I •;:ic~.50 0,03 "••7 
2 •••H 52,J6 3,64 
3 -22.Jo 31,11 4,15 
4 "77,26 12.64 4,]5 

ET••,5973[•0l [VAP•••477o[•O?CH/H[UH[ 

GASES '" 52, STEPPE • RM<IHlHIUK su•vtoLE~s 
PHOfUNOlUH LAu< nucT, > POTENlllL t:x r. RAC, 
o. ,570U[•0l •,3000[•0~ U, 

,IOOOl+OO ,1333£+00 •,'f246l+Oq • ,I 7Y•E•05 
,7990t:+02 ,6302[•01 •,2266E+O~ o. 
.1200(+03 ,6306(•01 ••27.62[+05 o. 

OAT CUH, HIJURS El [UH 
22 ,2'l00[+02 •,5801[•02 •,46•1E"02 

l .7~6[+00 ,956E+OO ,308[+00 ol 16(•01 

,766[+00 ,'i56E+OO ,308[+00 ol 16[•01 

,7t,6(+00 .956[+00 ,308[+00 ,116£•01 

5 ,766[+00 ,956(+00 ,100[+01 0376£•0I 

r.O~t.: • ~tL YU4Nf • S[L TEMP, MIL• HOR• 
u, o, ol 11 ~£+02 

t 4CH16[+02 ,6456[+01 ,1110(+02 
,4127[+02 ,2601[+01 ,10~2(+02 
,412'r+02 ,211U2E•Ol 

CU14, ft.CANS• HUNUff HHOUT cwr 
•, 17>7(•02 O, -.1600[+05 ,?72flE+OI 

CUMS 
,4550E+00 

CUMS 
,4951[+00 

CUMS 
,074(+00 

CUMS 
•,4723["01 

PHSA TE 
,338[+03 

, 269( +03 

, 4l5E +03 

O, 

CUMS 
-,649!E"01 



27 Auxiliary Submodels 

ijA8[S "" 52, STEPPE A R•NTH(klUH SUAVLUL[NS 

JUUR■ l HOIS ■ 12 ANSl[ 1Y71 JUURS Sl•UL[,■ 21 

PLUIElHH) l[~P,CAIRI UAPHUT OA1RAU l1All1E T~AI~ 
0, t\l1£•02 ,940[+01 ,275L+V) .?ltf•v2 n. 

14,S./0RCi, N,S,/SP, PH[SULIH, Ir 
KANTH,~, 

POUSHS 2~8Y9, 
TI~[> 1116517, 
RAC INES 

PLANT,A, 
POUSHS 
RACINES 

A, LIGNl 
POUSSES 
T!GE& 
RACINES 

ANNUELLt 
fEUILLES 
RACINES 

NAfERllL HOH! 
P,A,S, 
LIT!tHl 
HAC,HOHT 
PUil& 

908417, 

237H, 
126902, 

32583, 
Q5335, 
~1026, 

12530, 
10275, 

,rAT HYURIQut uu SOL 

2110833, 

15062h, 

<16944, 

22805, 

49 t 7?, 
527117, 

15 I Stt•, 
117d In, 

HORIZON PUT[NTl[L(ijARSI EAU TUTALl Pf 
I •29,50 O,OJ 4,H 
2 •4,17 53.24 3,62 
3 "22,29 37,78 •,35 
4 "22,25 12... •.J~ 

tr ■•,5801[•02 [VAP••-•6•1c•O?CH/H[UK[ 

iUES KH 52, STEPPE A RANTH[RIUH SUAVlOL[NS 

' 

LI ~HTF 
,786(+00 

• 7<H,E+VO 

,7d6[+00 

,7116f+OO 

PR0f0NDlUH [AUlfRACT,l PoT[NTIEL EXl • RAC, CllNC, sEL lolUANT, 

O, ,5700(•01 • olOOOE +O~ o. o, u, 

H.HPf PHSf 
.i,sot:+00 ,309( ♦ 00 

,950[+00 1J09f+00 

,956(+01.1 1309[+00 

,Y~bE•O~ ,1UOE+Ol 

SEL llHP, HIL• HOR, 
,1020(+02 

,10001:.+00 ,1319[+00 •,t138HE+04 • .1 nsE•os ,4H~2f'+O:> .63~8[ ♦ 01 ,I 021 ( ♦02 
,7990(+02 ,6103["01 •,2265(+05 o. •414?7[+0? ,2601[+01 ,1079[+02 

·•l261[+05 o. , 4127£+02 ,2603(+01 

PSRAl[ 
,116£•01 

,116[•01 

,116(•01 

,376[•01 

.1200l+03 ,6308[•01 
DAY CUM• HOURS ET £0~ CUM, HUNS• HUNIIH HROUT cwr 

36 ,2400[+02 •,55J4[•(J? ., .. 4:l7l•u2 ••16dY(•02 

iA8ES KM 52, STEPPE A RANTHE~IUH SUAVEOLENS 

JUUR• I) HOIS• 12 AN~lE 1971 JUUHS SIHULES ■ 35 

o. 

PLUIElHH) TEHP,CAJHl UA~HOT OA¥RA0 OALIT[ THAIN 
0, ,102[+02 ,925E+OI ,275E+03 ,20AF.-u2 n, 

H.S,/0RG, 
RANTH,S, 

POUSSES 
TJGES 
RACINES 

PLANT,A, 
POUSSES 
RAC INES 

22992, 
111e300, 

910576, 

24230, 
130076, 

H,S.ISP1 
211186<,, 

154314, 

PHENOl•lGlf L(liHTf 
3 ,7Hb[ ♦ OO 

, 7•6£+00 

•,1000(+05 ,2i73£+01 

Tt:HPr 
,992(+00 

,992(+00 

PHSf 
,309(+00 

, 309[+00 

PSRATE 
,120(•01 

,120£•01 

PHSATE 
,303[+03 

,275E•03 

,3d1£+03 

0, 

CUMS 
•,6323("01 

PHSATE 
,279E•03 

,29![ ♦03 

A, LIGNE 
PUUSSES 
TIGES 
RAClhES 

,786(+U0 ,992E+OO ,309[+00 ,120[•01 ,3)![+03 

ANNUELLE 
f[UILLES 
RACINlS 

HAT[RllL HOHT 
P.A.s. 
LI lllffl 
RAC,"OHT 
PUIT& 

211'126. 
99517, 
95213, 

9033, 
A063, 

tTAT HYURIQUE UU SUL 

17896, 

63543, 
2~270, 

.! 1001 :\, 
JU2573, 

HOHIZO" ~uTrNTIEL(RARSI [AU TUTALE Pf 
I •2<,,50 0,03 Q,47 
2 •4,)I 52,0H J,h3 
3 "22,27 J7,7V Q,l~ 
4 •?l,23 12,65 4,1~ 

ll ■•,5534£-0l (VAP ■ •,4•27[•0?CHIH[VS[ 

ENTHlE Pki.pAq 

,706[+00 ,992l+OO ,100[+01 ,390E•OI O, 



~ 
0 

S'fH~IJLE!> SUPt..RPOSES l!ANS LE GRAPHlQU( SUl'IANrt ~•4.NCt(N.~•NOIIV[AU) 3 
PAS J~llK A•N*PAS JOUR A•N•PAS JOUR A•N•PAS JOUH A•N•PAS JOUR A•N•PA~ JO~~ A•~•PAS JnUk A•N•PAS JllUR A•N•PAS JOUR A•N•PAS JOUR A•N• ~ 

::, 
2 2• A■f• 4 4 • A•t' * 1• l'i, B•f• 20 20, 11 ■r • 31 31, A•l:I• 32 32. A•A• 33 13, A•B• Cb 

uABE~ •• 52, ST(PPE • R•NTHt:RIUM SUAVcOLENS 
,lOOE+iJt •ROO[+Ol ,!50E+02 , 220[+02 ,290E+0l ,360[+02 

♦--------- ♦---------♦---------♦---------♦---------♦---------♦---------♦---------♦---------♦---------♦ .390(+05 +<.: C ♦ , 390[+05 
I 
l 
I 
I ' C 

C C 
C C 

C C 
C C 

C C C 
,32tsE+05 + C C ♦ , 328[+05 

l C C I 
I A C C I 
If f A C C C I 
I r r A C C I 
♦ f A A A C C C ♦ 

r A • CI 
A A • I 

I 
I 

,266[+05 • r r • A • ♦ ,266[+05 
f • • A I 

A A • I 
f A • • e e 81 

b b f r 8 b 8 8 8 A A 8 " e 8 e e I Nl 

•• 8 b b h 8 8 " 8 b 8 H 8 " " 8 r A A •• 00 
I r r I 

r f I 
I 
I 

,20•E+05 + f f ♦ .20•£•05 
I f r I 

f I 
r I 

f I 
+U n 
I 0 Ii 0 
I 0 0 
I u 0 0 

I 0 U 0 
,143[+05 ♦( E 0 ll 0 ♦ '10£+05 

I [ l t: E n 0 0 
I [ [ l 0 0 u 
I E E f [ u 0 0 
I E [ f n 0 0 

E E E 0 D u D ♦ 

[ E E D D 0 I 
E r E 01 

E E E I 
[ [ [ E I 

,ts06[+04 + E+ ,806(♦ 0• 

♦---------♦---·-----♦---------♦---------♦---------♦---------♦---------♦---------♦-•-------♦---·-----♦ .100E+Ul ,600[+UI ,150E•02 ,220[+02 .290(+02 ,360(+02 
A M,S, PUUSsES (G/HA) RANTH(RIU~ 
8 ".s. P0USsES (G/HA) PLANTAGO 
C M,S, POUSS[S (G/HA) AUTRES LlbNlUX 
0 M•S• fEUILLES(G/HAl ANNUELLES 
E M,S, RAtlN[S (G/HA) ANNU[LL[S 
f H,S, TOTAL( (G/HA) ANNU[LLES 

COLON•£ E• ,esCJSSE• ,l5uE+OO I LJINE [N OHO, ■ •619[+03 
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GENERAL INTRODUCTION 

Several models of photosynthesis of varying resolution 
levels and to differing degrees of completion have been 
prepared. 

At a meeting of experimental workers and modellers held 
in Logan on October 5, 1972, it appeared that there was a 
general desire for two classes of models, one suitable for 
plants ,.vhich possess crassulacean acid metabolism and one 
for other plants. Within these two divisions, two levels of 
complexity were also desirable. I decided upon three levels 
of complexity, resulting in a plan for a potential of six 
models. 

Data for plants with non-crassulacean acid metabolism 
(Artemisia tridentata) came to hand immediately after the 
meeting and these were used to prepare models for this class 
of plant. The first and second level models have been 
completed, debugged and given limited exercise. Their 
outputs are presented later. The third level model is coded 
and hopefully may be debugged and running also. 

Data for Ambrosia dumosa have since arrived but there 
will not be time to utilize them. At a suitable place in the 
model descriptions it will be indicated where and how they 
should be utilized. 

Data for plants with crassulacean acid metabolism have 
been received but the models in this area have been taken 
only to a preliminary stage. At the lowest level of 
complexity, a model has been coded and recorded on 
Fastrand, but it lacks driving data and so cannot be 
debugged at present. The second and third levels of 
complexity have been taken only to the box and arrow 
diagram stage. The data would permit further development 
of these models, but time does not. 

The data used in devloping these models were collected 
and provided by M. M. Caldwell and E. De Puit (Artemisia 
tridenta); S. Bamberg (Ambrosia d11111osa); and I. Ting 
(crassulaccan acid metabolism plants). • 

Symhology used for these models is as follows: 

Level 

First 
Second 
Third 

Non-CAM Stage 
reached 

CAM 

PHOTO! 
PHOTO3 
PHOTOS 

running PHOTO2 
running PHOTO4 
running? PHOTO6 

Stage 
reached 

coded 
planned 
planned 

SUBMODEL PHOTO1 

First level of resolution, non-CAM plants. 

INTRODUCTION AND SIMPLIFYING ASSUMPTIONS 

This model considers photosynthesis as the net flow of 
carbon from the atmospheric pool into the plant (see 
PHOTO! diagram). Respiration, the reverse direction flow, 
is not considered explicitly. The only factors considered to 
influence the net flow of carbon are irradiance, tempera­
ture, plant water potential, and phenological stage. The 
temperature used is air temperature. 

VERBAL DESCRIPTION -- WORD MODEL 

The driving variables consist of experimental data on the 
effects of irradiance, temperature and plant water potential 
at several phenological stages on the photosynthesis of 
Artemisia tridentata at Green Canyon (near Logan, Utah) 
in 1971. Radiation is supplied as daily totals of 
photosynthetically active radiation (global radiation, solar 
and scattered x 0.47) measured above the Natural Resources­
Biology building at Utah State University in 1971. 

There are two state variables, the atmospheric pool of 
CO, and the photosynthate. Since the first of these is 
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effectively infinite in size and since variations in CO, 
concentration are not considered to influence the net flow, it 
is not explicitly modelled although it is conceptually 
necessary. The second state variable is contained within the 
calling routine VEGET where it is called PHSATE. Hence 
this subroutine effectively only calculates the rate of the net 
flo,v of carbon, PSRATE. 

There is one process, net flow of carbon, and this is 
considered to be controlled by four information flows. These 
are irradiance, temperature. plant water potential, and 
phenological stage. The effect of each of these factors is 
scaled from O to l. 

The last of these, phenological stage, is provided for by 
supplying the driving data in sets, each set applying to one 
particular phenological stage. These stages are identified by 
the subscript (Mi and the cycling through the values of (m), 
(8) is provided within VEGET. Thus no equation for the 
effect of phenology is provided. 

The effect of irradiance is provided for by an equation 
which relates irradiance to rate of net photosynthesis, which 
is of the Michaelis-Menton form. The effect of temperature 
is obtained by interpolating linearly between data values, 
using the function subroutine AINT3. The effect of plant 
water potential is obtained in the same way. All three effects 
are expressed on the scale 0-1. 

The interaction between these three controlling factors 
may be chosen from t_hree possible alternatives. Which of 
these three alternatives is actually used depends on the value 
of INTER which is allotted in PHOTOSDATA. 

When INTER = 1 the interaction is formed by regarding 
the three effects as conductances (in the electrical analogue 
sense). The overall conductance is given by taking the 
reciprocal of the sum of the reciprocal conductances, or the 
resistances. This overall conductance is then multiplied by 
the number of factors concerned (3) and by the maximum 
photosynthetic rate available in the data, expressed as g 
carbon/ g protein carbon. 

When INTER = 2 the interaction is formed by 
multiplying the three conductances together, i.e., the over­
all conductance is considered to be the product of the 
individual conductances. This product is then multiplied by 
the maximum photosynthetic rate as before. 

When INTER = 3 the interaction is obtained by selecting 
the smallest of the three conductances and multiplying the 
maximum rate of photosynthesis available in the data by 
this. This applies the concept of limiting factors. 

Since the available data are expressed in terms of rates per 
hour it was convenient to make all the calculations as rates 
per hour, multiplying the final rate by the photoperiod 

33 Auxiliary Submodels 

length in hours to obtain the daily rates. This has the 
advantage that it provides for the possibility of utilizing 
hourly values of irradiance, temperature and plant water 
potential if or when they should become available. This is 
done in other models of this series. 
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ALPHABETICAL LIST OF VARIABLE NAMES -- A 
USER-DEFINED FUNCTION FOR 

INTERPOLATING VALUES FROM A 
TABLE SUPPLIED 

CURV 

DAPHOT 
IDAY 

IRADF 

IRRAD 

IRRADM 

M 
MNPHOT 

MTPHOT 

NFACT 

The curvature parameter for the. photo­
synthesis irradiation curve, calories/cm'/hr. 
The photoperiod, hours. 
The current time interval. 
The counter for cohorts. 
The effect of irradiation on photosynthesis, 
0-l. 
The actual radiation (400-700) for the day, 
cal/cm'. 
The average radiation per hour for the day, 
cal/cm'. 
The counter for the phenological stage. 
Net photosynthesis calculated by the mini­
mum rule, g C/g protein C/hr. 
Net photosynthesis calculated by the multi­
plicative rule, g C/g protein C/hr. 
The number of factors affecting the process. 
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NTPHOT 

PMAXI 

PMAXL 

PMAXN 

PSHATE 

PWPOT 

P\\'POTF 

PWPX 
P\\'PY 
TDAY 
TEMPF 

TEMPX 

TEMPY 

Net photosynthesis calculated by the resis­
tance formula, g C/g protein C/hr. 
The maximum rate of photosynthesis on the 
scale 0-1. 
The maximum rate of photosynthesis avail­
able in the data, mg CO,/dm leaf' (2 sides)/ 
hr. 
The maximum photosynthetic rate g CO,/ 
g protein C/day. 
The photosynthetic rate, g C/g protein 
C/day. 
The average plant water potential for the 
month, bars. 
The effect of plant water potential on photo­
synthesis, 0-1. 
The set of X values for the PWP data, bars. 
The corresponding set of Y values, 0-1. 
The average daytime temperature, °C. 
The effect of temperature on photosyn­
thesis, 0-1. 
The set of X values for the effect of tempera­
ture on photosynthesis (DATA), °C. 
The corresponding set of Y values, 0-1. 

SUBMODEL PHOTO 2 

First level of resolution, CAM plants. 

INTRODUCTION AND SIMPLIFYING ASSUMPTIONS 

In this model, only the net flow of carbon from the 
atmosphere into the plant is considered, where it is regarded 
as being a part of the organic acid pool. Thus it concerns 
itself only with CO, fixation, which in CAM plants is a 
"dark" process, and decarboxylations and subsequent 
photosynthesis of released CO, are regarded as internal 
rearrangements within the internal pool of carbon 
compounds. If this results in loss of CO,, this loss will be 
accounted for by the use of net uptake. 

The net uptake of CO, is modelled as being influenced by 
irradiance (which in this case means its effect on stomata! 
aperture, not on photosynthesis), temperature, plant water 
potential, and the size of the organic acid pool. 

VERBAL DESCRIPTION -- WORD MODEL 

The data from Dr. Ting arrived too late to be used. 
Hopefully it will be possible to replace that being used 
(which is not relevant, being carried over from PHOTO!) 
with Dr. Ting's data. 

The program as it stands is to be regarded as a sketch or 
illustration of an idea, which may need to be changed to fit 
the data which are actually to be used. In it, the effect of 
irradiation (IRADF) is read from a table of supplied data by 
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the interpolation routine, AINT3. So are the effects of 
temperature (TEMPF) and of plant water potential 
(PWPOTF). The effect of the organic acid pool size 
(ORAGCF) is modelled as a descending curve from the 
maximum value (1) at zero pool size to minimum (0) at a 
pool size of 1.0 g C/g protein C(value of BBB). The curve i5 

a generalized Poisson density function, the parameters of 
which may be varied to match the curve to data if it 
becomes available. However, such data may be hard to 
obtain and the curve may need to be shaped on theoretical 
grounds. The organic acid pool is accumulated and used as a 
parameter in the equation. The four factors are combined as 
in the other models of the series by means of a choice of 
three interaction mechanisms, the resistance formula, the 
multiplicative rule and the minimum rule. 

ALPHABETICAL LIST OF VARIABLE NAMES 

AAA 

AINT3 

FXMAXL 

FXMAXN 

DAPHOT 

IDAY 
INTER 

The photosynthate level at which photo­
syn thesis is maximal. 
A user-defined function for interpolating 
values from a table supplied. 
The maximum rate of fixation available in 
data. 
The maximum rate of fixation g CO,/g 
protein C/day. 
The photoperiod, hours. 
The counter for cohorts. 
The current time interval. 
The integer label used in VEGET to select 
the interaction which is to be used: 1 = 
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IRADF 

lRRAD 

IRRADM 

M 
MNFJX 

MTFIX 

NFACTP 

PWPOT 

PWPOTF 

PWPX 
PWPY 
RSFIX 

TOAY 
TEMPF 

TEMPX 

TEMPY 
zzz 

Auxiliary Submodels 

resistance formula; Z multiplicative 
rule; 3 = minimum rule. 
The effect of irradiation on photosynthesis, 
0-1, leaf. 
The actual radiation (400-700) for the day, 
cal/cm'. 
The average radiation per hr for the day, 
cal/cm'. 
The counter for the phenological stage. 
Net fixation calculated by the minimum 
rule, g C/g protein C/hr. 
Net fixation calculated by the multiplicative 
rule, g C/g protein C/hr. 

The number of factors influencing photosyn­
thesis. 
The average plant water potential for the 
month, bars. 
The effect of plant water potential on photo­
syn thesis, 0-1. 
The set of X values for the PWP data, bars. 
The corresponding set of Y values, 0-1. 
Net fixation calculated by the resistance 
formula, g C/g protein C/hr. 
The average daytime temperature, ° C. 
The effect of temperature on photosyn­
thesis, 0-1, respiration. 
The set of X values for the effect of tempera­
ture on photosynthesis ( data) ° C. 
The corresponding set of Y values, 0-1. 
An intermediate variable defined in the 
context of use. 

SUBMODEL PHOT03 

Second level of resolution, non-CAM plants. 

INTRODUCTION AND SIMPLIFYING 
ASSUMPTIONS 

This model considers influx of carbon dioxide into the leaf 
as well as efflux from it, gross photosynthesis and dark 
respiration (see PHOTO3 diagram). Photorespiration is as­
sumed to be present and net photosynthesis is obtained as 
the algebraic sum of gross photosynthesis and dark 
respiration. The temperature used is air temperature. 

VERBAL DESCRIPTION -- WORD MODEL 

The driving variables consist of experimental data on the 
effects of irradiance, temperature and plant water potential 
at several phenological stages on the photosynthesis of 
Artemisia tridentata at Green Canyon in 1971. Radiation is 
supplied as daily totals of photosynthetically active 
radiation (global radiation, solar and scattered x 0.47) 
measured above the Natural Resources-Biology building at 
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USU in 1971. Wind speed used is that supplied by EXOCEN 
as DWINAV. 

There are three state variables; the atmospheric pool of 
CO 2 , intercellular gaseous CO, and the photosynthate. 
Since the first of these is effectively infinite in size, its 
magnitude is not monitored but is regarded as a constant. 
The third state variable is contained within the calling 
routine VECET where it is called PHSATE. It is therefore 
not updated in this subroutine. 

Carbon dioxide efflux and influx are both controlled by 
the same information flows, internal and external CO, 
concentrations, irradiance, plant water potential, wind 
speed, and phenological state. These controls are all 
assumed to act via the same mechanisms for efflux and 
influx, the only difference being the difference of direction 
of the flow. All controls are scaled from 0-1. 

The effect of phenological stage is provided for by 
supplying the driving data in sets, each set applying to one 
particular phenological stage. These stages are identified by 
the subscript (M), and the cycling through the values of (M), 
(8) is provided within VECET. Thus no equation for the 
effect of phenology is provided. 

The effect of irradiance is provided as a linear increase of 
CO, flow as irradiance increases from O to 5 calories/ cm 2 

/ 

hr, the flow varying from O to l in this range. At levels of 
irradiance above this the rate of flow is set equal to l. This 
amounts to assuming that stomata! resistance decreases 
linearly with irradiance from O to 5 calories/cm 2 /hr at 
which level it is nonlimiting. This is, of course, a 
simplification of the probable state of affairs and is a point 
at vvhich refinement might be introduced if the necessary 
data became available. 

The effect of wind speed is handled as a linear increase of 
flow of carbon dioxide from 0.01 to l as the wind speed 
increases from l km/hr to 20 km/hr. Below l km/hr, wind 
speed is considered to be without effect but this does not 
prevent passage of CO, as would be implied by use of the 
factor 0. Instead, the factor 0.01 is employed as an estimate 
of the rate of passage of CO, to or from the bulk air by 
diffusion alone. Between wind speeds of 20 km/hr and 40 
km/hr no change in rate of CO, passage occurs, but above 
this speed, a step function is employed to reduce passage of 
CO, drastically, simulating stomata! closure. The use of the 
factor 0.000001 simulates cuticular diffusion under these 
conditions. 

Since no data are available for the effect of plant water 
potential on carbon dioxide efflux and influx, a simple linear 
relationship is assumed, with a negative slope from the value 
of l at O plant water potential to O at plant water potential 
of -30 bars. 
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The effects of external and internal concentrations of 
gaseous CO, are handled by calculating the differential and 
using the Ohm's law analogy, the resistance used being the 
reciprocal of the effect of irradiation, which is equivalent to 
stomata! aperture. 

Dark respiration is regarded as being controlled by 
irradiance (photorespiration), temperature, plant water 
potential, photosynthate level, and phenological status. 
Phenological status is handled by the method already 
dcscri bed. 

Photorespiration has been assumed to be related to 
irradiancc by a Michaelis-Menton curve, plateauing at 30 
calories/cm'/hr and reaching half the maximum rate at 6 
calories/ cm' /hr. 

The effects of temperature and of plant water potential 
are documented in the data provided by Caldwell and 
DePuit. Use is therefore made of the interpolation routine to 
read suitable values for these factors from the data. 

The effect of photosynthate level on dark respiration has 
also been assumed to follow Michaelis-Menton kinetics with 
a maximum rate at 1.0 g C/g protein C and half the 
maximum rate at 0.02 g Clg protein C. 

Photosynthesis is controlled in this model by irradiance, 
temperature, plant water potential, phenology, intercell­
ular gaseous CO, concentration, and level of photosynthate. 

The effect of irradiance is a hyperbolic curve with half the 
maximum rate being reached at 10.0 calories/cm' for 
phenological stages l and 3 to 8, 16.6 calories /cm' at 
phenological stage 2 (data of Caldwell and De Puit). 

The effects of temperature and of plant water potential 
are read from data tables by means of the interpolation 
routine. 

The effect of photosynthate level is modelled as a curve 
which falls from l at O photosynthate, to O at a 
photosynthate level of 1.0 g Cl g protein carbon, following 
the curve of a generalized Poisson density function. 

The effect of internal CO, concentration is handled as a 
hyperbolic function with half the maximum rate being 
reached at 6 x 10-7 g Cl g protein C. 

In all cases, the interaction between the various 
controlling factors may be chosen (by means of the value 
allotted to INTER in PHOTOSDATA) from the resistance 
rule, the multiplicative rule or the minimum rule. Reference 
should be made to the documentation of PHOTO! for 
details. 



The relationship between net and gross photosynthesis has 
been handled in the following way. The data for 
photosynthesis are always for net photosynthesis. However, 
data for dark respiration are also available. Therefor!'!, gross 
photosynthesis has been calculated as net photosynthesis 
plus dark respiration for the duration of the photoperiod. 
The net photosynthetic rate which is provided as final 
output is then calculated as the gross photosynthesis minus 
the dark respiration for the whole 24 hr. 

ALPHABETICAL LIST OF VARIABLE NAMES 

AAA 

AINT3 

BBB 

CCC 

The photosynthate level at which photosyn­
thesis is maximal. 
A user-defined function for interpolating 
values from a table supplied. 
The level of photosynthate in the leaves at 
which photosynthesis is reduced to zero. 
See DDD 
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CO2IRT 

CO2ORT 

CURV 

DAPHOT 
DCO2 

DCO2F 

DOD 

ICO2PF 

IDAY 
INCO2 

INCO2C 

INTER 

IRADF 

IRADIF 

IRADOF 

IRRAD 

IRRADM 

M 
MNCO2I 

MNCO2O 

MNPHOT 

MTPHOT 

MNRESP 
MTCO2I 

MTCO2O 

MTRESP 

NEWPHL 

NFACTI 

NFACTO 

Auxiliary Submodels 

Rate of movement of CO, into leaf, g C/g 
protein C/hr. 
Rate of movement of CO, out of the leaf, g 
C/g protein C/hr. 
The curvature parameter for the photo­
synthesis/irradiation curve. 
The photoperiod, hours. 
The differential CO, concentration inside/ 
outside the leaf. 
The effect of CO, differential on movement 
of CO, into or out of the leaf. 
Shape parameters for the curve of photo­
syn thesis/ photosyntha te. 
The counter for cohorts. 
The effect of internal CO, concentration on 
photosynthesis, 0-1. 
The current time interval. 
Amount of CO, inside the leaf air spaces, g 
C/g protein C. 
Concentration of CO, in leaf intercellular 
spaces, g C/ml. 

The integer label used in VEGET to select 
the interaction which is to be used: 1 = resis­
tance formula; 2 = multiplicative rule; 3 = 
minimum rule. 
The effect of irradiation on photosynthesis, 
0-l. 
Effect of irradiation on rate of movement of 
CO, into the leaf. 
The effect of irradiation on movement of 
CO, out of the leaf. 
The actual radiation ( 400-700) for the day, 
cal/cm'. 
The average radiation per hour for the day, 
cal/cm'. 
The counter for the phenological stage. 

Rate of movement of CO, into leaf calcu­
lated using the minimum rule. 
Rate of movement of CO, out of leaf calcu­
lated using the minimum rule. 
Net photosynthesis calculated by the mini­
mum rule, g C/g protein C/hr. 
Net photosynthesis calculated by the multi­
plicative rule, g C/g protein C/hr. 
Respiration calculated by the minimum rule. 
Rate of movement of CO, into leaf calcu­
lated using the multiplicative rule. 
Rate of movement of CO, out of leaf calcu­
lated using the multiplicative rule. 
Respiration calculated by the multiplica­
tive rule. 
New photosynthate in the leaf, g C/g 
protein C. 
The number of factors influencing move­
ment of CO, into a leaf. 
The number of factors affecting movement 
of CO, out of the leaf. 
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NFACTP 

NFACTR 

OUTCO2 
PMAXI 

PMAXL 

PMAXN 

PSATPF 

PSAIRF 

PSRATE 

PWPIF 

PWPOT 

PWPOTF 

PWPRF 

PWPX 
PWPY 
RMAXI 
RMAXL 

The number of factors influencing photo­
synthesis. 
The number of factors influencing res­
piration. 
The external air CO, concentration, g/mg. 
The maximum rate of photosynthesis on the 
scale 0-1. 
The maximum rate of photosynthesis avail­
able in the data, mg CO,/ dm 2 leaf (2 
sides/hr. 

The maximum photosynthetic rate g CO,/g 
protein C/day. 
The effect of concentration of photosynthate 
in the leaf on photosynthesis, 0-1. 
The effect of photosynthate level on res­
piration. 
The photosynthetic rate, g C/g protein 
C/day. 
Effect of plant water potential on rate of 
movement of CO, into the leaf. 
The average plant water potential for the 
month, bars. 
The effect of plant water potential on 
photosynthesis, 0-1. 
The effect of plant water potential on res­
piration. 
The set of X values for the PWP data, bars. 
The corresponding set of Y values, 0-1. 
Maximum rate of respiration, 0-1. 
Maximum rate of respiration in the data, 
mg CO 2 /mg leaf/hr. 
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RMAXN 

RSCO21 

RESCO2O 

RSPHOT 

RSRATE 
RSRESP 

TDAY 
TEMPF 

TEMPRF 
TEMPRX 
TEMPRY 

TEMPX 

TEMPY 
WINDAV 

WINDIF 

WINDOF 

zzz 

Maximum rate of respiration, g Cl g protein 
C/day. 
Rate of movement of CO, into the leaf 
calculated by the resistance formula. 
Rate of movement of CO, out of the leaf 
calculated by the resistance formula. 
Net photosynthesis calculated by the resis­
tance formula, g C/ g protein C/hr. 
Dark respiration rate, g C/g protein C/day. 
Respiration calculated by the resistance 
formula. 
The average daytime temperature, °C. 
The effect of temperature on photosynthesis, 
0-1. 
The effect of temperature on respiration. 
The data table of X values. 
The data table of Y values for the effect of 
temperature on respiration. 
The set of X values for the effect of tempera­
ture on photosynthesis (data), °C. 
The corresponding set of Y values, 0-1. 
The average wind velocity for the day, 
km/hr. 
Effect of wind on rate of movement of CO, 
into the leaf. 
The effect of wind on movement of CO, out 
of the leaf. 
An intermediate variable defined in the 
context of 11sP.. 

SUBMODEL PHOT05 
Third level of resolution, non-CAM plants. 

INTRODUCTION AND SIMPLIFYING ASSUMPTIONS 

This model is developed from PHOTO 3 and is similar 
to it in many respects. However, the temperature of the 
photosynthetic organs is here simulated and, by the means 
of an internal loop, the simulation is run on an hourly basis. 
A by-product of the simulation of photosynthetic organ 
temperature is the estimation of transpiration rate. This 
might be of use elsewhere in the model. 

VERBAL DESCRIPTION -- WORD MODEL 

The driving variables consist of experimental data on the 
effects of irradiance, temperature and plant water potential 
at several phenological stages, on the photosynthesis of 
Artemisia tride11tata at Green Canyon in 1971. Radiation is 
supplied as hourly totals of global radiation (solar and 
scattered) measured above the Natural Resources-Biology 
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building at USU in 1971. These data are stored in 
PHOTOSDATA and ready by this subroutine. Wind speed 
is that supplied by EXOGEN as DWINA V. 

Data for emissivity of the leaf and of its surroundings, 
average leaf thickness and leaf area index are needed, as is 
the volumetric soil moisture. Since these are not 
immediately available, estimates of them have been made so 
that progress can be made, but attention should be given to 
these. 
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In order to calculate leaf or other photosynthetic organ 
temperatures it is necessary to know, among other things, 
the evaporative heat loss. This makes it necessary to first 
calculate transpiration. This is done here by means of 
Thornwaite's equation for evapotranspiration. Depending 
on the value of the evapotranspiration so calculated, a set of 
values for the parameters in an arctangent function are 
calculated and used to predict transpiration. The arctangent 
function itself is contained in the function subroutine 
ATANF. 

The program then proceeds to the calculation of leaf 
temperature. The temperature of the photosynthetic organ 
TORG is initially set equal to air temperature. A loop is then 
entered in which first the initial heat content of the organ is 
calculated. Then the evaporati ·e heat loss, the sensible heat 
loss, the long wave-length radiation from the leaf, and the 
radiation input are summed to obtain the heat gain of the 
organ. The heat content is obtained from the initial heat 
content plus the heat gain. Thence the temperature of the 
organ can be obtained from the heat content, the specific 
heat and the thickness of the organ. This loop is repeated for 
the 16 hr of the maximum photoperiod. The organ 
temperature so obtained is used elsewhere in the model in 
place of TDAY which is used in PHOTO! and PHOT03. 

Although the effect of irradiance on photosynthesis is 

essentially the same in this model as in PHOT03, in this case 
it is calculated from the hourly data for irradiation in 
another DO LOOP incremented for each of the 16 hr of the 
maximum photoperiod, which should improve the resolu­
tion of this section of the model significantly. Included in 
this DO LOOP is the calculation of new photosynthate, 
which is utilized as a modifying factor of the rate of 
photosynthesis. This should thus vary in its effect during the 
photoperiod in a realistic manner. 

The remaining functions are identical with those used in 
PHOT03, to which reference may be made. 

• ALPHABETICAL LIST OF VARIABLE NAMES 

AAA 

AINT3 

ALAI 

BBB 

BLRES 
CCC 
C02IRI 

C020RT 

The photosynthate level at which photosyn­
thesis is maximal. 
A user-defined function for interpolating 
values from a table supplied. 
The leaf area index for the area being 
considered. 
The level of photosynthate in the leaves at 
which photosynthesis is reduced to zero. 
Boundary layer resistance, sec/cm. 
See DDD 
Rate of movement of CO 2 into leaf, g C/g 
protein C/hr. 
Rate of movement of CO, out of the leaf, 
g Cl g protein C/hr. 
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CURV 

CCURV 

DAPHOT 
DCO2 

DCO2F 

DDD 

DPHS 
DPL 
EHL 
EMISL 
EMISW 

EVAPT 
HCORC 

HCORCI 

HCORC 

HPHS 
I 
ICO2PF 

IDAY 
INCO2 

INCO2C 

INTER 

IRADF 

IRADIF 

The curvature parameter for the photo­
synthesis/irradiation curve. 
The curvature parameter for the curve re­
lating CO, concentration to photsynthetic 
rate, g C/g protein C. 
The photoperiod, hours. 
The differential CO, concentration inside/ 
outside the leaf. 
The effect of CO, differential on movement 
of CO, into or out of the leaf. 
Shape parameters for the curve of photo­
syn thesis/ photosyntha te. 
Daily photosynthesis g C/g protein C/day. 
Diffusion path length, mm. 
Evaporative heat loss, calories. 
The emmissivity of the leaf ( = 1.0). 
Emissivity of the surroundings of the leaf -­
assumed = 1.0. 
Evapotranspiration, mm. 
The heat content of the photosynthetic 
organs, calories. 
The initial heat content of the organ, 
calories. 
The heat gain of the photosynthetic organs, 
calories. 
Hourly photosynthesis g C/g protein C/hr. 
The counter for cohorts. 
The effect of internal CO, concentration on 
photosynthesis, 0-1. 
The current time interval. 
Amount of CO, inside the leaf air spaces, 
g C/g protein C. 
Concentration of CO, in leaf intercellular 
spaces, g C/ml. 
The integer label used in VECET to select 
the interaction which is to be used: l = 
resistance formula; 2 = multiplicative rule; 
3 = minimum rule. 
The effect of irradiation on photosynthesis, 
0-1. 
Effect of irradiation on rate of movement of 
CO, into the leaf. 
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IRADOF 

IRRAD 

IRRADA 

IRRADI 

IRRADM 

LWR 
M 
MNCO21 

MNCO2O 

MNPHOT 

MTPHOT 

MNRESP 
MTCO2I 

MNCO2O 

MTRESP 

NEWPHL 

NFACII 

NFACTO 

NFACTP 

NFACTR 

OTCN 

OUTCO2 

The effect of irradiation on movement of 
CO, out of the leaf. 
The actual radiation ( 400-700) for the day, 
cal/cm'. 
The irradiance absorbed by the photosyn­
thetic organs. 
The irradiance incident on photosynthetic 
organs, cal/cm'. 
The average radiation per hour for the day, 
cal/cm'. 
Long-wave radiation from the leaf, calories. 
The counter for the phenological stage. 
Rate of movement of CO, into leaf calcu­
lated using the minimum rule. 
Rate of the movement of CO, out of leaf 
calculated using the minimum rule. 
Net photosynthesis calculated by the mini­
mum rule, g C/g protein C/hr. 
Net photosynthesis calculated by the multi­
plicative rule, g Cl g protein C /hr. 
Respiration calculated hy the minimum rule. 
Rate of movement of CO, into leaf calcu­
lated using the multiplicative rule. 
Rate of movement of CO, out of leaf calcu­
lated using the multiplicative rule. 
Respiration calculated by the multiplicative 
rule. 
New photosynthate in the leaf, g C/g protein 
C. 
The number of factors influencing move­
ment of CO, into a leaf. 
The number of factors affecting movement 
of CO, out of a leaf. 
The number of factors influencing photo­
synthesis. 
The number of factors influencing respira­
tion. 
The thickness of the photosynthetic organ, 
mm. 
The external air CO, concentration, g/ml. 

SUBMODELS PHOT04 AND PHOT06 

Levels 2 and 3, CAM plants. 

At this stage there is no point in presenting more than the 
box and arrow diagram which was planned for use in these 
models. The general outline which is present in PHOTO3 
and PHOTOS will be applicable, and it is expected that it 
may be found advantageous, as in those models, to make a 

distinction between PHOTO4 which should run on a daily 
time step and PHOTO6 with an hourly time step. The 
variable names used in PHOTO2 will be found applicable, 
although no doubt others will also be needed. 
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INTRODUCTION 

A number of approach efforts have been made to 
develop mathematical models to compute the net fixation of 
CO, by plants from meteorological parameters and to 
predict their productivity (e.g., DeWitt, 1965; Cunningham 
and Balding, 1972; Brittain, 1974; De Puit, 1973). One 
basic requirement for the realization of such models is a 
detailed knowledge of the functional relationships between 
the photosynthetic efficiency of a plant and the external 
conditions characteristic to its particular habitat. Special 
attention must be paid to the responses of the different 
morphological types, considering the variability of their 
physiological state and their capacity for regulative 
adaptations (Mooney and Shropshire, 1968; Bjorkman, 
1968). With the more sophisticated models which have been 
proposed recently, large gaps in our knowledge about the 
influence of important internal and external factors on the 
CO, exchange of plants have become apparent (Lommen et 
al., 1971; Hall, 1971). Therefore, during our work on 
productivity of desert plants and the development of a 

model on net photosynthesis under desert conditions, we 
focused our interest on a functional analysis of the 
photosynthetic responses of the plants in their natural 
habitat. 

The photosynthesis modeling committee of the Desert 
Biome recommended during its meeting (July 30, 1973), 
that emphasis should be given to an empirical model which 
is based on data which can be taken in the field and on data 
"hich arc already present at this time. Consequently the 
following model follows the approach of Cunningham and 
Balding ( 1972) and Brittain (1974). The main stress was laid 
upon derivation of the input functions for the photosynthesis 
submode! from actual field data. Because of the short time 
period available for this work, Hammada scoparia was 
chosen as the test plant. 'vVe had access to a considerable 
amount of information on this species from previous work.• 
Ho\\'ever, all programs were made so general that they can 
also lie used for an~· other test plant. 

THE MODEL 

The model should calculate rates of net photosynthesis 
(NP) taking the meteorological factors, light (L), tempera­
ture (TEMP), water vapor concentration difference 
between leaf and air (WD), the water stress in the plant 
(WS), and the phenological stage of leaf development (DAY) 
into account as input variables. The changes in the 
photosynthetically active organs of the plants with time 
(aging, phenology) have to be defined separately by the 
phenology and translocation submode!. The water stress in 
the plant is handled as an independent input variable until 
it is possible to connect this value to the soil and atmospheric 
conditions. Whenever possible, water stress is handled as a 
time function connected to the phenological stage of the 
plant. 

The general form of the model is: 

NP= (NPMAX)•F (L, TEMP, WD, WS, DAY) 

The maximal rate of net photosynthesis (NPMAX) is 
defined to be the rate of CO, uptake at light saturation, 
optimal temperature and humidity conditions but at the 
water stress and phenological condition typical for the time 
of the year. 

*The field experiments were carried out in Avdat, Israel, 
1971, by U. Buschbom, M. Evenari, L. Kappen, 0. L. 
Lange, and E. D. Schultze. The methods used are de­
scribed by Koch, Lange and Schultze (1971), Schultze, 
Lange and Lembke (1972) and Schultze (1972). 

The effect of the different environmental factors F 
(L.TEMP,WD,WS,DAY) is scaled from 0-1. In the first 
approach the different factors are connected multiplica­
tiYel~·. It is subject to further sensitivity analysis and 
empirical tests to show if other and different connections of 
these factors will be more useful for prediction of gas 
exchange under certain conditions. 

The light factor (FL) determines the increase on NP with 
increasing light intensity from O to 120 Klux. This increase 
is due to stomata! opening as well as to increasing rate of 
biochemical CO, uptake. 

The temperature factor (FT) describes the optimum curve 
of NP at light saturation and optimal air humidity. This 
temperature factor also includes a stomata! and a 
biochemical effect. 

The effect of the water vapor difference between the leaf 
and the air on CO, uptake (FW) works through stomata! 
reaction. 

The water stress factor (FS) reduces NP through stomata! 
closure and also through an effect on mesophyll resistance. 

All these processes change with time, 
phenology. Therefore, they are expressed as a 
DAY. 

aging and 
function of 

A general flow diagram of the photosynthesis model is 
drawn in Figure 1. The model should finally operate on two 
different possible levels of resolution: (1) the greatest 
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refinement of the effect of environmental factors is obtained 
hv separating the effects on stomata! and mesophyll 
rl'sistancc; (2) another level of refinement is obtained by 
calc11lating the influence of the environment on the gas 
exchange process as a whole. In the second case TEMP and 
WO can be handled separately or as a combined 
environmental stress factor. The decision as to which 
pathway is taken for a given species at a given site depends 
on the experimental data available. As long as mesophyll 
and stomata! resistance are not being measured separately, 
the accuracy of the predicted result is the same in both levels 
of resolution. 

Since not all information on stomata! and mesophyll 
resistance can be worked up in the time available. most 
emphasis was placed on finding a mathematical resolution 
for the second level of refinement, taking TEMP and WO 
into account separately. 

THE FUNCTION (FT) OF THE EFFECT OF 
TEMPERATURE ON NP 

THE TEMPERATURE RESPONSE OF NET PHOTOSYNTHESIS 

Input-Experiments measuring rates of CO, uptake at 
light saturation and at a high air humidity (WO 
almost 0) at varying temperatures during differ­
ent times of the year. 

Figure 2 shows a temperature response curve of net 
photosynthesis for I-/. scoparia in spring (March 28). 
Temperature optimum is at 28.fi C, the upper compensation 
point is at 46.3 C. The experimental data are not complete 
for a range of temperatures below the optimum of CO, 
uptake to the lower compensation point. This is because of 
the experimental difficulty of lowering temperatures in a 
cuvette in the field under desert conditions and in full 
sunlight to below the ambient air temperature. An 
important fact is that the temperature dependence of NP 
does not remain constant but changes throughout the year. 

... , 
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11'.MP 

.. 
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" 

4fi 

This is dcmonstrated in Figure 3. It shows the same kind of 
responst> curve for July 19. The temperature optimum 
shifted 11p 10.7 C to 39.3 C. At the same time the upper 
compensation point shifted up 12.1 C to 58.4 C. Later in the 
season the temperature dependence of NP shifted back again 
to a range of lower temperatures (Fig. 4, September 22). 
The temperature optimum is at 30.5 C and the upper 
compensation point is 50.8 C. Maximal shift in the 
temperature optimum during the year was 13.6 C, taking 
the lowest spring value as a basis. 

Figures 2-4 show that it is probably necessar~, for a model 
of NP to take the shift of the temperature curve into account 
a~ an adaptive feature of the plant to its environment. If all 
thl' experimental data of the vear are plotted together to 
obtain a general temperature response curve for this species 
( \\'ilhout taking the shift in the temperature optimum and 
the temperature compensation point into account) and if 
these data points arc fitted by a polynomial equation, the 
rl'sulting R' is .70. This further suggests that the data of 
ll'mperat11rc-dependent NP are distributed on the tempera­
lme axis \,·ith cno11gh scatter so that the application of a 
).!(•neral temperature function for that species and that year 
is 1101 11sd1d. 
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Figures 2, :3 and 4. Percent photosynthesis (NP) of J-1. scoparia (unwatered) as related to leaf temperature (TEMP) on March 
28, 1971 (Fig. 2). July HJ. 1971 (Fig. 3) and September 22, 1971 (Fig. 4). Fitted curve based on a polynomial equation (e): points 
of measure111l'Ilt (o). Optimum of the polynomial curve is 100%. 



THE PROCEDURE TO CALCULATE THE 

TEMPERATURE RESPONSE OF NP 

It would be most desirable to apply a type of 
mathematical function which represents the process 
involved (Cunningham and Balding, 1972). The curve 
should show a variable optimum which originates from low 
temperatures assymptotically (dNP/dT, very small) and 
which drops to negative rates of gas exchange at high 
temperatures. Such a temperature function would provide 
the opportunity to extrapolate to a certain degree beyond 
the limits of experimental data, which would be 
advantageous for any predicting purpose. In this work we 
did not succeed in finding and applying a suitable 
non-polynomial function to the process of temperature­
dependent net photosynthesis. Only polynomial equations 
were used, leaving this problem open for further 
photosynthesis modeling work. In applying polynomial 

Species name FT= f(temp) 

1 
DAY ~ temp = TEMP - shift 

l 
Set of variahles: Shift = TEMP of 

NP/TEMP NPMAX - reference 

l 
NP= f(TEMP) TEMP of NPMAX = 

f(DAY) 

l 
dNP/clTEMP = 0 - NP'NPMAX-1 = 

f(TEMP) • NPMAX· 1 

l •• 

TEMP of optimal '.'lP 
:'\!'MAX at optimal 

TEMP 
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Figure 5. Flow diagram of the procedure to calculate the 
temperature effect on NP. 
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equations, it is essentially necessary to plot the function with 
the data points. This is because at a high R2 the least square 
fit might not represent the biological process one wants to 
simulate and predict. 

Figure 5 shows the flow diagram of the procedure to 
calculate the temperature response of NP used in the model: 

1. Each set of data of one temperature experiment on a 
certain DAY is fitted with a third-degree polynomial 
(for 13 different temperature experiments, each having 
8 to 16 measurements of temperature-dependent NP, 
the R2 of the curve fit is .92 to .99). 

2. The temperature optimum of each curve is the point at 
which the first derivative is zero. An iteration program 
determines the upper compensation point of NP. 

3. Each parameter of the polynomial equations is divided 
by the maximal rate of NP at optimum temperature, so 
that the curves are scaled from O to 1. 

4. The temperature of optimum NP versus time of year is 

fitted with a polynomial equation (R' = .65). This 
curve is shown in Figure 6. 

5. Each value of temperature-dependent NP is shifted 
along the temperature axis to such a degree that all 
the optima of NP are the same and equal to the lowest 
temperature optimum as a reference (28.5). 

6. One three-degree polynomial equation is fitted through 
all the shifted experimental data (for H. scoparia, R' of 
this equation is .86). Although this equation gives a high 
R', it was forced through some set-points to represent 
a biologically meaningful curve of predictive value. A 
four-degree polynomial equation should be considered 
instead. Figure 7 shows the measured values of the 
different temperature experiments being shifted to a 
common reference point and a polynomial equation 
fitted to these data. From the R2 values of the curve fit, 
including the shift of the temperature curves compared 
to the R' before the shift, it is obvious that the shift of 
the temperature curves is significant. From Figure 7 
it is obvious that the shape of the temperature response 
curve in the range from 10 C below the NP-optimum to 
the upper compensation point changes only to a small 
degree so that the temperature response is characterized 
with sufficient accuracy by a general equation and by 
the shift of the optimum. Major deviations from this 
general function will occur at temperatures of more 
than 15 C below the optimum, since the slope through­
out this part of the curve will change with the value 
of the optimum. This deviation will be smallest if the 
temperature curves are not shifted to the lowest 
optimum as reference but to an average value of 
optimal temperature. For the purpose of this model, the 
range of temperature-dependent NP from 10 C below 
the optimum down to the lower compensation point 
was extrapolated linearly to a rate of NP of O at -5 C. 
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Figure 6. Change of the temperature optimum of net 
photosynthesis (TEMP OPT) with the time of year (DAY) for 
H. scoparia (unwatered). 
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Figure 7. The measured values of percent net photosynthe­
sis (NP) being shifted on the temperature axis to such a degree 
that all the optima of the single temperature curves of NP are 
the same and equal to the lowest temperature optimum as a 
reference as related to leaf temperature (TEMP) for H. 
scoparia (unwatered). Fitted curve based on a polynomial 
equation (•); points of measurement (O), Optimum of the 
polynomial curve is 100 % . 
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THE FUNCTION TO OBTAIN THE EFFECT OF 
TEMPERATURE ON NP (FT) IN THE MODEL 

PROC OPTION$(1i'AIN>J 
ON lNQflLE($TSI~) STOPJ 

TOP I 
GET LISTCDAT1T[1o1P>1 
f£,i1PQP T•l• •22291' •Ou• ( •o • 2 H'H 1 s•o.1 y• ~ 0 • 002Sl e11ss·o• T•0•000006•9·) )J 
PUT SKI,. 0.&TA(TlM~OPl)J 
SHlff•Tc'"POl"T • 27 .JU 
TEkPlT•TrMP • StdfTJ 
If TE1oPIT > 19•0 lHfN 
f ACTOR•• 1 6J • 6 1 J 7 ° l[ ,..;p IT•< 20 • 1 694 •TE Ml" IT• ( ·o • 06 ne ♦T[ t,tp J T •O • 00 U 111)) J 

El.SE 
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1£1of'r ,1,C yOR •f AC yllR/ 1 OOJ 
PUT S11lP 0AU<C.t.Y1tEWP,tE11PrACTC,R,St1hTJJ 
GO TO TOPI 

(NO 1t001 J 

The change of the temperature optimum during the 
seasons was observed not only on H. scoparia but also on 
several other plant species (Lange et al., in preparation). It 
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was observed on watered and non-watered plants of the same 
species. Figures 6 and 7 contain the values of watered and 
non-watered plants. It is obvious that there is no difference in 
temperature response due to water stress (for H. scoparia to a 
range of -86 bars). Furthermore, the watered plant was 
growing and producing new photosynthesizing organs 
throughout the year, which means that the change in the 
temperature optimum is not connected with a certain 
phenological stage. This response is probably an adaptive 
mechanism to the temperature, climate and the photoperiod 
of the habitat. This response, therefore, needs to be 
correlated to the EXOGEN submode!. 

THE FUNCTION OF THE EFFECT OF WATER VAPOR 
DIFFERENCE BETWEEN LEAF AND AIR ON NP (FW) 

THE RESPONSE OF NP TO CHANCES IN WD 

Input-Experiments measuring rates of CO, uptake at 
light saturation and at a constant temperature at 
varying WD during different times of the year. 

In a number of plant species WD has a direct and 
reversible effect on the stomata! diffusion resistance (Lange 
et al., 1971; Schultze et al., 1972). Figure 8 shows a linear 
decrease of NP at increasing WD for H. scoparia in the 
spring (April 28) at good soil water conditions (maximal 
water potential of the plant in the morning, -13 bars; 
minimal tJ.lp during the day, -31 bars). As the dry season 
proceeds this effect becomes more and more pronounced as 
shown in Figure 9 (June 2: tµ max of the plant in the 
morning, -41 bars; 1P p min, -67 bars). An increasingly 
negative slope of the WD-dependent NP curve is obvious. 

THE PROCEDURE TO CALCULATE THE WD RESPONSE OF NP 

Figure 10 shows a flow diagram of the procedure to 
calculate the WD response of NP used in the model: 

l. Each set of data of a humidity experiment on a certain 
DAY is fitted with a linear regression (for 13 different 
humidity experiments, each having 3-6 measurements 
of WO-dependent NP, the R' of the curve fit is .92 
to .99). 

2. The parameters of the equation are divided by the value 
of the y-axis intercept (NPMAX at WO= 0), so that 
the regression lines are scaled from Oto 1. It was tried to 
fit a time-dependent regression through the values of 
the slope of the WO-dependent NP (slope = f(DAY)). 
For any polynomial equation, R' remained very low 
(linear regression:R' = .02, second-degree polynomial 
regression: R' = .08, third-degree polynomial regres­
sion: R' = .11). This shows that there is no simple time 
function to calculate the seasonal change of the slope of 
the NP /WD experiments with sufficient accuracy. 



3. F~om laboratory experiments it was obvious that the 
WD effect on the stomata! diffusion resistance is 
affected by water stress. Therefore, the slope of the 
NP /WD experiments is correlated to the minimal daily 
water potential of the plant during the day at that 
time of the year. Figure 11 shows this regression and 
the data points (R 2 = . 77) for H. scoparia. The closing 
reaction of the stomata increases at increasing vVD with 
decreasing water potential in the plant to a maximum 
value at about -65 bars. With a further decrease of 
water potential the reaction becomes smaller again, 
because of the overruling effect of internal water 
stress on the gas exchange process. 

4. The change of the minimal daily water potential of the 
plants during the seasons is certainly dependent on the 
conditions in the atmosphere and in the soil. As a 
preliminary approach, a third-degree polynomial 
equation was fitted through the annual change of the 
daily minimal water potential of H. scoparia (R' = 
.92). Figure 12 shows a plot of this regression. It is 
obvious that the extremes are not covered by this regres­
sion (e.g., day 229), which certainly will cause an 
increased error in the overall photosynthesis model. 

At large values of WD the stomata are expected to be 
closed, not allowing a positive uptake of CO,. The 
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Figures 8 and 9. Relative rate of net photosynthesis (NP) 
scaled from O - 1 as related to the water vapor concentration 
difference between leaf and air (WD) for H. scoparia 
(unwatered) at a low water stress oftµ p -31.5 bar(Fig. 8) and 
at a high water stress of tµ p -67 bar (Fig. 9). 
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experimental data do not show if the linear NP /WD 
relationship is valid under very dry air conditions (WD 
greater than 30 mgH,0/1), and it is very possible that in this 
range of WD the rate of CO, uptake does not decrease with 
the same slope. This effect was not taken into account in the 
first model test. This means, that at large WD the reduction 
of NP is probably overestimated with the linear regression. 

Species name 
FW = ~(dNP/dWD) 

·wn + 1 

i 
DAY 14--- dNP/WD = f(WSmin) 

l 
Set of variables: 

Minimal daily water 
potential 

NP/WD WSmin = f(DA Y) 

l 
NP= f(WD) 

NP'NPMAX· 1 = - f(WD) • NPMAX•l 

l •• 

WD = 0, NP=NPMAX 

Figure 10. Flow diagram of the procedure to calculate the 
WD effect on NP. 
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Figure 11. The change in net photosynthesis per I 
mgH 20 / 1 increase of water vapor difference between leaf 
and air ( /J. NP/ 6 WD) as related to the minimal pressure 
potential in H. scoparia (unwatered) during the day ( tµ p 
min). 
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This overestimatation of the humidity effect became 
obvious during the first model tests. An example is given in 
Figure 13, where the observed values of NP show a 
one-peaked daily course of CO, uptake whereas the 
predicted NP has a pronounced depression during noon and 
afternoon. The difference is caused by the linearly 
extrapolated humidity effect. 

For selected days the change of CO, uptake with WD at 
low air humidity was plotted from the daily course of NP 
and from the deviation between predicted and observed 
values (Fig. 14). In this case the decrease of NP with WD 
changes the slope at about 30 mg H,O/ 1. Stomata did not 
close as rapidly as had been assumed from the first 
experiments. In this range of stomata! closure, plant internal 
control mechanisms (i.e. the mesophyll internal CO, 
concentration) counterbalance the humidity-induced clos­
ing response. 
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Figure 12. Change of the minimal pressure potential in H. 
scoparia (unwatered) during the day (tµpmin) versus the time 
of year (DAY). 
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Figure 13. The daily course of net photosynthesis of H. 
scoparia (unwatered) on June 25, 1971. x-axis: rate of net 
photosynthesis per gram dry weight and hour (NP). y-axis: 
time of day in l / 10 of the hour (TIME). Predicted values (e); 

measured values (o). 
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For the purpose of this model, the deviation between the 
linear regression and the observed change of NP with WD 
was corrected for the first part of the year until July 16 
(DAY 197) with a correction function of the type Y = 
AIX + B, where A and Bare time-dependent parameters. In 
future applications of the model this correction should be 
included into a single humidity function. For this purpose, 
however, humidity experiments need to be carried out at 
very dry air conditions. 

The effect of the applied correction according to Figure 
14 is shown in Figure 15 for the same day as was presented 
in Figure 13. In this figure the observed and predicted 
values of WD match perfectly. 
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Figure 14. Percent net photosynthesis of H. scoparia 
(unwatered) as related to WD (mgH 20/l) plotted from the 
daily course of NP (half hourly means) fur the lime of light 
saturation of CO 2 uptake on JuneS-12, 1971. Linear NP-WD 
relationship (- - - - ); correction function(--). 

"' ! 

20.0 

18.4 o oo••o
O

• 
0 0 

16.8 

15.2 

13.6 

12.0 

10.4 

8.8 

7.2 

5.6 

-2.0 

• • • 0 0 0 
• e • 0 0 0 

et e O 0 
• e e O O 0 

e e O 00 
0 000 

0 ,oo.. 
o, 00 e 

000 0 
0 0000 

o o~:: 
,o O •• 

••• 00 

oo,~ 
0 . 

-0.2 1.6 3.4 5.2 

NP 

0 
0 .. 

,oe oo 
,ooo 

.. oo 
ooo, .. ... 

000 
00000 . 

0000 .... -· 000 ... 
00 

0 0 .::o 0 
,o O 0 
,o 

••o o 
o• oo o 
,o 0 

OMOOO 

7.0 8.8 10.8 12.4 

Figure 15. The daily course of net photosynthesis of H. 
scoparia (unwatered) on June 25, 1971, but calculated with 
the additional WD correction. x-axis: rate of net photo­
synthesis per gram dry weight and hour (NP). y-axis: time 
of day in 1/ 10 of the hour (TIME). Predicted values (•); 
measured values (o). 



THE FUNCTION (FW) TO OBTAIN THE EFFECT 
OF WD ON NP IN THE MODEL 

Original Function Used-In the future, a similar function 
should be used after changing the equation of statement 8 to 
the non-linear relationship at high values of WD. 
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Function Used in This Model, Containing the Correction 
for the Effect of Large Values of WD on NP-
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where A and B are changing with DAY until July 16: A 
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Figure 16. Change of the water vapor difference between 
the leaf and the air (WDI) throughout the day versus 
increasing light intensity (LIGHT) under natural conditions 
for H. scoparia (unwatered). (Avdat, July 28, 1971). 

Auxiliary Submodels 

THE FUNCTION OF THE EFFECT OF LIGHT 
INTENSITY AND THE FUNCTION OF NPMAX 

THE LtGIIT RESPONSE OF NP 

Input-Experiments measuring rates of CO, uptake during 
the course of a day from early morning until noon 
at varying light, temperature and humidity 
conditions. 

Figures 16, 17 and 18 show the change of WD, tempera­
ture and NP with increasing light intensity during the 
course of a late summer morning until noon for H. scoparid. 
In the desert, as light intensity increases, the climate gets 
rapidly warmer and drier, which has a strong effect on NP 
at any time. The values of CO. uptake in the morning are 
measured when the air is moist but at temperatures far 
below the optimum. The values of NP at noon are measured 
at more favorable temperatures or at temperatures above 
optimum, but when the air is very dry. NP increases with 
light intensity to an optimum at 65-100 Klux. The rates 
decrease again at higher light intensities. 
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Figures 17 and 18. Change of leaf temperature (BTI) (Fig. 
17) and change of net photosynthesis per gram dry weight 
and hour (NP /TC) (Fig. 18) throughout the day versus 
increasing light intensity (LIGHT) under natural conditions 
for H. scoparia (unwatered). (Avdat, July 28, 1971). 



Schultze et al. 

To attain the physiological light response curve the 
environmental factors TEMP and WD need to be optimized 
using the functions FT and FW. In a first step, the rates of 
NP were corrected for the effect of WD only. Figure 19 
shows the same data as in Figure 18 only corrected for the 
effect of WD. The rates at light saturation increased more 
than two-fold by this correction. If the data are corrected 
only for TEMP, the rates of NP increase at low light 
intensities, making the noon depression of NP even more 
pronounced (Fig. 20). The light response corrected for 
TEMP and WD is shown in Figure 21. There is no 
recognizable depression of the rates of NP at high light 
intensities. For this species the drop in water potential from 
early morning to noon (-39 bars to -68 bars) has no 
additional effect on stomata! aperture other than the 
increased sensitivity to air humidity (the data were 
calculated with WD=f [water stress - 68 bars]). For other 
species it is possible that with the correction of WD and 
TEMP the rates of NP at a high light intensity at noon do 
drop. This would indicate an additional effect of water 
stress, which has to be taken into account in the model 
separately. 

The data of light-dependent NP, which were corrected 
for TEMP and WD, are fitted with an assymptotic function: 

f(x,a,b,c,) = a(l-e -bx) + c, 

in which 'a +c· is the asymptote f(x) approaches with 
increasing x, and 'b' is a parameter determining the rate of 
risP. hy which the curve approaches ·a+c'; 'c' is the intercept 
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Figures 19 and 20. Change of net photosynthesis per gram 
dry weight and hour corrected for the effect of water vapor 
difference between leaf and air (NP/WD FACTOR) (Fig. 19) 
and for the effect of leaf temperature (NP/TEMP FACTOR) 
(Fig. 20) versus increasing light intensity (LIGHT) under 
natural conditions for H. scoparia (unwatered). (Avdat, July 
28, 1971). 
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of the y-axis, which is negative and represents the 
respiration rate. This function was fitted with a non-linear 
regression program, which was especially adapted for this 
problem. 

Figure 22 shows the flow diagram of the procedure to 
obtain the light response of NP from measurements of the 
daily course of gas exchange. 
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Figure 21. Change of net photosynthesis per gram dry 
weight and hour corrected for the effect of water vapor 
difference between leaf and air and corrected for the effect 
of leaf temperature (NPTW) versus increasing light intensity 
(LIGHT) under natural conditions. (•) calculated curve of 
the light equation; (o) points of measurement for H. sco­
paria (unwatered). (Avdat, July 28, 1971). 

Species name NP= a(l-e-b'light) 
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i T 
DAY 

Nonlinear regression to 

Ht NPTW = f(light) 

l T 
Set of variables: The effect of TEMP and 

NP/light, TEMP, WO WDNPTW = 
from morning to noon NP'FT·l •Fw•l 

l T 
Function to remove the 

NPT = NP'FT-l 
effects of WO (FW) 

l T 
NPW = NP'Fw-l ... Function to remove the 

- effects of TEMP (FT) 

Figure 22. Flow diagram of the procedure to obtain the 
light response of NP. 



PROCEDURE TO OBTAIN THE LIGHT RESPONSE OF NP: 
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For this plant species, the above mentioned FW-correction 
was applied for calculating the light response of NP. This 
special procedure is included in the following FORTRAN 
program: 
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THE FUNCTION OF NPMAX 

From the light curve of NP which is corrected for the effect 
of TEMP and WD, the maximal rate of NP (NPMAX) is 
defined as the rate of NP at high light intensity (120 Klux). 

The asymptote of the exponential light function was not 
taken as NPMAX, since many desert plants reach light 
saturation only at a high light intensity (Schulze, Lange and 
Koch, 1972). In such cases there is danger that the calculated 
light curve does not reach an asymptote within the given 
range of data, but could increase to very high values of the 
parameter ·a·. This parameter, therefore, does not represent 
a physiological capability in all cases. 



Schultze et al. 

The seasonal change of NPMAX is fitted with a third­
degree polynomial equation: NPMAX = f (DAY). This curve 
is shown in Figure 23 (R' = .89). 

THE FUNCTION (FL) OF THE EFFECT OF LIGHT INTENSITY 

From the seasonal change of the light curves of NP it is 
obvious that the parameter ·a· of the exponential function has 
a high degree of variance. For this reason the seasonal change 
of the light curve is calculated from the function of 
NPMAX = f(DA Y) and from the change of the parameter 'b'. 
The parameter 'c' is taken to be constant (average over the 
season) because of its low variability. 

The procedure to calculate the effect of light (L) on 
NP(FL): 

1. The seasonal change of the parameter 'b' is fitted with a 
third-degree polynomial equation: b = f(DAY). This 
curve is shown in Figure 24 (R' = .59, the F-values show 
that all regression coefficients are highly significant). 

2. The change of NPMAX with time is known from 
NPMAX=f(DAY). 

3. The parameter 'a' is calculated from the exponential 
light functions: a= (NPMAX-c)•(1-e-b•12oi-1. 

4. The light curve of NP for any DAY is: 

NP= a•(l-e-b•L)+c 

5. The effect of light intensity is scaled from Oto l by divi­
sion of NP by NPMAX: 

Mar 

FL= NP*NPMAx-1 = (a*(l-e-b'L)+c)*NPMAx-1. 

,,, ,~ 
UAY 

, 

'"' Sop 

Figure 23. Change of the maximal rate of net 
photosynthesis (NPMAX) of H. scoparia (unwatered) versus 
the time of year (DAY). 

0.06 

.... 
.. . . 

Figure 24. Change of the parameter "b" of the light 
equation (B) versus the time of year (DAY) for H. scoparia 
(unwatered). 
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THE FUNCTION (FL) TO OBTAIN THE EFFECT OF 
LIGHT INTENSITY ON NP IN THE MODEL 

11QO) I 
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THE WATER STRESS FACTOR(FS) 

An increase in plant water stress during the day is expected 
to reduce the TEMP and WD corrected rates of NP, especially 
at a high light intensity at noon. In this case the correction for 
the effect of TEMP and WD would not compensate for the 
noon depression. The decrease of the corrected NP values 
with increasing light would be a measure of the stress effect. 

For H. scoparia the curves of light-dependent NP either 
level off or show an increasing rate of CO, uptake until high 
light intensity. Therefore, in this case, the development of a 
separate stress function was not possible. This, however, 
might be necessary for other desert species. 

THE MODEL TO CALCULATE NP FROM THE TIME 
OF YEAR (DAY) AND FROM THE CLIMATIC DATA: 

LIGHT, TEMPERATURE AND DEWPOINT 

Input-The climatic data (light, temperature and dew­
point) are obtained from the METEOR common 
block which contains the output of the EXOCEN 
program. The WD value is calculated from the 
temperature and the dewpoint data. For each 
species the following parameters must be deter­
mined: 

1. parameters for the correction of the effect of 
TEMP (TEMPCI-TEMPC8) 
2. parameters for the correction of the effect of 
WD (WDCI-WDC8) 
3. parameters for the correction of the effect of 
L including the calculation of NPMAX (XLICI­
XLIC8) 
4. constant for conversion of the output from 
mgCO,*gdw-I•time-I to mgC•gc-l•time span-I 

(Const). 

The model calculates NPMAX = f(DA Y) and corrects this 
value for the effect of L, TEMP, WD multiplicatively 
(see Fig. 1). An effect of water stress still needs to be included 
if necessary . 

The output of the model is mg c• gc-1 *time span-I 

The FORTRAN program interfaces with the Desert 
Biome "General-purpose" Model. It is as follows: 
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THE TEST OF THE MODEL 
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The model was tested against NP measurements which 
were taken under natural conditions in the field but were not 
incorporated during building of the model. For the period 
from April to September, 104 days were chosen. For these 
days, NP was predicted on a 6-min time step. The result was 
compared with the actual measured rates of gas exchange. 
The test program worked on a 6-min time step, with only one 
species, taking WD as an input variable. The test program is 
as follows (for this species, the NP-WD relationship was 
corrected for the non-linearity in the range of large values of 
WD): 
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Figure 25 shows the test result in a drawing, in which the 
measured and predicted daily sums of CO, uptake are plotted 
as a function of DAY. The scatter of the observed values (o) 
is greater than that of the predicted (•) values. Extreme 
high and low observed values (i.e. DAY 129, 141 and 142) 
should be checked on the original recordings of the raw data. 
The average deviation of the predicted and the observed 
values of the daily sum of CO, uptake is -18 to + 14 mg 
CO,• gclw-1 • DA y-1, which is on the total average, an error 
of -8%. It is important that the scatter of the predicted and 
observed values seems to be random. There is no systematic 
over- or under-estimation of the predicted NP at any time of 
the year. 

A great number of daily courses of NP is predicted very 
closely. An example is given for a day in spring (April 22) in 
Figure 26; for a day in summer (June 17) in Figure 27; and for 
a dav in late summer (September 17) in Figure 28. The 
predicted values (•) match the observed ones (o) for all 
conditions throughout the day. 

The limitations of the model are obvious from days with 
extreme climatic conditions and from days where production 
is svstematically over- or under-estimated. Figure 29 (July 28) 
shows an example, where the predicted values(•) are much 
higher than the observed values (o). The reason for such an 
over-estimation of production is mainly due to a wrong 
estimation of NPMAX at that point of the annual curve. For 
long-term prediction of CO, uptake, for instance the NP 
estimation of a whole growing season, such errors shuul<l 
equilibrate. For extreme climatic conditions, however, there 
is still a need to test whether the approach of handling the 
effect of various factors multiplicatively is correct. In some 
situations an average effect of the various factors, or the effect 
of the minimum factor only, might lead to a better result. 
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Figure 25. Daily sum of CO 2 uptake (INP) as related to the 
time of year (DAY) for H. scoparia (unwatered). Predicted 
values (•): measured values (o). 
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For the ecosystem model the sum of CO, uptake over the 
season is the most important result of the photosynthesis 
111odel. During the time from Aprill to September 30, for 104 
lest clays from a total of 183 days, the total sum of CO, uptake 
is calculated. The predicted sum of CO, uptake is 7063.54 
mgCO, *gdw-1, whereas the measured rate is 7078.22 mg 
CO,*gdw-1. The difference between the measured and the 
predicted result over this period of time is only -14.69 mg 
CO,*gdw-1. Thus the final error of this model test is in this 
case less than -1 % 
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Figures 26 and 27. The daily course of net photosynthesis of 
H. scoparia (unwaterecl) on April 22, 1971 (Fig. 26) and June 
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phosynthesis per gram dry weight and hour (NP ITC). y-axis: 
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Figures 28 and 29. The daily course of net photosynthesis of H. scoparia (unwatered) on September 17, 1971 (Fig. 28) and 
July 28, 1971 (Fig. 29) without FW correction. x-axis: rate of net photosynthesis per gram dry weight and hour (NP /TC), 
y-axis: time of day in 1/10 of the hour (TIME). Predicted values(•); measured values (o). 

CONCLUSIONS 

When we began to build the model it was not known if this 
approach would lead to a reasonable result. Especially, it was 
not known whether the function of the effect of L, TEMP and 
WD would be sufficient to predict NP under natural 
conditions in the field. For H. scoparia this approach seems to 
be sufficient and correct. For other species, however, other 
mechanisms may be of more importance, and may be added 

in a similar approach to the existing model. 

For the application of this approach to other species, all the 
parameters of the different equations have to be determined 
from field data. If no data are available, new experiments 
should be carried out. For species comparison, it would be 
most desirable if similar sets of experiments could be 
performed. 

SENSITIVITY ANALYSIS OF TI-IE MODEL 
AND AN APPLICATION 

A model gives the opportunity to test single factors in their 
effect on the system as a whole which usually cannot be 
accomplished by the original data set. Such an extrapolation 
is certainly possible only within a limited range given by the 
experiment. 

In the following, an attempt is made to solve a specific 
problem taking the primary production of H. scoparia as an 
example. From the SST project the question has been asked, 
What effect has a certain change in climate on plant 
production? For 40° -60° latitude the following cases ought to 
be tested: 

1. change in mean temperature °C: -3, -1.5, -.75, + .75 
2. change in wind and precipitation: -10 % , -5 % , -2.5 % , 0 
3. change in radiation: -3.1 %, -1.6%, -.8%, 0 

These changes should occur over a three-year period. 

In solving this problem the following restrictions have been 
made: 

1. The model was run for 104 out of 180 days ranging from 
April 1 to September 30. This is the main growing season 
of H. scoparia in the Negev desert. The last heavy rains 
occurred in mid-April. There is no rain until the end of 
October. The percentage change of each case is 
calculated. 

2. The mean change of any parameter was accomplished 
by subtracting this change from the original field data. 
This is certainly not correct, since a mean change.has a 
certain statistical variation. A 3° change in mean 
temperature means that also a change of 10° and more is 
possible. Such episodial events have a drastic influence 
on plant distribution. They are not covered here. 

3. The model does not account for any acclimation, which 
certainly will occur in a plant if conditions change over 
a period of time. 

4. A change in climate might reach certain physiological 
threshold values (e.g., temperature induction of 
enzymes, influence of photoperiod, etc.) which again 
have a feedback on net photosynthesis and which are 
not covered by the model. 
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5. A change in climate will influence many other physiolog­
ical processes besides photosynthesis and respiration, 
which in a feedback loop influence NP again. The 
model does not account for such indirect effects. 

6. Long-term changes of climate will certainly influence 
the competition between plant species and induce a new 
succession. Also this problem cannot be solved by 
a photosynthesis model. 

The model determines the relative importance of certain 
factors for th is special plant in its habitat. It also will show, 
under certain changing conditons, if new factors and 
functions have to be considered as important for the model. 

H. scoparia shows the following responses in NP at the 
proposed changes in external conditions: 

1. Influence of a change in leaf temperature without taking 
a change in WD into account: a change in leaf tempera­
ture will certainly affect NP differently during the cold 
temperatures in spring as compared to the hot summer. 
Figure 30 shows the result of a temperature change on 
the total rate of CO, uptake over the season. 
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For a desert plant adapted to a hot desert climate, a 
temperature drop of -3 C would decrease production by 
7. 9 % . This change will certainly be smaller if this 
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Figure 30. Relative change of the photosynthetic gain 
(percent NP) for H. scoparia (unwatered) at a certain change 
in mean temperature ( t:.. TEMP) without taking a change in 
WD into account. Constant WD (--): changing WD with 
TEMP(----). 
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temperature change occurs over a long period of time, 
since H. scoparia shows a great adaptation in its temper­
ature response (see Fig. 6). It is a remarkable result that if 
WD is not changed, production of H. scoparia will 
increase 4-5% with a temperature rise of 3-5 C. 

2. Influence of a change in leaf temperature with taking a 
change in WD into account: a change in leaf tempera­
ture has a large effect on WD if the dew point is constant 
especially at high temperatures typical for a desert day. 
Figure 30 shows also the result of a TEMP and WD 
change on the total rate of CO, uptake over a growing 
season. 

Change in TEMP 
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101.99% 
100.00% 
97.26% 
93.23% 
88.08% 

The result shows that in contrast to case (1), NP increases 
2-3 % with decreasing temperature. This increase is 
terminated at a temperature change of -3 to -5 C because 
of the great effect of the unfavorable cool temperatures. 
Although a pure temperature increase will increase pro­
duction, rising temperatures with a simultaneous 
change in WD will decrease total production 12 % at + 5 
C by humidity-induced stomata! closure. 

3. Influence of a change in rainfall: a change in rainfall in a 
desert area could have severe effects on plant growth. 
All the cumulative effects on phenology will mainly 
change the NPMAX curve. At decreasing rainfall the 
maximal rates of CO, uptake will be lower. However, 
since the effect of phenology on NPMAX is not modelled 
yet, the effect of decreasing rainfall cannot be 
handled properly by the model. 

4. Influence of a change in radiation: the influence of 
light intensity on the gain of CO, uptake is expected to be 
small in the desert (Fig. 31). It might have an additional 
effect on a change in leaf temperature and WD which is 
not accounted for . 

Change in light 

+10% 
+ 5% 
+ 3% 

0 
- 3% 
- 5% 
-10% 

Rel. rate of CO, gain 

105.00% 
102.58 % 
101.57% 
100.00% 
98.37% 
97.25% 
94.33% 



,oo 

o,,.L_ __ ~--~---~---,-------,---_, . . 
Figure 31. Relative change of the photosynthetic gain 

(percent NP) at a change in light intensity ( 6. L) for H. 
scoparia (unwatered). 

The results show the dominating effect of WO and TEMP 
on the rate of NP of H. scoparia. The effect of changing water 
stress still needs to be investigated. The changing light 
intensity will influence NP in the . given range only 
insignificantly. 
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INTRODUCTION 

The aim of this report is to present a simple version of the 
translocation submode! ,.vhich may serve as a focal point for 
discussion on the development of a series of submodels of 
differing complexities. 

In constructing this preliminary submode!, we have set 
forth four questions to be answered in sequence: (a) What 
compartments should be included in this submode!? (b) 
\\/hat flows between compartments should be considered? 
(c) What factors control the rates of these flows? and (d) 

\Vhat are the mathematical forms of the equations relating 
flow rates to the factors affecting them? Our answers to 
these questions have been based on a combination of the 
results of the two previous meetings of the translocation 
committee, available information from the literature, and 
informed guesses. We have been guided by a desire to build 
a su bmodel in the short time available prior to subsequent 
meetings, in order to crystallize the problems which we have 
to confront. 

ASSUMPTIONS 

The following major simplifying assumptions have been 
made in order to facilitate the construction of the present 
preliminary submode!: 

1. The compartments (plant organs and carbon fractions) 
and flows in the submode! are shown in Figure 1 (a and 
b). The vertical line in Figure la separates flows which 
take place at the beginning of the growing season (right 
side) from those which occur later (left side). The flows 
at the beginning of the season are distinguished into 
three different life forms considered in this submode!. 
After the beginning of the growing season, it is assumed 
that the only carbon translocation occurring is that 
from photosynthetic to other organs, and distinction 
among life forms is then unnecessary. 

2. The carbon fixed during each time step is put directly 

into the reserve carbon fraction of the photosynthetic 
organ. 

3. All carbon translocations among organs involve the 
rescr\'e fraction only; such translocations are performed 
prior to any transfers between different carbon 
fractions. 

4. Growth is defined as an increase in structural carbon. 
Therefore, the model deals with two related but dif­
ferent processes, viz. growth, and fluctuation of the 
relative amounts of reserve carbon and protein carbon. 

Assumptions concerning the factors affecting the flows, 
and the mathematical forms of the equations expressing the 
rates of flows as functions of these factors are explained in 
the following section. 

REMARKS ON THE FORTRAN IMPLEMENTATION 
OF THE WHOLE-SYSTEM MODEL 

Before describing the translocation submode!, the overall 
structure of the whole-ecosystem model (Fig. 2) and the 
manner in which information is passed among submodels 
(Fig. 3) will be briefly reviewed. 

The boxes in Figure 2 represent subroutines in the 
FORTRAN implementation of the whole-ecosystem model. 
Subroutines above the broken line do not model any 
biological processes. The main program reads initial values 
of the state variables, calls some of the subroutines, and 
handles various bookkeeping chores. The subroutine 
EXOCEN provides exogenous data such as air temperature, 
precipitation, irradiation, etc. Tabular and graphical 
print-out are provided by the subroutines REPORT and 
GRAF, respectively. Sensitivity analysis is performed by 
SENSIT, SENOUT and OERIVD. The subroutines 
VEGET, ANIMAL and SOILS either model the plant, 

animal and soil subsystems or call other subroutines which 
model separate processes of these subsystems. The processes 
considered in the plant subsystem are phenology 
(PHENOL), photosynthesis (PHOTOS), respiration of 
non-photosynthetic organs during dark hours (RESPIR), 
translocation of carbon among organs and changes in the 
amounts of different classes of carbon compounds 
(TRANSL), uptake of nitrogen and minerals from the soil 
and their distribution to each of the organs (MINUPT), and 
organ abscission and death (VDEATH). The subroutine 
KOVER calculates the fraction of ground covered by each 
species. The subroutine VSTV AR handles miscellaneous 
bookkeeping chores. 

The common block /INCOMV / contains variables and 
switches generated by the various plant submodels and 
required by more than one of these submodels. For example, 



the one-dimensional array "PHENST(I)" which is an output 
from the phenology submode!, and an input to the 
translocation submode!, indicates the current phenological 
state of the i'th species age class. Inputs required by the 
submode! which are read in at the start of simulation are 
placed in the common block /PARAM/ if they are real 
numbers, and in the common block /IPARAM/ if they are 
integers. The common block /SPEC/ contains specifications 
required by all of the programs such as the number of 
species, the number of organs, etc. The common block 
/METEOR/ contains exogenous variables (mostly meteor­
ological). State variables are contained in the common block 
/ST AT I, and increments to the state variables in the 
common block /CHANCE/. The common block 
/TOTALS/ contains summations of various combinations of 
state variables. Selected state variables and output variables 
not contained in the previously mentioned common blocks 
are included in the common block /OTHER/. 
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Figure 1. Compartments in translocation model. 
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DESCRIPTION OF THE TRANSLOCA TION 
SUBMODEL* 

GERMINATION AND LEAFING-OUT 

Germination and leafing-out are considered to be affected 
by soil water potential in bars (SWP), soil temperature (ST), 
and the ratio of the amounts of reserve to total carbon 
(RC:TC). The translocation rate is related to SWP by a 
modified Mitscherlich function (equation land Figure 4), to 
ST by a fourth-order polynomial (equation 2 and Figure 5), 
and to RC:TC by an exponential function (equation 3 and 
Figure 6). In these and subsequent equations, lower case 
letters represent parameters. RTRl and RTR2 are relative 
rates varying from zero to one, and the overall rate equals 
the product of TR, RTRl and RTR2. In equation 1, c and 
SWP are negative numbers. 

The reserve carbon translocated during germination is 
distributed to roots and shoots according to read-in ratios. 
In perennial grasses and herbs, the translocation during 
leafing-out occurs from a single donor organ (below-ground) 
to a single recipient organ (above-ground photosynthetic). 
In woody shrubs, translocation occurs from two donor 
organs (stems and roots) to one or both of two recipient 
organs (leaves and fruits). In the latter case, the amounts 
translocated from each of the donor organs are summed and 
the resulting amount is distributed between leaves and fruits 
according to read-in ratios. 

VEGETATIVE AND FRUITING STAGES 

The rate of translocation from the photosynthetic organ 
to other organs is a function of water potential (WP), 
temperature and RC:TC in leaves. The value used for WP is 
the SWP of each soil horizon weighted by the root biomass 
in the respective horizon. For above-ground organs the 
translocation rate depends on air temperature, and for 
below-ground organs it depends on the temperature of the 

respective soil horizon. The relationships between the 
translocation rate and each of these three variables are as 
indicated in equations 1, 2 and 3 and Figures 4, 5 and 6 
respectively. 

If the species is fruiting the fraction of the translocate that 
goes to fruits is an exponential function of RC:TC (Fig. 7). 
The fraction of the remaining amount of translocate which 
is transferred to below-ground organs is also an exponential 
function of RC:TC; the rest is transferred to stems. This 
manner of distribution is based on the assumption that as 
conditions become more favorable, fruits receive a 
progressively larger proportion of the translocate, and stems 
a progressively smaller proportion. 

CARBON FRACTION DYNAMICS 

The ratio of reserve to protein carbon (RC:PC) at which 
no flow occurs between these two fractons (CR = critical 
ratio) is a negative exponential function of WP (equation 4 
and Fig. 8), and the nitrogen to protein carbon ratio 
(N:PC; Fig. 9). For above-ground organs the value used for 
WP is the weighted SWP described in the previous section, 
and for below-ground organs, it is the unweighted SWP. 
The dependence on N :PC ensures that if nitrogen uptake is 
low, protein synthesis will be depressed. 

If the actual current RC:PC is greater than the critical 
ratio, carbon flows from the reserve fraction to the protein 
and structural fractions. The rates of these two flows are 
exponential functions of RC:PC and RC:SC (where SC= 
structural carbon) respectively. On the other hand, if the 
actual value of RC:PC is below the critical ratio, then there 
is only one flow; from protein to reserve carbon. The rate of 
this flow is a negative exponential function of RC:PC. 

FINAL REMARKS 

In order to fulfill our ultimate objective of building a 
series of translocation submodels, and to improve the above 
submode!, which may be considered the simplest of this 
series, we need to address ourselves to the questions below. It 
is expected that each submode! of the series will have a 
different set of answers to these questions: 

l. Are there any compartments and flows that should be 

• A flow chart o~ the submode! is provided in Figure 10. 

added to and/ or deleted from the present submode!? 
2. Are there any data available bearing on the relationship 

between the flows and the factors influencing them 
which are assumed in the above submode!, or is there 
any information indicating that there are better choices 
of factors? 

3. Are there time series data available providing the rela­
tive amounts of protein, reserve and structural carbon 
present in each organ of representative species? 

4. Should any of the mathematical equations expressing 
the rates of flow be modified or replaced by others? 
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INTRODUCTION 

One of the major objectives of the International Biological 
Program (IBP) is to develop large-scale systems models to 
simulate carbon flow through natural ecosystems. Research 
emphasis toward this end has focused on many important 
ecosystem processes, e.g., primary productivity, population 
dynamics, nutrient cycling, etc., all of which must be 
incorporated into the models. In order to predict the 
activities of the different trophic levels in an ecosystem, 
temporal realism for ecosystem phenomena must be 
achieved. Because of this need, it has been recognized from 
the outset that phenological information would be an 
integral part of any large systems model. Consequently, 
there has been considerable interest in phenology within the 
representative biomes of the US/IBP in both field studies 
(US/IBP Phenology Committee, 1972) and mathematical 
modeling (Lieth, 1974). A Desert Biome approach 
developed for modeling phenology will be presented in this 
paper. 

The response of plants to environmental stimuli is 
reflected in a change in their activity. This could involve, 
for example, the initiation of flowering buds, the 
germination of seeds, or the onset of senescence. These 
changes, or phcnophases (Lieth, 1970), within the life cycles 
of plants are important in delimiting many ecosystem events 
such as the beginning and end of growing seasons and 
energy transfers between trophic levels (Bliss, 1967; Lieth, 

Hl70, 1971). The use of meteorological data to predict some 
of these phcnological changes has been practiced for many 
years where, in general, correlations between certain 
phenophascs and specific environmental triggers are sought. 
Probabl~· the most well-known example is the concept of 
heat-units or degree-days (Wang, 1960) which characterizes 
plant development as a function of its thermal environment. 
Other factors, such as the cumulative sum of air 
temperature (Jackson, 196fi) and the cumulative sum of the 
product of daily air temperature and insolation (Capiro, 
1971), have also been used to predict flowering time in 
certain species of plants with varying degrees of success. 

It is clear that the seasonal and yearly stochastic 
variations in the physical environment to which plants are 
coupled make prediction of phenophases based solely on 
calendar dates II nsatisfactory. This is especially true in 
desert ecosystems where extreme conditions prevail. 
Consequently, it is necessary to have phenology as a variable 
which can be determined as a function of current 
environmental conditions. The role of a phenology 
submode! in an ecosystems model is to provide current 
information on the phenological status or developmental 
stage of each primary producer. This information will, in 
turn, be used to regulate other activities in the model, e.g., 
photosynthesis, carbohydrate translocation, etc., thereby 
obtaining realistic simulations of biomass dynamics. 

MODELING PHENOLOGY IN DESERT ECOSYSTEMS 

Deserts are essentially "water-controlled" ecosystems 
because of the infrequent, discrete and unpredictable inputs 
of water (Noy-Meir, 1973) and the tight coupling of the 
organisms to this available moisture. For example, 
creosotebush (Larrea divaricata) in the Colorado Desert in 
southern California was found to flower any time of the year 
in response to increased soil moisture (Oechel et al., 1972), 
and Brum (1973) has documented the importance of spring 
and summer rainfall in the germination and establishment 
of saguaro (Carnegiea gigantea). Probably few exceptions 
exist where major plant activities are not a direct response to 
soil moisture levels. This concept is examined in depth by 
Noy-Meir (1973). Of course, in spite of the importance of 
water, other environmental variables can have a modifying 
effect on the physiological response of a plant. In fact, 
Larrea would not have exhibited a year-around flowering 
capacity had air temperature been limiting at the time of 
water influx (Oechel et al., 1972). 

Bridges et al. (1972) have proposed modeling phenology 
in deserts using a "pulse-reserve" paradigm in which various 

qualitative phenological states of plants are triggered by 
different combinations of environmental variables -- water 
being the most important. If the relationships between phen­
ological events and environmental triggers are known, as 
Beatley (1974) has worked out in great detail for Mojave 
Desert plants, this approach may prove to be useful, at least 
where such detailed data are available. As yet, however, it 
appears that this method would not provide the resolution 
necessary in a systems model (Reynolds, 1974). However, a 
phenology model for desert plants should ideally include the 
flexibility which would allow the inclusion of any threshold 
trigger that has been defined for certain phenophases in a 
species as well as quantitatively tracking phenological 
progression. In this paper a generalized phenology 
submode\ is presented for desert plants. This submode! was 
developed to provide a framework for utilizing a variety of 
environmental data (e.g., soil moisture status, air temper­
atures, heat-sums, etc.) to simulate phenology and, in 
addition, provide for internal plant thresholds (e.g., carbon 
fraction ratios) which can further regulate the phenological 
status of a plant. 
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MODEL DESCRIPTION 

SELECTION OF LIFE-FORMS AND PHENOPHASES 

A balance must be made in any modeling attempt with 
regard to the detail needed to accurately represent 
important biological phenomena and the complexity of the 
model which can limit its understanding and usefulness. 
Thus, in addition to obtaining a realistic representation, a 
minimum level of complexity was sought in formulating the 
sub model. 

The submode] was structured to handle two functional 
plant groups; perennials (including grasses, forbs, succu­
lents, evergreen shrubs, winter- and drought-deciduous 
shrubs), and annuals (grasses and forbs). Although the 
division of all plants into an annual or perennial distinction 
is broad, it was justified on the basis of the closer functional 
similarity of, for example, the life cycle of a perennial grass 
and a perennial shrub than that of a perennial grass and an 
annual grass. Phenophases were selected to cover the 
general spectrum of morphological development of plants 
during their life cycles, from germination to vegetative 
growth (e.g., swelling leaf buds, emergent leaves, twig 
elongation, etc.) and reproductive growth (e.g., floral bud 
development, flowering, fruiting, etc.) to, finally, dor­
mancy and/or senescence. Six phenophases were defined for 
annuals and five for perennials, as listed below: 

Annuals Perennials 

l. Seed dormancy l. Dormancy 
2. Seedling 2. Leafing-out 

3. Vegetative growth 3. V egeta ti ve growth 
4. Flowering 4. Flowering 
5. Fruiting 5. Fruiting 
6. Senescence/death 

In addition, perennial seed germination was simulated, 
corresponding to the first three phenophases of the annuals 
listed above. 

Dormancy was selected to represent a seed phase in 
annuals and winter- and/ or drought-induced dormancy in 
perennials. Some evergreen desert shrubs remain metaboli­
callv active throughout the year (Chew and Chew, 1965; 
Oechel et al., 1972); thus the dormant stage actually 
represented a "quiescent" stage for certain plants in that a 
relatively fast response to increased levels of soil moisture 
and favorable soil and air temperatures was possible as 
reported for Larrea and Ambrosia (Ackerman and 
Bamberg, 1972). 

The seedling phenophase for annuals was distinguished 
since the process of establishment must be achieved before 
vegetative growth was permitted. Leafing-out was an 
arbitrary term selected to represent the period immediately 
following the breaking of dormancy in perennials; for 
evergreens it may simply be an increased level of 
photosynthetic activity and greening of leaves, whereas for 
deciduous shrubs it would be the initial production of new 
leaves from internal reserves before active photosynthetic 
growth resumes. 

The reproductive phase is important for consumer 
sections in the other portions of the ecosystem model; thus 
a separation was made into flowering and fruiting states. 
The eventual senescence and death of annuals were also 
separated into a distinct phenophase to complete their life 
cycle, whereas for perennials, a return to dormancy 
followed the reproductive phase. 

MODEL STRUCTURE 

Plant development was viewed as a continuous phenome­
non; i.e., the within-population variability in phenological 
progression rates was taken into account. To achieve this, 
the percentage of the population of a species in each 
phenophase at any given time was simulated, a technique 
used in a grassland phenology model (Sauer, 1973). This 
was also desirable in that much of the Desert Biome 
phenology data exists in this form (West and Fareed, 1973). 

The phenophases are shown as compartments in Figure 1, 
where the interconnecting arrows indicate the natural 
progression of plant development. It was assumed that 
phenological progression, i.e., the transfer of the percentage 
of the population between the "compartments," could be 
predicted by empirical relationships between each pheno­
phase of the certain endogenous and exogenous variables. 

These relationships took the form of rate coefficients which 
govern the magnitude of ~II transfers between compart­
ments, or phenophases. The general form of a flow rate 
between two phenophases was: 

where 

Fi; the flow rate from phenophase i to; 

Xi the environmental or endogenous parameters 
involved in this flow 

RATMX = the maximum allowable rate of flow under 
optimum conditions 
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The flow rates were time-varying and were calculated on 
the basis of an interacting factor approach common in 
photosynthesis models (e.g., Brittain, 1974; Cunningham 
and Balding, 1972; Hari and Luukkanen, 1973; and 
Schultze et al., 1974). For example, the effect at time t of 
soil water potential and air temperature on a certain physio­
logical activity (e.g., vegetative growth) would each vary 
between O (no growth) and 1 (optimum growth), depending 
on the functional relationship involving the current meas­
ured values of soil water potential and air temperature and 
vegetative growth. The resultant overall flow rate (Fjj) 
would be the product of the two values and RATMX. A 
comparison of this technique to the limiting factor approach 
is given in Cunningham and Balding (1972). 
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Computationally, the percentage of biomass in pheno­
phase i (Xi) at time t is as follows: 

where Fij(t-1) represents the flow rate coefficient from 
phenophase i to j at time t-1. This representation was simply 
a donor-controlled system of first-order difference equa­
tions. With this approach, the changing distribution of the 
percentage of the population between compartments 
represented phenological progression or plant development 
(Sauer, 1973). 

FLOW RATES 

In this section each flow rate will be described with 
respect to specific phenological states. All flows are written 
as Fij (Fig. 1) or, in the case of perennial germination, Gii 
(Fig. 2). For convenience, associated FORTRAN names are 
given throughout for easy reference to the computer listing 
in Appendix l (e.g., the FORTRAN equivalent for the 
percentage of the population of the ith species in the jth 
phenophase is PHASE(I,J)). 

GERMINATION AND ESTABLISHMENT 

Annuals 

Germination (F12 ) was simulated by predicting the 
percentage of total carbon in all shed seeds, PHASE(!, 1), 
that became above-ground biomass. This percentage, 
GERM, was given by PREDGM x PHASE(I,l}, where 
PREDGM was determined from a functional relationship 
which related soil water potential to germination response 
(Fig. 3a). Under optimum soil moisture conditions, a large 
percentage of the total seed reserve in the soil will 
germinate; under poor conditions, an increasingly smaller 
percentage germinates. Before germination can occur, 
however, soil temperature (SOI.LTE) must be above a 
certain threshold value (SOIL TH) and coldhardening 
requirements, if any, must be satisfied. Germination can 
occur more than once during the growing season, which is 
directly dependent on influxes of soil moisture from rainfall . 

For the coldhardening requirement to be satisfied, soil 
temperature must be less than a certain threshold (CO LDT) 
for a predetermined number of days (COLDTH). In the 
model, a counter (!COLDS) is used to register the number 
of days this threshold has been met within the preceding nth 
clays. Elaboration of this is possible, e.g., combinations of 
high and low soil temperatures, which appear to be 
important for some desert annuals in New Mexico (Whitson, 
pers. comm.). 

The general form for germination is: 

F 12 = f(PREDGM, !CHARD, IGTEMP, RATMX) 



where 

PREDGM 

!CHARD 

IGTEMP 

RATMX 

a + (3 exp ( ~ • soil water potential) 

{

0 if I COLDS < COLDTH 

= 1 if ICOLDS ~ COLDTH 

{

0 if SOIL TE < SOIL TH , 

= 1 if SOIL TE ~ SOIL TH 

the maximum rate of germination 
(percent day- 1) 

Immediately following germination, establishment (F,,) 
is considered. It is assumed that soil moisture is the most 
significant variable affecting establishment success. The 
functional relationship used is shown in Figure 3b, relating 
soil moisture (SM23E) to the interphenophase flux. Note 
that a change in soil moisture near the drier portion of the 
range of soil water potential values is more significant in 
terms of the flow rate coefficient (SM23E) than when 
occurring near the wet end. Under moist conditions a large 
portion of the percentage ends in the vegetative growth 
stage (F 23 ; Fig. l ), whereas under dry conditions, mortality 
is high (F, 0 ; Fig. I). The flows are: 

where 

F, 3 f(SM23E, RATMX) and 

F,. 

SM23E 

SM26E 

RATMX 

f(SM2flF., RATMX) 

a (l. - exp (- (3 ·( ~ - soil water 
potential))) 

I. - SM23E 

the maximum rate of interphenophase 
transfer ( percent day-1) 

Perennials 

For perennials, the simulation of germination (G 12 ; Fig. 
2) is essentially the same as discussed above for annuals. For 
each species a seed reserve exists (SEED), of which a certain 
percentage (GERM) will germinate in response to suitable 
conditions. Soil moisture determines the percent survival 
(SEEDLN to PJUVEN) or death (SEEDLN to SMORT), 
once germination has occurred. Once the growing season 
has passed, the total percentage that is distributed among 
the compartments is shunted back to SEED to represent the 
total seed reserve for the next season (the absolute value of 
which is determined by other submodels). In general, 
perennial germination and establishment are as follows: 

G,, = f(PREDGM, !CHARD, IGTEMP, 
GERMRX) 

71 

where 

G., 

G,. 
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f(SM23E, GERMRX) 

f(SM24E, GERMRX) 

PREDGM, !CHARD, IGTEMP, SM23E are. 
as defined for annuals 

SM24E = SM26E, where SM26E is as defined for 
annuals 

GERMRX is the maximum rate of each inter­
phenophase flux (percent day-I) 

BREAKING DORMANCY 

Perennials break winter dormancy (F 12 ; Fig. 1) as a 
response to various environmental variables. The thermal 
environment is assumed to be important in this respect 
(Jackson, 1966: Taylor, 1968). The concept of degree-days 
is used, as in \Vaggoner (1974), to predict the appearance of 
the leafing-out phenophase: 

where 

Heatsum 

T current air temperature 

Th the threshold air temperature 

current time 
t0 arbitrarily taken as t-60 

When the heatsum (SMHEAT) has reached a specified 
critical level (THHEAT), leafing-out will occur. Other 
parameters can modify the response of the plant, e.g., soil 
moisture (SM12; Fig. 3c) and photoperiod (IPHOTl). The 
general form for leafing-out is: 

where 

F,, = f(IDTEMP, SM12, IPHOTl, RATMX) 

IDTEMP 

SM12 

fo if SMHEAT < THHEA T 

= t if SMHEAT ~ THHEAT 

a + (3 exp ( ¢ • soil water potential) 

IPHOTl 
{

0 if daylength < specific photoperiod 
(PHOTOR) 
l if daylength ~ specific photoperiod 
(PHOTOR) 

RATMX the maximum rate of leafing-out 
(percent day- 1) 
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VEGETATIVE GROWTH AND FLOWERING 

Once perennial dormancy has been broken, transfer from 
the leafing-out phenophase to vegetative growth (F 23 ; Fig. 
l) is related to the increase in physiological activities of the 
plant. It is assumed that this is reflected in the 
respiration:photosynthesis ratio (CR23) in that, before the 
breaking of dormancy, respiratory losses and photosynthetic 
gains probably balance each other (R = P) in evergreen 
shrubs, whereas in other perennials, respiratory losses are 
probably higher (R > P). The functional relationship 
between R:P and CR23 is shown in Figure 4 where, as the 

1 

1 

1 

0 

0 

0 

b 

Soil water potential 
(bars) 

Figure 3. Functional relationship of soil water potential 
to: (a) percent seed reserve germination; (b) effect of soil 
moisture on establishment success; and (c) effect of soil 
moisture on interphenophase flows (1,2), (2,3) and (3,4). 
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ratio decreases, the transfer to vegetative growth increases. 
In addition, soil water potential is employed as a 
rate-determining factor (SM23; Fig. 3c). The flux to vegeta­
tive growth is given as: 

where 

F,, f(CR23, SM23, RATMX) 

CR23 

SM23 

RATMX 

a+ ~exp(~·R:P)) 

a + ~ exp ( ~ • soil water potential) 

the maximum rate of transfer (percent 
day· 1) 

FLOWERING AND FRUITING 

The criteria used in determining the flowering pheno­
phase (F ,.; Fig. 1) are photoperiod (IPHOT2), soil moisture 
(SM34; Fig. 3c) and flower development (CR34; Fig. 5), in 
the form of the ratio of reserve carbon in all organs 
(CVEGO(l,IR)) to the total carbon in the plant 
(AVEGO(l)). The carbon ratio was chosen on the basis of 
the resu \ts of earlier executions of the photosynthesis and 
translocation submodels, where this ratio was highly 
correlated to flowering. The flow rate is given by: 

F,. = f(IPHOT2, SM34, CR34, RATMX) 

where 

IPHOT2 = 

CR34 

SM34 

RATMX 

{

0 if daylength < specific threshold 
(PHOTOF) 

1 if daylength ~ specific threshold 
(PHOTOF) 

a (1. - exp ( ~·carbon ratio) 

a + ~ exp ( f · soil water potential) 

the maximum rate of flux (percent 
day· 1) 

Soil moisture (SM45) is probably the determining factor 
as far as the allocation of carbon to flowers and/ or fruits. 
Under moist conditions, continuous flowering and fruiting 
are common for many desert plants (as reported for grass­
land plants; Sauer, 1973), although the total energy allocated 
to reproduction may be less than that under drier moisture 
regimes, at least for some plants (Cunningham et al., 1974). 
Consequently, as shown in the relationship between soil 
moisture and flowering-fruiting (Figs. 6-7), as the soil dries 
there is a rapid transfer to fruiting; under moist conditions 
flowering will continue, with a certain percentage 
transferred to fruiting at all times. Plant water potential 
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might be a better parameter in some plants, e.g., cacti. The Perennials 
rates are given by: 

where 

F,. 

SM45 

SM54 

RATMX 

f(SM45, RATMX) 

f(SM54, RATMX) 

a (l. - exp ( ~ • soil water potential) 

l.-SM45 

the maximum rate of flowering and 
fruiting (percent day-1) 

SENESCENCE AND DORMANCY 

Annuals 

Senescence (F,.; Fig. 1) is generally keyed to an internal 
depletion of carbon when physiological activity is reduced. 
Therefore, a carbon ratio (CR56 -- fruit carbon:total plant 
carbon; Fig. 8) was used to simulate senescence. Freezing 
air temperatures will result in a rapid transfer from all 
compartments to senescence (Fi6; Fig. ]). Once this occurs 
the percentage is distributed back to seed dormancy as a 
mechanical process to be used to simulate the start of the life 
cycle for the next occurrence. The general forms of the rates 
are: 

where 
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Figure 4. Effect of respiration: photosynthesis ratio on 
interphenophase flow (2,3). 

For perennials, as the ratio of reserve carbon in the leaf to 
total plant carbon decreases, the plant rapidly becomes 
dormant (F51 ; Fig. I). The form of this relationship is shown 
in Figure 7. If freezing air temperatures (a species-specific 
value -- FREEZE) occur, rapid transfer of all percentage of 
the population is made to the dormant state (Fig. 1). In 
general: 

where 
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Figure 5. Effect of the ratio of reserve carbon in all organs 
to the total carbon in the plant on interphenophase flow 
(3,4). 
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Figure 6. Effect of soil water potential on flowering and 
fruiting -- interphenophase flows ( 4,5) and (5,4). 
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Figure 7. Effect of ratio of reserve carbon in the leaf to 
total plant carbon in interphenophase flow (5, 1). 
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Figure 8. Effect of fruit carbon:total plant carbon on in­
terphenophase flow (5,6). 

MODEL BEHAVIOR 

To illustrate the output of this submode!, the general 
phenological responses of Hilaria mutica will be discussed 
and compared to the simulated model output. Hilaria is a 
large perennial bunchgrass occurring on the west and east 
edges of the play a bottom at the J ornada Validation Site. It 
generally begins growth in the early spring as soil and air 
temperatures increase -- thP. rate of growth being limited by 
soil moisture. A rapid flush of growth often occurs in late 
summer in response to increased soil moisture and higher air 
temperatures near the optimum for photosynthesis (Cun­
ningham et al., 1974). Hilaria has a small amount of green 
material at the base of the large clumps throughout the 
winter months, but this is probably insignificant in terms of 
photosynthetic gains and is not considered in the submode! 
(i.e., the plant is considered to be completely dormant 
during certain periods). 

In Figure 9 the four-year model simulation of Hilaria 
phenology is shown. The percentage of the population 
biomass in either a vegetative (VEG) or a dormant stage 
(DOR) was plotted, where values of VEG less than 100 % , 
when DOR was 0%, represented the percentage of the 
population biomass which was in the reproductive 
phcnophases of flowering and/or fruiting. The rainfall 
events which occurred during the years 1971-72 and 
1972-73 (March 20 to March 20; Fig. 9) provide excellent 
contrasts for examining the simulated phenological re­
sponses of this species. For reference, specific events referred 
to in Figure 9 are labeled el, e2, etc. In the simulation, 
I-Ii/aria broke winter dormancy both years at approximately 
the same time (March 7-14, el and e6) in an apparent 
response to warmer temperatures. However, the subsequent 
phenological events were quite different during these two 

~·ears. 

In 1971-72, breaking of dormancy occurred slowly over a 
period of about 11 weeks (el to e2). The first reproductive 
growth occurred in late July, 18 weeks after breaking 
dormancy as indicated by the drop in the percentage of the 
population which was solely in a vegetative state (e3). This 
corresponded to the first significant rainfall during that 
summer. Reproductive growth occurred in various magni­
tudes in response to rainfall up to late November (e4). At 
this time, the plant species went completely dormant in 
response to freezing soil and air temperatures (e5). 

In 1972-73, the first reproductive pulse (e7) was seven 
weeks after the breaking of dormancy (e6), which was 
followed by three large pulses (e8-el0). This was apparently 
in response to optimal soil moisture conditions since 
precipitation occurred throughout the summer starting in 
mid-June (week 116) and continued into late fall. This 
un,usually wet summer resulted in the simulation of 
reproductive growth throughout the entire summer as 
e,·idenced by the absence of a 100 % vegetative population. 

Although field data for Hilaria phenology do not exist to 
validate this four-year simulation on a week-to-week basis, 
field observations and standing crop estimates from 1970 to 
1972 (Fig. 10) provide a basis for evaluation. The submode! 
adequately simulated the periods of Hilaria dormancy. This 
can be seen by comparing the weeks of absolute dormancy 
simulated in Figure 9 to the absence of live green material in 
Figure 10. The simulation of reproductive phenology is not 
as easily evaluated, but the submode! did produce the 
general observed trends. For example, the greatest 
reproductive biomass was produced during the wettest 
summer (Fig. 10; 1972) while the submode] predicted 
substantial reproductive phenology for this summer 
( I 972-73 simulation year) as discussed earlier. 
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Illustrated in Figure 11 are the outputs from a 190-day 
model simulation for two hypothetical plant species, an 
annual and a perennial. The results of this simulation show 
the phenological progression of these plants as determined 
by the specific input coefficients for each plant. As 
illustrated by th[s output, a wide range of phenological 
situations can be simulated by the submode!. 

Although actual data may not be available for some 
species, the user may experiment with different coefficients 
which govern the rates of phenological progression: these 
may then be compared to field observations to obtain 
realistic simulations. 

The phenology submode! presented here was developed to 
accomodate any set of phenological data available; any 
environmental or endogenous variable can be used to 
determine a flow rate. New functional relationships can be 
easily introduced in the submode! to supplement or replace 
current ones with a minimal amount of effort. 

Restrictions within the present formal include the annual­
perennial distinction, the defined phenophases and the 
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direction of flows (e.g., Fouquieria) wherein flowering 
cannot occur directly from a dormant state. However, these 
restrictions can be further diminished with a moderate 
amount of restructuring of the program. 

In conclusion, it appears this approach can be used to 
obtain satisfactory simulations of phenological changes in 
plants. The use of such coefficients as "RATMX" gives the 
submode! the flexibility necessary to simulate such situations 
as a rapid response to an environmental change. Further 
development must come in the area of incorporating 
detailed field data into the submode!. A submode! such as 
this can he a useful tool to synthesize various concepts of 
phcnolog,· into an organized format for use in a large 
s,·stems model. 
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INTRODUCTION 

In a desert ecosystem, the distributions of water, salt and 
heat in the soil profile are basic properties needed to 
ernluate most biological and physical processes. They are 
therefore of priman· concern to an ecosystem model. The 
submode! which predicts these fundamental parameters is 
onc of the most important to the overall modeling effort of 
the Desert Bio me program. 

This report describes a computer model which was 
developed to predict the distribution of water, total salt and 
temperature in a soil profile from a minimum of 
measurements. 

The program listing and a sample output are given in 
Appendices l and 2, respectively. 

The results of a 28-da~• validation run using 1971 field 
data from Curlew Valley, Utah, showed excellent 
agrecmcnt between predicted and actually measured soil 
paran1cters, leading to the tentative conclusion the the 
model would adequately serve the needs of the Desert Biome 
ecosystem analysis program where heat and water flow 
were mostly vertical (one dimensional). The use of the com­
puter program and results of limited field testing under 
desert conditions are reported. 

MODEL DESCRIPTION 

The soil water, temperature and salt models were 
developed originally by Nimah and Hanks (1973); Hanks 
et al. (1971): Bresler and Hanks (1969); and Bresler (1973), 
respectively. The theory of the models is described in detail 
in these publications. 

Briefly, the theoretical aspects of the model can be 
described by the following relationships. The soil water 
model involves the numeric solution to the one-dimensional 
general flow equation with a plant root extraction term, 
A(z) as given by Nimah and Hanks (1973): 

a e 
at 

A(z) is defined as: 

3 3H 
= - [K(0)-] + A(z) 

az az 
(l) 

[Hroot+(RRES * z)-h(z)-S(z)] *RDF(z) • K(0) (
2

) 
A(z)=----------------

6. 7. 

Where e is the volumetric water content, t is time, z is 
depth, K is hydraulic conductivity, His hydraulic head, and 
Hroot is an effective water potential in the root at the soil 
surface where z is considered zero and RRES = l + Re. Re 
is the flow coefficient, h(z) is the soil pressure head at depth 
z, S(z) is the salt (osmotic) potential at depth z (in equivalent 
head units), and RDF(z) is the proportion of total active 
roots in depth increment 6.z. 

The partial differential equation describing soil temper­
ature, T, as a function of depth, z, and time, t, in one 
dimension as given by Hanks et al. (1971) is: 

aT a [ aT] -=-- o-
at az at 

(3) 

where a is the thermal diffusivity (which in general may be 
a function of time and depth). The thermal diffusivity is 
equal to the ratio of thermal conductivity to heat capacity. 

The mathematical expression for one-dimensional tran­
sient salt conditions was derived from continuity considera­
tions by Bresler (1973) and led to: 

aat [ Q +Sc)= ; z [D(V,8) 3c] - 3(qc) + S (4) 
a.z a z 

Where Q is the local concentration (positive or negative) of 
solute in the "adsorbed" phase (meq/cm3 soil); c is the con­
centration in the solution phase (meq/cm 3 soil solution); Sis 
any sink or source term due to salt uptake, precipitation or 
dissolution; z is the vertical space coordinate (considered to 
be positive downward); D is the combined diffusion­
dispersion coefficient (cm2-sec-1 ); q is the volumetric flux of 
solution (cm3,cm-2.sec-l); and Vis the average interstitial 
flow velocity (cm•sec-1). 

ASSUMPTIONS 

As presently used the model does not consider hysteresis or 
layered soil although both of these have been considered 
earlier by Hanks et al. (1969) and Bresler and Hanks 
(1969). It is assumed that air escapes freely and that the soil 
properties, primarily the hydraulic conductivity and the 
pressure head-water content relation, do not change with 
time, i.e., there is no change in soil structure. Other as­
sumptions are that the flow is isothermal, vertical and one 
dimensional. Since the soil temperature is computed, future 
improvements in the model could remove the assumption of 
isothermal flow which would then allow vapor movement 
and condensation in the soil profile to be predicted. 

Further assumptions are that roots are considered to be 
distributed in a continuous (but not necessarily uniform) 
manner, and that no water is stored or consumed by the 
plant itself. 

The temperature prediction assumes soil organic matter is 



negligible and the specific heat (mass) of the solid soil 
material is taken as 0.2 c·al-g-l.c- 1. The present case 
assumes the average surface soil temperature is the average 
daily air temperature. 

As a first approximation, the present salt model is 
restricted to solutes that do not interact with the soil and 
therefore the effect of salt fluctuations on water flow is 
neglected. Thus, for an inert solute and porous medium, the 
Q and S terms of equation (4) are assumed zero. 

INPUT DATA REQUIREMENTS 

The basic data needed for the solution of the model are: 

l. Latitude of the site. 
2. Amount and intensity of rainfall. 
3. Average daily air temperature. 
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4. Salt concentration of input water. 
5. Distribution of roots in the profile. 
6. Hydraulic conductivity-water content and pressure 

head-water content data covering the range of water 
content to be encountered. 

7. Thermal conductivity and heat capacity of the soil. If 
these data are not available a good approximation for 
a, the ratio K/Cv, is 12 cm2/hr. 

8. Water content-depth, temperature-depth and salt 
content (E.C.)- depth data at the beginning (initial 
conditions). 

9. Air dry and saturated soil water contents (may be 
estimated from the pressure head-water content data). 

10. Root water potential below which the root will not go 
(presumably the plant wilts). This may be estimated to 
be between 15 and 40 atm with little difference in the 
computed soil-water contents. 

11. Presence or absence of a water table at the bottom of 
the soil profile. 
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COMPUTATIONAL PROCEDURE 

The general computational procedure involved the 
following steps: 

1. Read input data. 
2. The subroutine EVAPO is called. EVAPO is a service 

subroutine which computes the evapotranspiration, 
evaporation, salt content of the input water, and soil 
surface temperature arrays and passes them to the 
appropriate program. 

3. The diffusivity as a function of water content is com­
puted. 

4. From the initial water content as a function of depth, 
values of hydraulic conductivity as a function of depth 
are computed. Values of specific water capacity 
(C = ..M) as a function of depth are computed. 

6h 
5. The surface pressure heaJ is determined to correspond 

to the surface flux conditions provided the pressure 
head is above air dry. 

6. A value of Hroot is hunted for that satisfies the potential 
transpiration conditions. Root extraction is assumed 
zero during the period water or rain is added. 

7. The tridiagonal matrix made up of the series of linear 
equations for each depth is solved for the pressure head 
at the end of the time interval at each depth increment. 

8. The program tests the total absolute change in water 
content. If it is greater than a given value the time is 
reduced by half and the program goes back to step 6. 
Otherwise it will continue. 

9. The distribution and dispersion of salt in the profile 
are computed. 

10. The subroutine DEGREE is called. DEGREE computes 
the temperature of the soil profile and returns the array 
to the main program. 

11. The desired output information is printed. 
12. A new 6t is chosen, and the values for water content, 

salt content and temperature are taken as the new 
initial conditions. The cumulative time is checked and 
adjustments to the potential boundary conditions 
at the surface are made if necessary. 

COMPUTER IMPLEMENTATION 

DEFINITION OF INPUT /OUTPUT PARAMETERS' 

A 

ALAMBA 
BEGTEM 
C 
CB 
CONDUC 
CONQ 

negative values show the soil depth increment 
from which roots are extracting water 
constant used in salt concentrations 
initial soil temperatures in °C 
water capacity of the soil increment in cm 
constant to multiply D array by, usually 1.0 
soil thermal conductivity in cal/cm-hr-deg 
largest water content change allowed each 
computation; the smaller the number the more 
accurate the computation but the longer the 
run time, usually .03 to .05 

COVER 
CUMS 
CV 
CWF 
D 

DD 
DEG 
DELW 

DELX 
DETT 

fraction of ground covered by plants 
cumulative water flow at the surface in cm 
soil heat capacity in cal/ gm 
cumulative water flow in cm 
cm/hr hydraulic conductivity-water content 
array in DEL W increments 
soil depth increments in cm 
average daily temperature-time array 
water content difference of the P, D arrays, 
usually .01 
constant equal to 7 .6 
smallest time increment allowed, usually 
.0024 hr 
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DIFA 
DIFB 
DIFO 
DTIME 

FACTOR 
GRAVY 
H 
HDRY 
HHI 
HLOW 

HROOT 
HWET 
!DAY 
IER 

JDAY 
JULDAY 
K 
KK 
LAT 
LDAY 
MDAY 
ML 
MM 
NB 

ND 
p 

PLACE 
RAIN 
RDF 
RRES 
RUNOF 
SALTFX 

SD 

SE 

SF 

SOCON 
SOURCE 
STEMP 
SUMA 
T 

TAA 

TEMP 
TET 

TIME 

constant used in salt calculations 
constant used in salt calculations 
constant used in salt ca!culations 
size of the time interval for soil temperature 
calculations in hours 
Blaney-Criddle crop factor 
gravity constant equal to DELX 
water potential in the soil in cm 
cm pressure of air dry soil water content 
maximum root potential allowed, usually zero 
minimum root potential allowed, usually 
-15,000 to -40,000 cm 
root water potential in cm 
cm pressure of saturation soil water content 
number of days of the simulation run 
size of the TET, V, SF, DEG arrays, equal 
to twice IDA Y 
Julian day the simulation starts 
Julian day of the simulation 
number of depth increments 
is K + 1 
latitude of the site 
day of the simulation run 
day increment of the simulation run 
number of data sets being processed 
prints every MM iterations if desired 
equal to K or less, used when computation 
over only a portion of the profile is desired 
size of the potential-water content tahle 
cm of pressure head-water content array in 
DELW increments 
name of the site 
inches of rainfall each day 
fraction of roots in each depth increment 
root resistance, 1.05 
cumulative cm of runoff water 
concentration of salt in rainfall, irrigation or 
runon water (meq/ 1) 
amount of salt in each soil depth increment in 
meq 
concentration of salt in each soil depth incre­
ment, E.C. readings in mmhos/cm 
concentration of salt in rainfall, irrigation or 
runon water-time array in meq/ 1 
constant used in salt calculations 
constant used in salt calculations 
temperature of each soil depth increment, °C 
cumulative cm of water transpired 
water content table, has even increments 
DELW in size 
zero if the bottom boundary is a water table, 
otherwise equal to 1.0 
average daily temperature, °F 
evapotranspiration-time array; cm of water 
lost per hour, evapotranspiration appears as 
zero during periods of rain or irrigation 
time the computation starts, usually 0; and the 
cumulative hours of the simulation run 
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TRAIN 
TT 

V 

w 

WATH 
WATL 

hours that rain fell each day 
1.0 for Laasonen or 0.5 for Crank Nicholson 
computational procedure 
evaporation-time array; cm of water evapora­
ting per hr, rain or irrigation appears as 
positive evaporation per hour 
initial volumetric fractional water content of 
each soil depth increment 
saturation soil water content 
volumetric fractional air dry soil water content 

INPUT EXAMPLES 

Example input data and the order of data cards are as 
follows: 

1. The name of the site starting in column 1, i.e., Curlew 
Valley, Utah. 

2. The latitude of the site (42.00) is in columns 1-6, IDAY 
(28) in columns 7-9, JDAY (228) in columns 10-12, 
FACTOR (0.80) in columns 13-17, and COVER (0.25) 
in columns 18-22. 

3. Rainfall data has IDA Y entries in a F5.2 field with 14 
entries per card maximum. 

4. Average daily temperature is entered IDAY times in an 
F5.2 field with 14 entries per card maximum. 

5. TRAIN, rainfall intensity is entered IDA Y times in an 
F5.2 field with 14 entries per card maximum. 

6. SAL TFX is entered IDA Y times in an FS.2 field with 14 
entries per card maximum. If chemical analysis of 
rainfall is unavailable, the data can be assumed zero. 

7. ML (01) is entered in columns 1-3. 
8. K (09) is entered in columns 1-3, MM (099) is entered in 

columns 3-6, IER (056) is entered in 7-9, NB (009) is 
entered in 10-12, ND (054) is entered in 13-15, and 
DTIME (24.) is a real number entered in columns 
16-22. 

9. RDF (+.0000E+00, +.3640E+.00, etc.) is entered 
KK times in an El0.4 field with seven entries per card 
maximum. Note that the surface RDF value must be 
zero. 

10. P data (-.1800E+00, -.2000E-0l, etc.) is entered 
ND times in an El0.4 field with seven entries per card 
maximum. Data starts with conductivities corre­
sponding to the driest moisture contents. 

11. D data ( + .8800E-05, +. l0000E-04, etc.) is entered 
ND times in an El0.4 field with seven entries per card 
maximum. Data starts with conductivities correspond­
ing to the driest moisture contents. 

12. W data (+.0lO0E+00, +.3200E+00, etc.) is entered 
KK times in an El0.4 field with seven entries per card 
maximum. 

13. DELX (+.7600E+0l) is in columns 1-10, DETT (+ 
.0024E+00) is in columns 11-20, GRAVY (+.7600E 
+01) is in columns 21-30, CONQ ( + .0500E+00) is in 
columns 31-40, DELW (+.0l00E+0O) is in columns 
41-50, TIME ( + .0000E+00) is in columns 51-60. 



14. TT (+.IO00E+0l) is in columns 1-10, TAA (+ 
.lO00E+0l) is in columns 11-20, HLOW (-.2000E+ 
05) is in columns 21-30, HHI (+.0000E+00) is in 
columns 31-40, RRES ( + .1050E + 01) is in columns 
41-50. 

15. HDRY (-.5000E+06) is in columns 1-10, HWET 
( + .0000E + 00) is in columns 11-20, WATL ( +. l000E 
-01) is in columns 21-30, WATH (+.5200E+00) is in 
columns 31-40, CB ( +. lO00E + 01) is in columns 41-50. 

16. SEdata(+.9900E+00, +.5100E+00,etc.)isentered 
KK times in an El0.4 field with a maximum of seven 
entries per card. 

17. DDdata(+.0000E+00, +.3000E+0l, +.3000E+0l, 
etc.) is entered KK times in an El0.4 field with a 
maximum of seven entries per card. 

18. ALAMBA(+.l000E+00)isincolumns 1-10, SOURCE 
(+.0000E+00) is in columns 11-20, DIFO (+ 
. l000E-01) is in columns 21-30, DIFA ( + .lO00E-02) 
is in columns 31-40, DIFB (+ .lO00E+0l) is in columns 
41-50, and SO CON ( +. lO00E + 00) is in columns 
51-60. 

19. BEGTEM data (20.8, 24.0, etc.) are entered KK times 
in an F8.2 field with 10 entries maximum per card. 

20. CV data (.30, .30, etc.) are entered KK times in an F8.2 
field with 10 entries maximum per card. 

21. CONDUC data (3.6, 3.6, etc.) are entered KK times 
in an F8.2 field with 10 entries maximum per card. 

The <li111e11sions of arrays are as follows: 

IER in size are TET, V, SF, and DEG; IDAY in size 
areATIME, SALTFX, ET, EVAP, TEMP, RAIN, TRAIN, 
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DAYMIN, DALITE, and CTEMP; KK in size are H, G, Y, 
W, RDF, A, SE, SS, SD, C, B, E, F, STEMP, DD, CV, 
CONDUC, and BEGTEM; ND in size are P, D, and T; 
PLACE is dimensioned 80. 

SAMPLE OUTPUT 

The sample output consists of the results of an actual 
28-day validation run at Curlew Valley, Utah, beginning 
with a report of the input data or the results of computed 
input parameters (Appendix 2). 

Water, Potential, Conductivity, and Diffusivity table 
columns give the values of these parameters for each water 
content from zero to 53%. The C(I), Depth, W-Depth, 
H-Depth, RDF-Depth, and SE-Depth table gives their 
respective values at each soil depth . 

The second major table presents the evapotranspiration 
results obtained from the EV APO subroutine for each day of 
the run. 

The soil temperature data table has input parameters 
needed by the DEGREE subroutine in the computation of 
soil temperatures. 

The DELX, etc., table contains the input constants and 
single point data needed in the calculations. 

The input information is followed by a daily report of the 
desired output computations performed by the model. 

FIELD TEST OF THE MODEL 

The sample output (Appendix 2) is an actual example 
using data from the southern sagebrush site at Curlew 
Valley, Utah. The validation run is for the 28 days from 
August 18, 1971 to September 15, 1971. 

There were four rainfall events that occurred on the 11th, 
12th, 16th, and 21st days of the run. Figure l shows the 
water distribution in the soil profile at the start of the run. 
In Figure l the model's predicted and the experimental field 
values are matched to initialize the validation run. Figure 2 
illustrates the response of the model to a light rainfall which 
saturated the soil surface. Figure 3 gives the results of 
validation after 25 days. The initial and validation data are 
taken from Jurinak and Griffin (1972). The results of the 
validation run show that the model started from an initial 
condition of dry soil, responded to rainfall additions, and 
then successfully dried out to predict the field-measured 
soil moisture content on September 12, 1971, within the 
experimental error of the measurement. 

Figure 4 illustrates the initialization of the total salt 

distribution in the soil profile for the same time period as the 
soil water run. Figure 5 shows the results of the 25-day 
validation run. Comparison of Figures 4 and 5 indicates that 
the model was able to predict (within the experimental error 
of the E.C. measurement) the upward redistribution of salt 
in the profile due to evaporation of water from the soil 
surface. 

Validation data for soil temperatures were not available; 
however, the soil temperature model has been tested by 
Hanks et al. (1971). Figure 6 shows the soil temperatures at 
two depths predicted by the model during the 28-day run. 
The figure illustrates that the temperature near the surface 
fluctuates widely in response to the air temperature 
variation. The temperature changes deep in the profile are 
very slow and gradual. These results indicate that the model 
is responding in an expected manner and that the values 
reported are reasonable for conditions at Curlew Valley. 

This successful validation run leads to the conclusion that 
the soil water, salt and temperature model will predict these 
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parameters within experimental error under arid conditions 
where one-dimensional flow predominates. It is further 
concluded that the model will adequately serve most of the 
needs of the Desert Biome ecosystem analysis program. 
However, these conclusions must be considered as tentative 
until further validation is carried out using data from other 
sites and at different seasons of the year. 
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APPENDIX 1 
PROGRAM LISTING 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C PAOGRAH TO COHPU'[ IIAT[R, TO'fAl SALT• AND T[NP[RATUR[ DISTRIBUTION 
C IN THC SOil PROrlL[ 
C•••••••••••••••••••••••••••••••••••••••••••t••••••••••••••••••••••••••••••••••• 

0'H[N5ICN HI 25 I ,Ct 25 I, Yf 251 ,WI 251 ,Ron 251, Al751 ,<r:£ 12! I 
01H[NSION SSI 251 ,<:Ot ?.SI •C 175 I o6C 25 lo [I 2Sh fl ?51 
CCltHICH/TRANS/T[! I 7J2) • VI 1321 o S~ 7l21 oJOAT 
COl'IMON/TT[Mr /K ,Kl<, ICR, ST[ HPC 75I,0012 51 ,CV 1751, 

l COHOUC 12 51 , OCG T[N I 251, JJJ 

COHNON/[VO[G/OCGfTJ'll • 
COIOl~H OTIH( 
O"H[NSICN P16Cl,OIGOl,Tl60I 

C• •• •• ••• •• •• • • •• • •• •• • • • • • • ••• • •• • •• • •• •• •• •• • •• •• •• • •• •• ••• ••• ••••• •••• 
(All CVAP('I 

C••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
P(AO l{,3, HL 
LOA Y:::0 
LHH:::O A 11 
lHH:::LHH• I A 10 
JJJ:1 

C••• •• • •• •• • •• •• •• •• •• •• •• •• •• • • •• •• • • •• •• •• ••• •• •• •• • •• •• ••• •••• •• •• •• •• • • ••••• 
C RCAO ARRAY'i 
C• •• •• ••• •• • •• •• •• •• •• • •• ••• ••• ••••' • ••• •• ••• •• •• •• •• • •• •• ••••••• •••• •• •••• ••• •• 

P[AO 15,l6J) M,MH,l[P,NB,NO,OTIH[ 
,c:1(:l(tl 

t'fAOIS,1651 IRorc11,1::1,KKII 
lfr.::1 
wroo:::-.oc'3 
£t:::1'[Tl11 
LL:::HH 
l'[ADI 5,16,5,CP( II ,I:::l,NOI 
Rr.AOI 5,16,51(01 II .t:::L,NOI 
R[AD H-S, fVIT1.t:::1,M1<1 
Rrao lEi,5, O[LX,O(TT,('RAYY,CX>NO,O[Ul,TIHE 
P[AO 165, TT,TU,HLOV,HHT,RR[c; 
R[AD JEi,5, HORY,HW[T,WATL,WATH,C8 
R[AO 16,5, f'i[IIJ,I:::J,KKI 
READ 16,5,IOOIIl,I=l,MMI 
R[AO 15,1£51 ALA1'18AOSOURC[,DH0,0IrA,Oire,c;ocoN 
REAO 15,1011 18CGT[Hf!l,I-:ct,MKI 
R[AO l5ol011 IC'IIIJ.l:::1,-001 
READ 15,1011 ICONOUCCIJ,l:::l,KI 
CUf'lt:::Yff[RI 
WRIT[ l{i,t6'31 
Vf'IT[ l&,LGJI l(d'H,I [R,NB,NO,OTJHE 
00 4 t:::L ,Kl( 

fl c;r111:::1sc,u,10.1/IWIIIIWATHI 

• l • 

. " 

C• ••••••• •• •• •• • •• •• •• • •• ••••• • • •• • ••• •• u •• ••• •• •• •• ••• •• •• • ••• •• • •• • •• ••• •• • •• 
C me orrrustvrr, AS A ruHCTIOH Of VAT£R CONT[NT IS CflKPUY[O 

C••• •• ••• •• • • ••• •• •• •• • •• ••• •• • ••• • ••• •• •• •• •• • •• •• •• ••• •• • • • •• •• •• •• •••• • •••• •• 
PllJ:::Plll•l.O[•OJ 
1111:::0.c ,. 3• 
no ,or, I=2,HD 
YllJ:::D[Ul•Tll-11 

'}00 PIIl:::Prtl•l,OE•OJ 

.. 

~[ 111 :::Sf 11 J 
s,i1.x:1so. 
CWfLX::a.o 
[OR:v 111 
O[l T:::O[TT 
T11:::1.0-TT 
TBB:::t.0-TAA 
YKAJ:::WA TH 
00 14 J:t.1(1( 
C:$111::S[III 
c;orn:::S[IIl•WI II 
Yll 1:::WI I I 
PTT::0,0 
oo 1s r:2.1< 

15 PTT:::VlllolOOfl•ll-DOll-111/2.tPIT 
VAIT[ 16, 1701 

. ,. 
" " ., 

" .. 
rw:::or 11 
OUl=!Ofll•IPl21-Plll>l•C8 • 3'l 
J::: 111111-T 1111/0[lV•l .C: 
Hfl J::::CPI J•ll-PIJl I• (VI 11-llJ I I /O[LW•P I JI 
GI 11 :::HI 11 
Cl 11:::oCLW/fPIJ•l 1-PCJl I 
WRIT( 16,21'1 I T fl I ,PU l,TV,011 hCI 11 ,00111 ,Wll I ,HI 11 ,ROf'fl I ,SEil! 

00 l J:2,l(K 
T\1:::0(11 
Ofl)::::Olll•IPIII-Pll-lll•CB•OCl-11 A 'll 

J:;: 111111-T I 1 I 1/0CLW• 1.:;i 
HI 11:CP I J•ll-PIJI 1 • IWI ll-T CJ 11 /0CLW•P IJI 
C(Jl::::O[lll/lrlJ•ll-PIJI I 
Gll1:Hfll A 86 
WRIT£. I&, 2741 T 111 ,P 11 J. TW,O 111 oCfll ,00111 ,II III, HI I I ,ROF'CIJ, $[(It 

CONTINUE 
N:l(K•l 
00 2 f:::N,NO 
Tw:::0111 
01 ll :::0111 • CPI I I-Pl I-11 l•CB•O I l-11 

2 WRIT£. f6,2hl llll ,Pll loTll,0111 
C••••••••••••••••••••••••• ••••• ••••••••• u ••••••••••••••••••••••••••••••• 
C O JS NOW otrrustv[TY Tll4[S O[LW NOT COMOUCTIVITY 
C•••••• •••• •••• ••••••• • •• • •• •• • • •• •••• •• •• •• ••• •• •••• • • • •• ••• •••• •• •• •••••••• ••• 

WRIT[ 16,L7'll 
HOAT:0 
JULOAY:::JO.t.Y-1 
£10 S 1:2, t[R,2 
HOAY:::HOAY•l 
JULOAY :::JULOAY • 1 
WRIT[ 16,l&'I I NOAY ,JUl[IAY ,VI JI t YI 1-1 ,, TET ( I-1 J ,srr 1-1 l, O(GC I-11 

5 CONTI NU£ 
W'RlTC 16,70LJ 
WfflT[ 16,2021 
00 LO 1:::1 ,Kl( 
VRlt[ 16,,2031 00lllo!l[G1£HCil,CONOUCIIl,CYIIJ 

l O CONTI NU( 
WIHT[ fGol801 
VAil[ 16,H,&1 O[Ul,OCJT,GRAYT,CONG,O[Ultlltl!: 
WRJT[ fGo 181 I 
VPIT( 16, 1£.Gl TT ,CUl4T, tAA,HLOW,HH[ ,RR£S 
VPl1[ 16,1721 
WRIT[ U,.1661 HORT,Hll(T,WAlLoVi1,TH•C9 
VRlT[ f&,28111 
WRIT[ 16,?7'll ALA"8A,c;OuPC£,OH0,0JfA,Ot~e,socoN 

Jl'CIIC::: 1 
Hf!OOT:.CI 21 
RuNor::o.o 
CU'IS:cO,C 
CUN!":::o.c 
SUl4A:cO,O 

. " ... . .. . .. 
C• •• •••••••••••••• ••••• •• •••••• ••••••••• ••••••••••••• •••••••••••••••••••• 
c---cnt1PUJATTllN or CONOUCYIVITY 181 ANO WJ.T[R CAPACITY ,c, A '3'l 

C•• •• •• ••• •• ••• • • • • • • • • •• • •• ••• • •• •• • • • • •• ••••• •• •• •• • •• •• ••• •••• ••••••• ••• •• •• 

" 1(1P:::WA TH 
eoT:.WATL 

Hl(,.:::Hll I 

A 100 
A 101 

18 

w1<p:::11, 11 
rr l[OR-C.01 17,1'},18 
Wll l::VATL 
HI 11::HOAY 
GO TO 1'3 
VI JI :::WATH 
HI 11 :HW[T 
Tww:::1 Wll I •YI 11 1•0. 5 
J:: I TVW-TI 111 /O[Ul•l.r 
68::1 TWW-T f JI J/O[l V 
OTrf A:: 101 J•l 1-0IJI I •BB•OI JI 
HT:::lrt J•l 1-PIJI I •BB• Pl JI 
or J7 1=1 ,K 
TW:::CWll•l It YI 1•11 I •o.5 
J::ITW -TIJII/OfLW•l.O 
fl-8:::ITW-TCJII/O[LW 
nTrro:.101 J•t 1-01 JI 1 •eB•O I J> 
r:r::: IP I J• 11-r, JI I •8!!•Pf JI 

2l'J lflHI-Gl120.32,2C 
20 ect1:::10HrA-OlrF8I/IHI-Gll 

2J 

H 11-11 Zt,zt,JJ 
rr ICM-0,01 22,H,27 

22 rR:::(8111• IHI ll•TT-HIZI •TT-1ll 21•1K•GI ll•Tl4•0012111100121 
Tf IAB511.l•COR-CAI-A8,;;!Ct.l•C~II ?36,Zlf.ioZJ 
rr1KCl<,[1>.11 GO TO 210 

A 1C7 
A lCJ 
A 1011 
A 105 
A lCG 
A lCl 

A LOI 

A 110 
i 111 
A 112 
A 11] 
A 1111 

A lit 
A 11 7 

A 12C' 
J. 121 

If IMCIC-201lOS,2J6,236 
C••• •• • •• •• •••• ••• •• •• • ••• •• •• •• •• •• ••••" •• ••• •• • • •• • •• •• ••• ••• • ••• • ••• •• • •• • •• 
C THE SURFACE PR[S,SUR[ HEAD IS O[TERKHlfO 
C• •• ••••• •• •••• • • •• • ••• • • • •• •• • ••••••••• •• •• ••• •••• •• • •• • •••• •••••••• • • • •• • •• • •• 

236 Hf 11:::11.1 t[IIR•ODC 2110111 •HIZ I •1 l-C Uh T14•Gl21•Tl4-00l211 /T 1 
Yf!Hfll,LT,HORYI Hfl):::HOi:tY 
H CHl11,G1,HV[TI HIJl:llW[1 
:JO TO JJ 

220 Hfl):HKP 
WI l) :::VKP 
IICCK:::KCK• l 
C-0 10 l'J 

305 K(l<:::KCl<•l 
YF l[R-CORI 211,ll,26 

211 tr IWlll-llATHI 25,JJ,33 
zs eor:.v111 

Wll I =1w111 •TOPl•O.S 
GO TO 28 

21i IF twtlt-WATLI JJ.JJ,21 
21 TOP:::VI 11 

\II ll:::fWI l I •80Tl•0.5 
28 J:::IWILI-Tll)J/O(LV•L-C 

ee:::rv, 11-T IJ 11 /Or LIi 
tfc(OR-OoOI JO, Jl ,JO 

JO Hfl1:IPIJ•H--ftlJll•88•PtJI 
211 TwV:IWfl"'Yflll•O.S 

J: I TVW-T 11 I I /O[LW•l,C 
se:::1 TIIW- l I J) I /O[LV 
OTFFA::: 101 J•l 1-0 I JI I •Be•OI JI 
Ht::: IPC J•l J-PI JI I •BB•PIJl 
ro 1<1 21, 

32 81IJ:::IOIJ•11-0IJII/IPIJ•ll--91JI I 
rr 11-11 31, 21 ,lJ 

ll 1w11:::111 
Hl:QI 
01rr1,:0IFf'B 
rw::: IVI I•l 1 •YI l•l 11 •0 .s 
J:rrv -11111/0[LV•l-O 

JS cct,11:o[LW/IPIJ•ll-PIJJ I 
J7 CONTI HU[ 

KCK:l 
TFl[Oi:t.lH,o.c.J.NO,[T.G(.C.01 GO TO G1i61i 
lff[OA,G1,0.0.ANO.CToLT.O.OI GO TO !iS!iS 

A 12& 
A 127 
A 128 
A 12'3 
A 130 
A 131 
A 132 

A 138 

A 110 
A 111 
A 112 

A 151 
A 1511 

&666 [TPL:::[1-[0R 
U-l[T.6E,O.OJ GO 10 J'l 
JFl[TPL-0,01 JGS,J'J,l'l 

5555 r Trl=C T 
C•• •• ••••••••••••• •• •• • ••••• ••• ••• •••• •• '"•• ••••• •• •• ••• •• ••• •••• • ••• • ••• 
C S[ARCHIMG FOP THC PROP[A HROOT YALUf 
C•• • •• •••• •• •• • ••• •• •••••••• •• • • •••••••• •• •• ••• •• •• •• •••••• •• •• •••• •••••• •••• ••• 
JG S 1-lHOLO:HROOT 

HROOT:.HLOW 
'!'-TNK:0,0 
OD 250 r:2,IC 

250 EtJl:::Gf[J-36,•S[llJ-OOIIl•RR[S 
00 1120 1:2 ,I( 
?rfHROOl-ElIJ.GTo0,01 GO 10 1120 
<;;TNl(:::8 I It •RO rt II• t HROOT-E 1111 •SINK 

'l 20 CONTI NU[ 
HISlNK-[TPL.Gf.0.01 GO TO 402 
HROOT:::HHOLO 

410 HROOT:::l.2•HROOT 

STNM:0,0 
00 1121 t:::z,K 
TffHl>OOT-C:lll,GT,O,Ol GO TO 1121 
SIHK:81 [ J •ROf I II• I 1-11: OOT-[ 111 l •S lNK 

11121 CONTINUE 
rrt SlNl(-[TPl l"I 11 • 1102 ., 10 

'lll HRLO:HROOT 
HPOOT:HHOLD 
LCOUIH::::tl 

412 HROOT:.0.8•HROOT 
lCOUIH :LC DUNT• l 
IFILCOUNT.[Q.51 GO TO fl'}O 
STHK:::Q .O 
00 •22 1::2 ,I< 
Tf'IHROOT-(C[I.GT,OoOI GO 10 '422 
<;tttl(:.8 I JI •ROr I II• IHAOOT-£.1111 •SINK 

II 22 CONTI NU( 
tr I S,INI(-[ TPl l\ 12 ,11102 ,fl ll 

'l13 HRH[:::HROOT 
GO TD 11'31 

11'30 HRHl:::HHI 
11,1 LCOUNT::O 

HROOT:::HHOLO 
'l05 STM1<::o.o 

0(1 1100 t:z,K 
IFtHi:tOOT-[CI!,GT.o.o> GO TO 1100 
STHK:81 I I •ROfl I)• IHi:tODT-£1 ]I I •SlNI< 

1100 CONTI NU[ 
lCOUNT=LCOUHT• l 
Ir1LCOUNT,E0,201 CO TO IIC'2 
tr I A8S l sr NK-[TPL 1-0.00211102, fl 02• 40 l 

'101 trlSJNK-[Tf'Llfl03•1102,'l0'l 
IIOJ llnLO:::Hc>OOT 

HROOT:O, 5• I HAOOhHRHl I 
G(I TO 110! 

404 HRHl-HOOOT 
HROOT:o.s • IHROOT •HRLO I 
GO TO 1105 

3'3 00 251 J:::2,K 
"'NK::c.c 

251 AIIJ:::o.o 

" 

•• .. .. 
•• 
•• •• .. ,. 
•• .. 



GO Ht l8 
C•••••••••••••••••••••••••••••••••••••••u•••••••••••••••••••••••••••••••••••••• 
C A IS TH[ DCL WU[R/D[L T CAU'SCO 9Y PLANT rnRAC110N 
c, •••••••••••••••••••••••.•••••••••••••••.•••••••••••••••••••••••••••••••••••••• 

402 Of' •06 t=z,K 
rrlHAOOT-(fll.GT.0.01 GO ,o 'IOT 
·•ct) ::-9 f I 1 • (HAOOT-[ I I 11 •2 -C•ROrl I I /1001 I•l 1-00 I I-11 I 

GO TO 1106 
1107 Alll=0.0 

1106 CONTI NUC 
C••· ••••••••••••••••••••••••••• I ••••••••••••••••••••••••••••• I ••••••••••• 
c---CONPUTATJ'lH or TAIOIACONAL PU.TAU HAIN ROOT A 158 
(♦ l ♦♦ t ♦ I It tit ♦ t ♦ ♦♦ I ♦ II I ti♦ t ♦ t♦ I I II t It t ti to II ti ♦ tl ♦ I t ♦ ♦ t ♦ It It ♦ 0 ♦ t ♦ I ♦♦ I ♦•♦♦ I ♦♦♦ 11 ♦ 

38 00 ,z J:2,1< B 15<l 
POT:::IOOIT+ll-OOCJ-llt/12.0•D(lll e lfiF' 
OLXA=IOOITI-OOII-111 8 u.i 
0LX8=t001f+l!-001tl) f' 161 
ea=ctlt•POT/TT•8111/0LX8•81l-ll/OLU (I 16"1 
oa=I Ct l l•POT•G I I I• I on 1/0LXS l •IT"• 1G C!•l J-(i( I I 1-0LXB I• f 81T-11/0LU fl 1£, n 

11 •IT"• IGI 1-1 )--GI I I J•OLXA I •Al n+ 100 ft•l l-OOlt-111 •0 .S Ill T 
JF I I-2 I 390 ol90 ,110 

390 IFIHlll•GE.HW(T.OR.HUI.L(".HORYI GO TO J,11 
OA=DA-1181 I-11/0LXAI •ITH• ICI 1-11 ..(; II 11 •OL X.ll I /TT+(OR/Tl 
88=88- Bl 1-1 I /Olli A 
CO TO J<)J 

1,11 oa:::OA•HU-ll•Bll-1)/~)(A 
3'3 r'tl):::OA/98 

r1r1:::1BIII/OLXBl/88 8 1661. 
GOTOll2 Alfi7 

f!O TF II-Kl 111,IIJ,flJ A lG~ 
Ill (Cl):::t8t!J/0LX81/1113-181I-11/0LX,l)•(II-111 8 16':! 

Fl II =i OA• 18 I I-11/0LXU •r I 1-1111198-( 811-1 I /OLXAI •£ II-11 I R I H 
112 CONTIHU( 

Ill 88:::88-TAA•BIII/OLXB 
~A=Oi\♦ T,U •10(1 I /OLXB It II Cl II -GI I+l II •T"•OLl'Sl/lT +T 88•81 I 1/0LXS•HI J7,. 

11111111 1111 
HI 11 :::1 DA• I Bl 1-11 /DLXAl •FI 1-1 I J/ tAB-181 I-11 /0LXAI •E II-11 I 1 7'111 

,1111 T=I-1 l 7r 
Hllt=Etll•Hll•ll•FIII lHi 
TF 11-21 flS,IIS,flll 111 

IIS IFfTAA-l.OlflltllG,116 
116 HCIOO:::HIICJ+OOIIOCI-OOIKI I! 178 
117 00 60 J:::2,ICK 
JOO 'ff (Hfll-HVET-001111 60,6C'•S5 
5S HIH=HVET•OOITI 
60 CONTINUE A 1'17 
C• •• ••• •••••••••• ••• •• •••• •• •• • • •••• •• •• •• •• •• • •• •• •• ••• •• ••• ••• • • •••• •• • 
c---COMPUTATION OF WAT£R COHT(NTS AS A ruNCTION or PA[S'SUA[S JU'iT CONP A 199 

C••••••••••••••••••••••••••••••••••••••• •• •• ••• •• •• •••••••••• •••••••••••••••••• • 
IrlHfllo6(.HWCT.OR.Hf11,L(.HO!tTI GO TO 1005 
VfOO::[OR 
HI 11 =I [nA•OOI 2 118111 •H 121 •Tl-Cl 1 t• TM•GIZI •TM-001 ?I I /Tl 
lr'fHlll,LloHOATI Hfll-::MORT 
Tr' (H(ll.Cf.Hll(fl Hlll:::HV[T 

GO TO 1311 
100s vn1o=efl,. I IHI 11-H 1211 •TT• fG 111-G 17.1 I• l M•ODI 21I/00121 
l l• J-::1 
62 !F UUII-GIIII ,s,ll6ofiS 

65 NHl::S11 

" ., .. ., 
TO 
Tl 
T2 

NLO=l 
J-::25 
!F fH!l1-PIJII 67,72,68 
HHI:::J 
60 TO 6' 
NLO-::J 

..r=IMHl-NLOl/'Z•KI..D 
IF 1.1-.ITI 66,70,66 
TF tHtfl-PIJII 71,72,72 
.1:.1-1 
WAT:: I H 111-P I JI I •O[lll/1 Pl .I• l 1-P I J 11 •f I JI 
Vtll:::VAT 
GO TO 117 

116 VIJ)::Jrll 
117 00 268 1=2 tKK 

Vf r,::::c (II• IHII 1-6111 I •YI I I 
!F 111111.GT.VATHI Wlll=IIAlH 

268 Tf CVtII.LT.VATLJ Vtll:::VATL 
2,, ~UMJ-::o.o 

'SUM2:0.0 
'SUMl:::Q.O 
00 131 1::2 ,I( 

SUMt:::Wlll•SUKJ. 
SUM2=Ylll•SUM1 
IF tABSISUMl-SUM2I-ABSISUMll I 131,lll,lJO 

B 18 'I 

,c. 
201 

A 2lfl 

' 211 
A 211 

' 21] 
A 21 ~ 
A 21" 
,. 21' 
A 21 'J 
A 218 

A JOO 

A 326 

,. J2'J 
A 32& 
A 32~ 
A JJC: 

lJO 'SUMJ=SU,.1-SUH? .l Jll. 
Ill CONTINUE A 332 

TF fABSI SU"JI -ABS I CONO I 163, 6J, 1 J2 
132 IFIOELT-O(lhO.lt6],GJ,1JJ 

Ill 0(l. T::O ,S•O[L T 
ro TO J& A3J6 

63 SUMl:::0,0 
o:;u112:::o.o 
00 1!100 I:::? ,IC 
SUH1:Wf 11 • 1001 t• 1J -001 1-1 I 1/2. + SUM 1 

1!100 SVN2-::Y f 11 • 10D1 I• 11 -DOI I- l I 1/2 .•SU"2 
C\IF:::SuHl-PIT 
CUKS:::vrDO•OELT•CUNS • JIil 
SUMA =SUMA•SINK•D£l l 
CWfLX=tSUNI-SUM21 AJIIJA 

C• ••••• •••••••• ••• •• •• •• •• •• •• •• •• •• •• •• u •• ••• •••• •• ••••• •• • ••• ••••• •• • • 
C 'iAL T LOOP 
C• ••• •• ••• ••••• •• ••• •• • •• • • • ••• ••••••• •• •• •• ••• •••• •• ••• •• ••• •••• •••• •• • ••• •• • •• 

K9:::IC-l 
Vf"AU=8fl I• I I HI ll -Hl2 I I •TT• 10111-GI 71 I• TN•OOC 211/0012 I 
DO 2111 1::2,K 
DLXA::1001 I t-0011-111 
Dl.XB::: 1001 I•l 1-001 I 11 
DLXC::1001 I•l l-0011-111 •O .5 
WFAO::BHI •II HI 11-Hll•l I I •Tfo I GI I J-C:I 1•11 I• fl>l+OLXBI /0LX8 

176 w•To:::c YI I I •fM•VI II •lf+YI I• 11 •TJII •WI I•l I •TT! n. .o 
OT'SO=OLXC•O. 5•WFRD- IV 111-Y I I I I• i WFRO+WfRUI • wrRD• DEL f / 18 • O•WA TO• 

llVl?J+YIIIII 
BCT ,1.:0J FO •DlrA t(XP C DlfO• 11 A TO I •ALAM BA •Al!'i I Wf"AO/ W.l TD J- DIS 0 
!F II .CT, 21 GO 'O 68C 
ALr,1.::0.0 
Tf (VFRU ,GT. Oo I GO TO 182 
wnw=o.o 
GO TO 182 

680 WATU =rYfTl•l"•Wll1•1T•1'1-ll•T"•Wll-ll•Tll/2.0 
0'fSU=0LXC•O, 5• wr AU- IV I J 1-T I I I I• I wn~r)•vr RU)• wfAU•Ct:L T / 

l 11!.0•VA TU• (\III I •T( I 111 
A Lr A=OI,-0 • Olfh CY.Pf OJf" B• WA TU I •ALAKS.l •ABS I VF AU/VA TU 1-0ISU 
JF (WfAU ,GC. O,CI C!'I TO 11!17 
up-::o.o 
co !0 183 

11!12 UP:::1.0 
193 OH=l.0-UP 

TF IVFAO .G£. 0.01 GO lO 185 

UPP:::O.O 
ro ro u, 

185 UPP=l.O 
1!16 0101::1,0-UPP 

SCI tl:::IOLXC•TI II •';~I Tl /OCLT+ALf"A•C S'Sll-1 t-SSIII lll)ll(lr-B(U• ISSIIl-
1': 'ii t • l 11 /0LX&-WfRO• I SS 111 •UPP •S SI l •1 I •OMNI •WfRUt I SS II-1 I •UP•SS 111 

89 Auxiliary Submodels 

2•0N J ♦ SOURCC• DL XC I •0£Lf II WI I I •OLXC I 
![II 1-:-ssc T t• l'S(I T J-S';I It I •'SOCON 

2111 wrRu-::vnto 
~[ f ICICI ::SS IM.KI 
ro111=SElll•lllll 
on 211 I=Z ,l(K 

217 ~01I1::S£IIJ•Vlll 
106 lfl[OR-O.OlllG,ll6,1lS 
135 RUNOF!:IEOR-VFOOl•O[Ll•RIJNOF ,_ J•S 
llG flM[:::TIM(•O(Lf A 3116 

TF ISUMJ-0.01 Jl'J,301, lJ'I 
JOI fl£LT=2•0•0£LT 

00 TO 1115 
l]'J l'll:::A8SICONG•OCLT,SUMll A 3S7 
1110 Tf" ITW-0,l•O[Tll 1111,1112'1112 A JS9 

1111 rv-::0.l•O(Tl 
GO TO lflll 

1112 1r1,w-1000.o•OCTT)lllll,llfllflol•l 
111] TV=lOQO.O•O(ff 

11111 JftTM.C7.2.D•Dnn on TO ]01 
onr-::Tw 

C•• • ••• ••••• •• •• •• •• •• •••• •• ••• • •• •• ••••,. •• •• • •• •• ••••• •• •••••••••••••• • 
C---T(ST TO 'SH tr £\IAP OP RAlH IHTEN'SITY l[ORI HAS C1UNG£0 A ]65 

C••• ••• ••••• •• • ••• •• •• ••• • •• ••• • •• •••••• •• •• ••• •• •• ••• ••••••• •••• •••• ••••• •••••• 
H5 IflTIM[-VlltC•llll118,1117dll8 

1111 CONTINU( 

C•••• •• • •• •• ••• •• •••••• •• •• •••• ••• •• •• •• •• •• •• • •• •• •• • ••••• •• •••••••• •••••••••u 
CALL O(GP([ 

C•• • ••• • •••• •• • •• ••• •• •• •• •• ••• • •• •••• •• •• •• ••• •••• •• •••••••• •• • • •••••• •••• •• ••• 
lDAY:LOA 'I'+ l 
VAITC 16,66GI 
WRIT[ 16• 16811001 I I ,VI II, HCI > ,A 111 ,<;;CC Tl ,SOI I I ,ST[NPI ti ,1-::hl(l(I 
v•nH ti,18•1 
VIHT( IG,1671 LOA'l'tTI"C•SllKAtRUl«>f",HROOT,CWFoCUIIS 

C•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C CONPUHO VALUES AR( TAK(N AS N[V tNITUL CONDITIONS 
C• •• •• •• •• ••••• •• • • • ••• •• •• • ••• • ••• •• ••• •• •• ••• •• •• •• •••••••••••••••• •• •• •• •• 

Ofl f=O£fT 
roR:::\IIICC•21 
o::rr11:::SFIKC+2) 
rf=TETfKC+21 
ICC:::ICC•? 
CO TO 151 

1113 tr ITHIC+O[L T-VIKC•l 11151 • 151 • lll, 
111'1 O(L T=VIICC•ll-TIN( 
151 LL=LL•l 

Tf" ITIN[-CUNTI lSJ,15?,152 
152 "f' IML-lllNI 162,16?,l 
151 '1111:::IWlll•'l'llll•0,5 

.r-nc l ,-, 1111/0CLV•l .r 
1\9::1 YC 11-fl.ll I /OCUI 
TF l(OR-0,01 15S,156tl55 

155 6111:l"fJ•ll-PIJll•BB•PIJI 
156 00 161 1=2,KK 

J::: IVI t 1-l f 111/0(LV• l •C 
88:(WII J-TIJ 11 /0(l.V 
C II I =IPI J•l 1-PIJ I I •86• Pl JI 
Tv:::cvcI 1-Yt I 11 • ..,, I I 
Tf fTV-VATHI 1s1,1s1.159 

157 Tf" ITV-VA"ll t58tl60,t60 
1S& TW=VATL 

to TO 160 
is, rv=w,1.rn 
160 TIIl=vlll 

VIIl=TV 
S<:fil=SCIII 

lbl CONTINUE 
:::su1=sr111 
GO TO 16 

152 ~TOP I. 
C•••••••••••••••••••••••••••••••••••••••-••••••••••••••••••••••••••••••• 

101 f"OIUU.T flOF8,ZI 
163 tORMAT 1513,n,tl 
1611 fOANAT 111XtIJ,SlC,Il,lflll•lll(l2•111•6Xtr6.ll 

lGS F"OAIOT 17£10.f!J 
166 rORMAT 111£11,111 

666 FORMAT 111x,•0£PTH'•TX,'VAT[R•,,x.'POTt:NTIAL•,JX,'AOOT [l(T.' 
1,11)(,•SALT CONC"•IIX,'AMT SALT',IIX,'T£NP,'I 

167 FORMAT l•X,IJ,6C[lZ.•I ,//1 
168 fC-AMATIJX ,FT .1 tlX.fT .11 ,JX,[12.11.11 •£ 12 .11 t6X, r-1.z ,JX, n ,2,llt'.. Fi .11 
16, r'ORMAT I JX,'IC' ,1x. 'MM' ,111'.• •1rR•,1X,•HB"•l X,'N0•,1x,•0TIN£' l 

170 fORNAT C lt<JH VAT(A POHNTIAL CONOUCTI\ltH OITfUSIVITT 
lCIII O[PTH V-OEPTH H--O(PTH ROF"-<>[PTH S(-O(PfHI 

172 roANAT I 5)H ~R'I' H'if(f VATL VATH CBI 
11, rORMAl IIHO,flX,•OA't',lx,•JuLOAY"•S•••TIM[ [N0•,111,•soIL FLUIC',IIX, 

t•(T rLux•.•x,·SALT CONC.•.n:,•AV[ DAILY T[NP'I 
180 rORMAT 166H OELX OETT GRAVY CONU O[LV 

1 TIM[l 
11!11 FORMAT 1Ei6H Tl CU/IT TAA HLOV HHJ 

1 RR£S> 
1811 rOAMAf c11x,•0..-,•,1x. •cu!'I. t«IURS',ZX, •tul'I. TAANS.',JX,•CUN AUNOf"F', 

llX, 'HAOOT • tlX, •cvr •• 8X ,•CUKS • 1 
ZOl roAMAl fl HO, JX ,•O[PTH• ,5)(, 'T(IIP AT START• o10X, 

l'SOIL H(Al CONOUCTI'o'ITl(S'•lX•'SOTL HEAT CAPACITT'J 
202 FORMAT IIICX,'ICAL/CM-HR-O[G c1•,1sx,•1c,1.L/Chl') 
203 roAMA T t lX .F6, 1., sx, Fl• 1. 1 ex, F<J. • ,20)( ,F9. 111 
2711 fORMAT 111[12.111 
2811 r'OANATl68H ALA"BA SOURCC 01ro Olf"A OIFB 

1 SOCON I 
'NO 

C•••••• •• ••••• ••••••••• •• •• • ••• ••• • ••• •• •• •• ••• •• •• •• ••• •• ••••••••••••• •• 

Subroutine DEGREE 

SU8AOUTIH£ O(OREC 

A 375 

A JT'l 

A 1113 

A 1117-

C••••••• •• •• •• •••• •••• •••••• •• • • •• •••• ••., •• •• • •• •• •• ••• ••• •• •• •••••• ••• •• • ••• •• 
C D(GR[[ CO"PUTC'S son HHPCUTUA[': 

C •• •• •••••••••• ••• •••• •• •••• •• • • •• •• •• •• •• •• ••• •• •• •• • •• •• ••• ••• •• ••• •• •• •• •• 
COMIION/Tl[l'IP /It ,KIC • I[R • Sf[ NPI ?5 I , 0012S I tC\I I 7S I• 

1 COHOUC 1251 • B£6 TEH 125 I ,JJJ 
CONMH/CYO(O /O(G I 7321 
COHNON QTIM( 
OTK[NSION Fl?'il,£1251 
r l[MP I ICICI =8( 6T(MC ICICI 
""TfKPI 11 ::"O[GI .I.I.II 
JJJ:::JJJ•2 

C•••••••••••••••••••••• ••••••••••••••••• •••• ••• •••• ••••••••••••••••••••••••••••• 
C SOLUTION TO TRJ-DIAGO"IAL MATRl1 
C•••••• • •••••• • •••••••••••• •••• • ••• ••• •• •• •• ••• •• •• •• ••• ••••• •••• ••••••• •• • •••• • 

00 fl6 I:::?, IC 
POT:fOOI 1•11-00C J-1 I l / 12. •OT IM[ I 
OLXA=! 00I11-0011-111 
OLXB=IOOI 1•11-00( I I 1 
8B=Cvll I• POT •CONOUC f I I /DL Xe• CCHOUC 11-11/0LU 
OA::::C\IU I• POT•BCC: T[M I It 
IF II .GL 21 GO To •II 
DA=DA•CO"IOUCC t-u •ST[KPI 1-11 /OLXA 
flJl::OA/BB 
£II 1=1 CC\NOUCI I t/OLX8 1/BB 



C riffin et al. 

GO TO 111, 
'Ill Jr 11 .G[. IC I C.0 TO 0 
111 S £II I :1 CONOUCI 1 )/0Ll(8 I/ (88- ICONOUCC 1-11 /DLUh[ 11-1 I l 

r I 11 =t Oh I CONOUC I 1-1 I /Olk ,t,, .r u-u )1188- C CONOUCC 1-11/0L XA It[ I [-11 I 
II' CONTI NU[ 
q 1 88:1&-CONOUC I I I /Ol 11:1 

ST(NPC TI: I Ol• C CONOUC ft-1 I /DLU I •'°I I- U I/C8&- ICONOUCU-11/0LXAJ • 
l[fl-111 

q 8 f:J-1 
STCNP II 1:c1 I l•STC11PC I• 11 •FIi i 
tr II .Cl. 21 GO TO 0 
SHNPflOO:Hl[GT[NIU l•ST[ftPUI I /2. 

C:• •••• ••••••••• ••••••• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C CONPUT[O TCNPCJUfURC T,OiCN AS N[W INITIAL CONDITIONS 
C•••••••••••••• •••••••••••••••• ••••••••••• ••••• •• •• •• •••••••••••••••••••••••• 

00 so 1:1,1(11( 
IICG fCNf II :S T(NPI II 

50 CONUHIJC 
RCfURN 
CHO 

Subroutine EV APO 

~U8R0UTIN[ [VAPO 

C•• •• •• ••• •• •• • ••• •• ••• • •• •• •• • • •• •• • • •• •• •• ••• •• •• •• • •• • •• • • •• •• • • •• •• • • • • •• •" 
C CUPO COKPUHS THC HT, Y, sr. ANO O[G UHt.lU 
C• •••••• •• •• ••• •• • ••••• •• •• • ••• • •• •• •• •• •• •• •• • •• •• •• • •• • •• •• ••• • • • •• •• • •• • •• • 

CO"KON/Hl'ANS/TCH 7J2 Io VI 7lll, Sr I "l.:'1 ,JOH 
COM"OH/[VO[O/O[G( 7121 
CO,.KOH OTT"[ 
OT,.[NSION Afl1'1[1Jlal,SA.l.HXl3'GI 
OlH[NSJOM CTllGGlt CVOIJGGI 
OT,.CNSION YCKPD,GI, AAlNlli,1, fOAJNIJG,1 
OHUNSltlN Pl.AC[ fllOI 
OTK[NSICIN D.lYHtNfJ"I• 0Allf[IJ561 
DIK[NSI ON CT[NP I Jr.GI 
"CAO 15,121 Pl.AC[ 
WRIT[ 15olll Pl.I.CC 
P[.lL L.l t 
A[.lO 15,61 LAt.IOAT,JOAT,rACTOR,COV'fA 
WRIT[ 16,61 L.ll,IOAT,JO.l'Y,rac,oA,COV[R 

C• ••••• ••••••••••••• ••• ••••• ••• • ••••• • •• •• •• •• • •••• •• • •• •• ••• ••• •• ••••• •••• •• • •• 
C COMPUT 0.lTLfGHl N('URo:; 
C•• ••••••• ••••• ••••• •• • ••••• •• • • ••• ••• •• •• •• ••• •• •• •• •• • •• ••• •• •••••••••••• ••• •• 

DO 1 I::-1,3'5 
C:J 
A:TJO. -. 2H •LAT• .001,J • I l .l'T• •2 I 
fl: ]Ill• 'l-. ll•l.lT •. l• fl AT" 11 
l:2.•J ■lllll,•I IC•Za5.1/JG5-1 
0.lTKlNlll:Aol!lt$1Nll I 
TOTNIN::-0.lTNtNI II• TOTKlN 

1 CONTtNU[ 
oo 1 J:1 ,JG5 
O.ll ITC fI I :OUN DU 11 /TOTNIN 

7 CONTtNUC 
C• ••• •••• •••••••• • •• ••••• •••••• • •• •• •• •• •• •• • •• •••• •• • • • •• ••• •••• ••••••• •• • •• ••• 

COptPUTf CT BY tllANCY-CUDDU [<;:TIN.UC 
INPUT DAU I'i IN IHCHCS ANO oca r 

OUTPUT O.lTA COHY[RTCO TO CM ANO OCG C 
C••••••••••• •• • ••• ••••• •• ••••••••••• •• •• •• •••• • •• •• •• • •• ••• •• ••••• ••••• •• •• •• 

90 

•c•ors,200, (RAIIH 11, r=1, tDAY I 
A[AO( So 20011 T(NPI [I• t: l• IOU I 
1![.lOIS,2001 C TAAIHI II• t:1, IOAT I 
R[AD 15,2001 ISALHIIIlol:t,toATI 
00 20 t:1, 10.lT 
Ct CNP II I ::fS. 1-, .I• fl[l'IP II 1-:n • I 
.r:.10.n•n-11 
Tr UUINltl.GT,0.1 GO HI 10 
If (T["Pll,.LT.]l. I GO ro 5 
Tr ITC"Pill .LT. 1110.1 GO JO I 
Tr IT["Plll .Lt. SO.I GO TO, 
[Tf 11 :-( 0.lll T[ CJ I •T[IIP I [I •r.lCTOR I 
[YA.Pl I 1:[ fl [ l•U .0-COYCRI 
C Tfl I: l[TI II •2 .Sii I /211. 
C VAPI I J:.fCYAPI II •2 ■51111/2111. 

00 TO 20 
5 CTfU:O. 

CV.I.Pf IJ:0. 
GO TO 20 

I CTI U:C- IOALITCI JI •l [II Pt I 11 • .10 I •2 .Slll/2111. 
r UPI ti :[Tf t I• 11 .n-Cf!Y[RI •2• 511/2111, 
GO TO 20 

, [Tl U:f-10.lllt[IJf•lC"PI I 11• .201 •2 .511/2111. 
rU,Pf 11-=ct f I,. f 1.0-COYCR,. 2. 5111/2111, 
C:O TO 20 

10 CTIIl:O. 
[UPI I 1:A.lJNfI I •2 ■ 5111/fR.lINI 11 

20 CONflNUC 
SUN:2111. 
Tl' ITR.lllrll 11 .U.O.I GO TO 11 
Afl"[ltl:SUN 
00 TO 2 

Ill .l TJllll(l ll :TRA [11(1 I 
2 o-uN:SUN•211. 

no l 1:2.tO.lT 
J:t-1 
fr ITR.lllrlllt .GT. 0.1 GO To 11 
UINCIII::: SUN 
CO TO l 

11 ATINCctl:ATUl'.1Jl•fA.ltlrlll1 

C••••••••••••••••••••••••••••••••••••••• ""•• ••••••••• •••••••••••••••• •••••••• 
C fORNlNG TU. v, sr. ANO DCG ARA ATS 

C• •• ••••••••••••••••••• ••••• ••• ••• •• •• •• •• •• ••• •• •• •• •• • ••• •• ••• •• ••• ••• ••••• 
JX:::IOAT•2 
BllNC:ott"C 
00 1111 N:1,Jlo2 
0:11: 
L :-1012.1 °.s01 
K:111•11/2 
T(TflO:::t:Tfll 
l[Tlll:•11:AllftCfNI 
Ylll:l:[YIPlll 
YI 101 I ::AT lKC I" I 
o-r1111:SAltf'•ILI 
<r111,11:.1.TJ"Cl"t 
0[!; Ill I :c T["PfL I 
0[81K•11:l!ITIMC 
111 fl N[:811 NC• QT l"C 

111 CONTINU( 
, ro1tNu 1n1.2.zn,2rs.21 

12 ro11"u 110.1.11 
ll r01tKAT IJHO,IO.UI 

zoo roA,..lTrtHS.21 
ACTURN 
£HO 
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APPENDIX 2 
SAMPLE OUTPUT 

Computed and Given Inputs 

v,,£111 
.. ~rrr 

Fr:'f,.NT; .\I 
-.•·rr,cr 

Cl"'IUUCIIVIT' orrru .. IVIP' 

. ic rr-"t 

.:-rr ,._,.1 
.. r rr-r J 
... , rr-r: 
• 3t rr---1 
.:-,rrr-r 1 
.1rrr-~1 
. ;r,.·-r• 
.ir:-·-;..1 
.:rf--•1·1 
.11r-r 0 •·1 
. ::-rr ,• r 
.1 :rr • .,. 
• :11 re ,rr 
. : :: ~=-•. r 
. :;..~r•( -
• : 7",r , .. r 

. t oi--r, -­

. -rrt•"'· 

. :!rr, r"' 
.:-:rr,r• 
.:':"f•f'" 
.: ....... : -
•. !:f4"•"' 
. •trr , .. -
. :1rr , .. .. . '(("• .. .. 
.... ,,. ... , 
.. ,. .... , .. .. 
.:1rr• .. ,. 
.;;,rr, ... ,.. 
. ;~rr,rr 
• J11rh r-r 
. ;!:.rP• r" 
. ·t ·r,r--

- . 11rrc •rr, 
- . ": -~ • rt 
-.1·1t•!(, 
- . ,-:-r ,::: 
- .11, q •t'!: 

- ..... ·t ,r,, 
- ' .... ,. -~ .. 
-. •• ·• .rr 

-.--"''.•!'< 
__ ...... _.:- .. 
- • t ,._. ,rr. 
- . ;'II-,•' lj 

•, 11': ,, •1 
• •I• • • • ~ 
• • ·1• # V ,r-: 
-. \ .... - ::> 
• • 1•r• t(; 

-."rrt ,r-
-. rt r ~ • r ~ 
-.•r•r•r· 

• - .~rrL ,r: 
- .• , .. :-,r: 
-.•n:r,:-: 
- . ,~, ' ... : 
- , '':"l • C ! 
•, l"'"'f • :-• 

. -1 .. r ,r'r • .::"rt.•"~ 
• :fl"'fh"'<". __ .... ,.::,r-
. ,,Jr•r•":- -.: .... c,: • 
.i+rr:-,r-- -.:-Hr•:-~ 
.•1: .. •rr - .1 .. rr•:- • 
. ,:--c• "r - .1 <1"r•· • 
.•::-r•"r -.1 •re,:-: 
.1.•rr•r" -.11":-•:· 
.1o!::::c,rr - . '.l:".'.:r ,:: 
.11t~r,,.r -.,r"r•::: 
.... u,r,rc -.,r--r,c:: 
•• 9cr,rr -.•rrr•G: 
.• ,rr,r:; •. .,rrc•c: 
,'.:iOClf•Ct' -.1rrr•C:" 
,!:11;r•r-r -. 1r:-o,r1 
.57rr•r,. .?lrrr 

.-rcc-rl!I .,scr-r:-

.1rn·-n .sar-rz 
. l re r-t 7 .1r1r.-~1 
.:-rcr-rf .1:n-1'11 
.:r•·r-·: .1:-1:-r1 
, ;l!'f"•f't ,l.]lt•f'! 
,!i .. c"-n .111,r-r1 
• 7"CL-r7 
.1(' ~ ·,. 1 

. ! ·::c -rr. 

.11r·-·t. 
• ! :cc--, 
, 3 ~ :-c-r v 

... .. :-( - ~ r. 

. -;r :-::-·r 

. ~::-·-:-1, 
. ! :r:::- .. 
• 1 '' r-r ~ 
. ; ! - r-: ~ ..... ,.,_,, 
. • ,,.t-· 

... ,,. C- ~. 

. : ltf :"-flo 

. t --r:::-"i. 

. ~. - c- .... 

. :•.cc-r .. 
,11•rr-r1t 
. r,!:n:o-ri+ 
. ,r: :::-c,. 
. ! ire-~ 1 
. ! ,-:_ ... 

. :- !:" ::i-r ~ 

, 1 :""C-'"' 
, 1•:-c-::­
. 1err-r-­
. ::-u-r:­
,zt-::r-• :­
. 3:00-c:: 
. l!ICIC'•f:' 
, ltLOC·f:' 
.,,co-n 
. r,rc:--r:­
. 9CCL-(7 
• '.l-.rr-r~ 
, l?CC-ft 
• ~:>c:-n 

.1ru-r1 
0 1!:•'-·"l 
• l r 6 7-f: 
,1 r 1•-r-1 
.it- 1-ri 
.1~r•J-r1 
.11 :--•-r • 
.11•u·.•1 
.:11 ·,-~1 
, ........ rt 
.1A 1'-" l 
. ~ 1'""•'. 
.; .. :,-ri 
,3f')lo•f1 
,l"t"-·1": 
,•,111·- .. , 
,ltL" l•:': 
•" ~ • 'l•' I 
., e:-:---1 
,fj .. :-,-r: 
,S:'7J<"! 

.or, .. -r: 

.tJC l•,.1 

. 1: .• ~-f": 
.uu-r1 
.111 e-c: 
. ~ r 1 e • r.,, 
.1:-H•rr 
.1111:-•r .. 
,!11'1:'•"I" 
,l "'"'t ,r .. 
-21:'(•'",. 
,""llb•"'r 
.;! Slii6•r"' 
.11:,, .... 
.Je1,•rr 
,llllllli•r,. 
.-.,et•r,. 
.5Jf.t•rr 
.o:-a,,cc 
.1.r,•flC 
.51""''•('" .,s,,,,.,. 
,! r111,c1 
,1C!i~•f1 
.1 '"r:,r, 

Cl r1 
. • , .. !-r1 
,:-t'" 7-"!:. 

Olfllll 
.rcr" 
• --rc~•c1 
,t«-tC•C"' 
.ztor•c:'.' 
.•rr ·,r .. 
,1trr,c:-· 
,'JC"'f•0:­
,1 ttir•c:! 
,1"'".'•t':? 
.1'Cf'•C'J 

W•(lf PJM 
, 12C'O-C1 
.,rcc-c1 
,trJC•t.C 
,17lC•CC 
, 1 '!0t'•LL 

H-OfPTII 
-.11,,.r, "t 
-.:rrcc•c~ 
-,z .. ,,...r.$ 

Por-nc PTH 
.coco 
.!l"-0+0"' 
,JCIOC•CJ\ 
,1110•00 
,'l"-00 "It 

.ooro 
,OCOO 
.0000 
.0000 
.ocoo 

S(-O(PTH 
.,cco+cc 
.5027•0: 
, )029•C!2 

.1cnr-ru, 
• ~r~ 1-ro;; 
.nJJ-rr, 
. - _~ .. -rs 

• 15lf'•rl"I 
.1 !.tr•rc 
. 1'lr•OC' 
.J rrr•rr 
,1111'.'0•CC 

·,ll'U'r•rll 
-.~-i .. r-, r .. 
--101(•1"!, 
-,lC"'f•~ 
-. 71CC'• "II 
-.1u·c•~ 
-.t•'"f•(!, 

• T:ullll•01 
.110,••0J 
.,1oa+o1 
,9793•03 
.110,+ol 
.,5,s•Ol 
.111,•c• 

28-Day Output 

N'f' 
1 ' • 
l 

. 
• 10 

11 
1' 
1J 

" 15 ,. 
" 11 
11 
,o 

" " 
.r 

'.r 
:s .r 
;-9 ,( 
tte.r 
10,( 
-:,r.r 

101,C 
l l!: ,r 
l'°C,r 

r..-u1 
, 1c.rr•t 1 
H 
.JCOO•tH 

11:'lctY 
-.sccro•o, 

JUL OU 
"'71 
:"2'J 
:"30 
Z!l 
21:! 

'" '" 2 l!; ,, . 
,n 
ZH ,,. ,.. 
'" ,., 
'" ,.. 
:11s 
?IIG 
:'Ill 
:•e , .. 
,sr 
:"51 
?5:' 

'" '" '" 
:'0,"C' 
111, ro 
z ... :-, .. 
,1. r-o 
:"l. 1e 
! ,. ~c 
11, l+C 
11, ,o 
1 ,. ,'( 
1,.rr 

OOT 
.2,or-ri2 
Cllltf 

,G11C'•CJ 
1.1wrr 

.~ocr 
Ali "18• 
,ICCl"+C'C 

!.OUPCf 
• orrc 

OE•1'H 
.r. , .. 

1 5,f'I 

"1AH"II 
.otrc 
.o"lr, 
.10•11 

r1ttr nrn 
.:,co,o;, 
·••or,c1 

~Oil flUY 
·, 1'56-lll 
-.16 .. ,-c1 

CJ r"lUII <:Al T CONC, AY( DAILY Hl'IP 
2,.1 

• 7;0:-•0:.'! 
.,tror,:12 
, 1200•0~ 
. 11,1i.r•O! 
. 1,9r•OJ 
, 1"2'"•~l 
.~1Gfh0'1 
,:•CC•C:! 
. Zit 12'•01 
, :.'!"'5'1•C! 
. Jl "lhC~ 
, J;£or•O:! 
.uor•OJ 
. 3(.25•0 ! 
. i+nt"•OJ 
. -.;i,1 ♦ 0! 
• 115G0•0~ 
•"-""O•C:? 
• 111!75•DJ 
. ~280•03 
, ~52r1•0J 
, S76f'l•C T 

,tCOf)•Ol 
JZIIC•tll 
. c11,n,c3 
.,;7 .. r,0.1 

-. "77-01 
-.11u-01 
-.u,1-01 
·,UH-Cl 
-,15$5~1 
--151"-~1 
-,U21-<!t 
·olG8G-l'J 
.2,.1 ♦00 

. 561111-r 1 
-,11181-01 
-,151115-01 
·,lW0-..01 

• 3S5G•or 
-,2\27-03 
--115\-(!1 
- + 12'5-01 
- .111112r-01 

, ,1 \1111-01 
-.1205-01 
--llll-01 
-. 1\21-<"11 
- .1sos-01 
-.uu-01 
-. lSlf>--01 
-olJlC-01 

- ,7,1'9-l'll 
-.221r-1 
-.n,,-r1 
-,ll?6-f'l 
• ,2J'K-l\1 
- ,2192-'"1 
-,20117-l'l 
-.:011-"'1 
-.?1'1-'11 
-.221t•4"1 

.oooro 
,COCfl 

-,tNlt--1"'1 
-,20'1-"1 
-.1,,c-r1 

,CCC,. 
-,lO~-flZ 
-,15l'J..,.1 
-,1Gl6-"l 
-.u,11-r1 

.ooon 
- .u;o6-"t 
·,175l•t"'l 
-,lU~•f'l 
-.1001-01 
-.l95t'-f'l 
--2071-01 
-,11'174"1 

• ,cro+oo 
,"!JDC 
.rcor 
.rroc 
.r.ono 
.rrrc 
,rtOOO 
.rcrc 
.rorir 
.rooc 
.f"Q('(\ 
.rcoc 
,rCCC'I 
.cccc 
.ror.o 
,rcro 
.0000 
,"'CCC' 
,MOC 
.ror.o 
.ncor 
,rcc,r 
.oOoc 
.crrr 
.rocr 
.rooc 
,l"Ot'IC 
.rorc 

:r.n H(A1 C:>NtiurTtvTT?["" 

C"AV'I' 
• 1( fO•O 1 

IC.ll/C'l ·HP-nrc CI 
l.torc 
3. GCCO 
... ccor 
l • ,coo 
1, "-ff 
l,iOOO 
~.(,fl"C 
'I .60f'r 
3 .,;orl" 

,(10('( 

f"N1 
.sroe-r, 

HU."W 

l)r'lW 

.1orr-<"1 

, lf"UO•Cl - .,roo•o-. ""' .ror:ro 
VA Tl 

.Jl't:l0-('11 
OtrO 
.icoo-n 

W•TII 
.s·ro,nr 

Otr.t 

ra 
,ICOO•Ol 

o•re 
,lC\OC-r? 

., .. r 
.err fl 

p,t(".; 
.1 .. r,r,01 

"'C,0 
2c., 
.. ? ,2 
'J-i 
ir .c 
17,8 
l l ,11 
?O,C 
.. l,7 
,1-1 
1 ~ .... 
n.z 
\9," 
11,1 
t•-· 
' .. 

10,0 
1, .a 
1 ,. 7 
12,S 
11.1 

1 •--11 ... 
1, .• 
1'.1 
20.c 
1!.,C 

SOll Hr.tr ('APACJT'f 
I CU/CK I 
, lrrc 
, l("OC 
• 3rrr 
, Jrco 
,3"f"(; 
. Jenr:' 
• lf'O( 
. Jrro 
. )l"OC 
.Jerri 

IIOtrtnIAL -.oor (Ill. 

.1 rrr•r1 

,;.t.l 1 CONC 
.,r 

51, 17 
Jr.,r 

A"T <.tl1 lf"P, 
-.scot•or .orrc ,Cl :'{ ,7 
- ,l'>C!l•OS .aroc :- .,.. 2f. 1 
-.1011•0• .ncr-r •, 1"' ?11,6 

29,c ,Ur" -.n,~•o• -., .. 11-r1 
11c.c .i,e~ -.Jotc••O"- -.11r:--r11 
1n.o ,1-.,, -,,'J'6•011 ,OC!C'<' 
~c.r .t~l' -.intr:•c!. ,or-re 

,oe.o .1r.i~ -.nn•o11 ,('!rr,r 
1;::!:.r -1\r- -.1:l'lS•O' .cr"r 
1,r.r . 1sr"' -. 10•!•0!: ,rrrc 

OAT CU ... , HO•JA': CUit. t1t,1,1-;. Cl!K f"t1-t{'lrr HROOT 
1 .,.oo•o"' -, 1..,1111•,oc ,oocr 

oCrTH wA•"st "Or£..,TUl cont rn. 
.ri .cHr -.sorc•:it .rr"c 

J.c .c,•u1 -.t,J6+r.· .er .... 
15.r .ioc1 -.1,~l•C" .orrc 
?9,0 ,1"1•• -.tOrt•C!'i ·,lt'ol•C: 
•c.r .ur1 - .. ,:!. 11, ♦ c.. -.tt!1-r" 
1r.r .1s~, -.,1•.'.'•.'.:• .rt"O 
,o.r ,t",lf -.10-:.:•c• .crro 

109,Cl • 1,;:>"' •, 11,1, r-1111 .rr"I" 
t]fj.n .1r,1~ -.1c~1•c;r, .rrrr 
ttr,:- ,l!'it"~ -,to•~•c• .C!('rr 

OAT cu"• ~ouo~ cu-., r'l•M". r"" '1ui.nrr ,1,1or· 

7J.!:­
•ct. !r 
~Jr, lf 
!I H. 91 
s 1r. ,o; 
')rr,,11• 

ll '"• 57 

. "' r•.c • 
lf',•7 
711. <\ -

Hf.11 
f"!r,·: 
8111,1') 
'I IC,~,. 
')!G ,<1~ 

1 ,"-'10::•C'" -.:c:,r.r,:- .:- .. r· -.:~"r•,. .. 

t"[l>TH 

.c 
,.r .nJr 1 

f":> .. r NII Al rn1T flrt • 
- .o;:-,·:-•'.:f ,-:r"'t 
-.tl!.7•:ir ,CC,.r 

1s.0 .1c•, --?" .. l•C" ,rrrr 
211,r -1,11r -.11•1•cr -.1,1,-:-J 
llf' ,C • lllrt" • .J .. t:"• :- - ,1 YS"·r'II 
lfl,C .1r,,r -,')IC7•CCI .or.cc 
,r.o . P,J.. -.1c,:•:• .rrrc 

1r9,f' ,1,1• -.1•>"'•t• .,rrc 
115.r .10:.r<1 -.1--•1•0• .r""r 
t,c.r .1r,r, •,IC"'~•:;;r ,CC .. C 

0.t.Y CUN, l'OU'>'i cu". '""'I", r••~ PUN"lrr •~O')" 

J .1;-oc,0· -,Br.!:•t!' .c:crr 

O("TH WA'l"R f' ....... ,111,L "no, (XT. 
.o .01cr --~::rc+.it .or .. r 

3.r .olC 1 - .'1197•0" ... rrr 
15,C .105r; -.119<:•C.• .croc 
;,.r .i•r' -.iz111•0• -.111•J•CJ 
IIC,C ,U~l •,!(;(!•:"- -,lHl-CII 
70,0 ,!SIil -.171:•f"II ,OflCC 
'lO,o ,1!.77 -.1c!:+:!: .orcr 

109,r ,151'; -.151,~•Clt ,"lr''"f 

us.o ,15rr -.1ca;,o• .:coc 
:,c.c .1st1 -.1c•-:•c· .crrc 

OAT CUM. HOUP'i CUM. HtAN... r111t Ruitorr ,tAO:-· 
,9,00•0? •. 3••1ocr .tcu·. 

O[PTH VAf"'n ,o•r-•1T!lL "001 [XT, 
.o .01(1(• -,SOC.C•OC .orrr 

l,r .01,., -.ts:r•~t .crrc 
15,f' ,10~] •,l')•.P•O'i ,DN'O 
21,0 ,1.1111, -,lllll•C!: -,11,r.-C:l 
IIC,r' , Ut l - , H!>S•O• - ,10!:!-f'IIII 
70.r .1 ... ,r -.'JC,ll~•CII .Ct'r.(' 
,o.o ,157"' •,lO?G•t'r .croc 

lfl8,0 .1r,11 -.76(,;'+C• ,OC .. C 
llS,Q ,1°'107 -,ICl7~•0,. ,"f'flO 
1'0,0 ,15C!I -,107Ci•t:"' ,l"fltlC 

DU CUfl. HOU•'i CU"- Tlt&N'>, cu" PU"Off HAOO· 
s .1100°01 -.11J .. 'J•~~ .cor"' 

D(f'TH WATf"A P.OfrHTIAL 1100, r,n. 
.o .ou:r, ... sc:c•Gc .ccro 

3.0 .ozr,, -.11fla•or .orrr 
15 ,0 • torr - , 10CO•O!> ,Ct'1"C 
a.n .nl~ -.iJ5e•o!I -.,a1 ~0111 
11c.r ,17'1.. --•OlS•CII -,91!9:'-'"5 
7(1,0 ,15ll• -,'J57l•OII ,COOC 
,o.r ,15:'7 -.101,.c ... crre 

101,0 .1Hi• -.nss•o1111 .crro 
135,fl • 1sc, -.ion•D!' .or:ec 
1&C'l,o .1so, -.inn•os .ooro 

OAT CUM, HOURS CUI'!. T•lN--. cu" f'!UNOH' ftAOl'T 
• .1••0•0J -.11113,or .ccc,r 

tl[l'TH VA"ffA f'('IT''"l"IAL ROOT ntT. 
.a .01co - .!iooo•ot .orct 

l,O .01•1 •,?!it!•OG ,:}COO 
15,0 • tO•'i - .zc 11 •Or; .core 
ze.o .11128 - , llU•OS - .871"C-l'!II 
•c,o .n110 .... :c:.•o• -.775J-rs 
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INTRODUCTION 

The nitrogen submode! deals with the nitrogen transfor­
lllalion in soil caused by microorganisms. In addition to 
those biological processes. it includes an option for 
ammonium volatilization because of its importance in desert 
conditions. As in the decomposition submode! (Parnas and 
Radford, 1974). all the biological transformations are 

proportional to the growth rate of the particular microbial 
population which is responsible for that process. The model 
i11d11dcs most of the pm~ible nitrogen transformations, even 
tho~e \\'hich are very small in magnitude in desert 
conditions. The purpose is to keep the submode! as general 
as possible. 

PROCESSES INCLUDED IN THE 
NITROGEN SUBMODEL 

In order lo understand the way in which some of the 
processes arc handled in this subroutine it is important to 
mention here that one of the assumptions in the nitrogen 
and the decomposition submodels is that all the constituents 
of a living microorganism are not available to plants or to 
an~· other source. Only through death does the microbial 
biomass become available. 

SYMBIOTIC FIXATION OF N, 

Symbiotic fixation causes enrichment of the symbiotic 
roots with some of the fixed nitrogen, and that of the 
symbiotic microflora with some of the root carbon. In the 
sub model the only way in which the soil organic matter will 
be enriched with the fixed nitrogen is by the death of the 
symbiotic microflora, which in this case is the same as death 
of the symbiotic roots. Thus, symbiotic microbes are 
considered part of the root tissue. Plants know how much 
carbon to allow roots in order to account for microbial 
gro\\'th because the microbial biomass value is continually 
calculated and communicated to the plant submode! (or at 
least back to the SOILS calling program). 

HETEROTROPHIC FIXATION OF N2 

Some hctcrotrophic types of bacteria fix N 2 . Soil organic 
matter will be enriched by that fixed nitrogen only after the 
death of the fixers. 

AUTOTROPHIC FIXATION OF N 2 

Autotrophic fixation of N2 is accomplished mainly by the 
blue-green algae on the soil surface. The same rule as in 
symbiotic and hctcrotrophic fixations holds here also. 
Growth of autotrophs is actually calculated elsewhere 

(l'.g., I,~· a plant submoclel), as is death. Nitrogen fixation 
itself depends on growth but is calculated here. 

NH7OXIDATION TO NO;-

The basic equations of this process are those of McLaren 
( HJ7 I). The process includes use of NH;'"as a source of energy 
for maintenance and growth. In addition, some external 
oxidation of NH1'to NO;- occurs. This last process is not 
agreed upon by other authors. NHt oxidation to NO;- is 
accompli~hed mainh· by the Nitrosomonas population. 

NO;- OXIDATION TO NO;-

The basic procc.~s is the same as above (only the source for 
energy is NO7J and is based on the same work (McLaren, 
1971). This process is accomplished mainly by the 
Nitrobacter population. 

DENITRIFICA TION 

In the submode! this process is accomplished by the same 
basic population which is responsible for decomposition 
(Parnas and Radford, 1974). Denitrification can happen in 
anaerobic conditions. It requires very high moisture or even 
flood in the upper horizons, which of course is not typical to 
arid conditions. Nevertheless, denitrification is included for 
purposes of generality of the submode!. 

NH, VOLATILIZATION 

NH, volatilization occurs under warm and alkaline 
conditions. This may optionally be handled outside the 
nitrogen submode!. 

STRUCTURE OF THE SUBROUTINE 

The processes mentioned are calculated by soil horizons 
only. For each proc-e.,.,, the growth rate of the corresponding 
population in a given horizon is calculated. In addition to 
the growth rate, the death rate for each type of population is 
calculated. The substrate \\'hich limits growth is different 

for each type of population; so is the cause of death. 
Usually, if the source of energy for that specific population 
drops to zero, a higher rate of death will vccur. When the 
source of ener~' is available, a smaller rate of death takes 
place. NI-1'1; NO, and NO;- concentrations are calculated 



separately and used in a combined pool which is the 
total m incral nitrogen. This last pool is the source of mineral 
nitrogen for immobilization and for the N, fixers. Preference 
coefficients are given to the different constituents of the 
mineral nitrogen in order to determine the immobilization 
of a specific type of nitrogen. 

The input to this subroutine requires initial concentra­
tions of the various pools, the various microbial biomass 
concentrations. and maximal growth rate for each type of 
population. Again as in the decomposition submode! 

95 Auxiliary Submodels 

(Parnas and Radford, 1974), the product microbial biomass 
times maximal growth rate can be replaced by "potential 
activity .. if biomass cannot be measured meaningfully. 

APPLICABILITY 

The model can be applied to many ecosystems at various 
environmental conditions. The reason is its generality, as 
has been discussed in the decomposition submode! (Parnas 
and Radford, 1974). 

VERBAL AND GRAPHICAL DESCRIPTION OF PROCESSES 

SYSTEM DIAGRAM 

The system modelled and some of the necessary 
connecting flows to related submodels are shown in Figure l. 

VERBAL DESCRIPTION OF PROCESSES 

Gt10WTII HATE OF THE V Al110US MICROBIAL POPULATIONS 

The growth rate is a function of maximal growth rate of 
the specific population, environmental coefficients in the 
different horizons and of the growth-limiting nutrient. In 

, 
VOLATILIZATION 

NIT. 
t 

most cases the gro,vth-limiting nutrient will be the source of 
eneq.(,·. In this way the growth-limiting factor for the 
Nitrosvmonas will be the NHt concentration, and for 
Nitrobacter the NO,concentration. For the N, fixers, the 
growth-limiting factor will be the carbon source (in roots, in 
dead material) or the light intensity (for the autotrophic 
fixers). The function which describes the growth rate as a 
function of the limiting nutrient is that of Michaelis-Menton. 

The en\'ironmcntal coefficients are calculated by use of 
trapezoidal functions as described in Figure 3 of the 
decomposition submode! (Parnas and Hadford, 1974). 

N2 
/ 

DENIT. 

I 
I 

I 

I 
I 

/ NIT. 

FIXATION 

N0 3 

I 
I / 

/ / 
I / 

DEATH / 
..,.,. ..,.,. 

,,,,,,. 

I 
// 

// 

Figure l. Decomposition submode! with connecting flows to related submudels. 
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DEATH RATE OF THE VARIOUS MICROBIAL POPULATIONS 

Calculation of the death rate is, in principle, the same for 
all the populations, but the cause for death is different. For 
each population at each horizon, two values for death rate 
are gil·en. One (the normal one) is the death rate when the 
specific energy source is available. This death happens along 
with growth at a constant rate. When a starvation 
conditions exists (the energy source is not available), growth 
stops and death proceeds at a higher rate than at normal 
conditions. Since the energy source is different for different 
types of populations, the cause for death will vary from 
population to population and it is calculated separately for 
each of them. For the autotrophic N, fixers where the source 
of energy is light, the death rate (calculated outside the 
nitrogen submode!) usually depends on the size of the fixer's 
biomass. The idea is that when the microbial biomass 
reaches a certain maximal value the light intensity per cell 
decreases because of the shadow effect. When the 
population is very dense the lower levels of the population 
will not accept any light at all; conditions which are similar 
to stan·ation. 

SYMBIOTIC N, FIXATION 

The symbiotic N, fixation is dependent on the microbial 
biomass of the fixers, and on the host plant root carbon. This 
fixation is inhibited in a regular competitive way by 
inorganic nitrogen. Thi> N, that is being fixed sen·es the 
microbial population and the symbiotic roots. The biomass 
of the symbiotic fixers and the symbiotic roots is considered 
essentially as one biomass for purposes of death. The two 
tqles of biomass are calculated separately for fixation rate 
calculations. By the death of the combined biomass (root 
death), they are attacked by the decomposers and so become 
part of the soil organic matter. Carbon dioxide evolution 
accompanies the growth of the symbiotic fixers. Symbiotic 
fixation can happen in all horizons. The amount of plant 
carbon allocated to symbiotic roots (calculated elsewhere, as 
is CO, evolution) depends upon symbiotic microbe biomass 
(calculated here). In the general process of symbiotic N, 
fixation, the following processes are included: (1) N, 
fixation, an increasing function of microbial biomass and of 
root carbon -- decreasing function of inorganic nitrogen 
concentration; (2) increase in fixers' biomass; (3) death of 
the fixers and root biomass -- this last process is responsible 
for the enrichment of soil organic matter by organic 
nitrogen. 

HETF.!10TROPHIC N, FIXATION 

The growth-limiting substrate for the heterotrophic 
fixers is the soil organic carbon by horizon. The 
heterotrophic N, fixation is also inhibited by the available 
inorganic nitrogen. The growth rate of this population is 
determined by the usual components, that is, maximal 
growth rate, environmental coefficients by horizon, organic 
carbon concentration by horizon, and the microbial biomass 
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by horizon. The death constant by horizon will be 
dependent on presence of soil organic carbon. By their death 
they are subject to decomposition and the soil organic 
matter is enriched in organic nitrogen (among other 
constituents). The enrichment of soil organic matter by 
organic nitrogen is proportional to the fraction of nitrogen 
in the microbial cells which is around 5-12% of the cell 
biomass. 

AUTOTROPHIC N, FIXATION 

It is assumed that the main autotrophic fixation is clone by 
the blue-green algae on the soil surface. The growth rate of 
the autotrophic fixers depends on light intensity and the 
ll'ngth of the day. In addition, their growth rate is 
dependent, as in the other cases, on environmental 
conditions and the concentration of their biomass. The 
actual growth of these surface autotrophs is calculated by a 
plant submode! or elsewhere. This nitrogen submode! 
receives the information about the amount of carbon 
fixation and autotroph growth and proceeds to calculate 
ho\\' much nitrogen assimilation occurs and, of this 
nitrogen. how much is inorganic soil nitrogen (as is 
determined for the nitrogen fixers in general). As in 
s,·111 biotic and heterotrophic N, fixations, the enrichment of 
soil organic matter by the organic nitrogen of the free fixers 
occurs only by the death of the autotrophic population. 
Their fixation is also inhibited by the presence of inorganic 
nitrogen. 

OXIDATION OF NH;TO NO, 

Oxidation of NH: to NO;- can happen in all horizons. The 
source of energy for growth and maintenance of the 
corresponding population is NH;'; NO;- is the oxidation 
product. The disappearance of NH1"is proportional to three 
subprocesses: (1) Growth rate of the oxidizers, multiplied by 
(I/efficiency). The growth rate, as always, is proportional 
tu the maximal growth rate, microbial biomass concentra­
tion and NHt concentration. The efficiency describes the 
amount of NH;+-assimilated divided by the amount of NH1' 
used for growth. (2) Maintenance requirement--the specific 
maintenance energy is a constant independent of growth 
rate, per unit biomass. It has to be multiplied by the 
microbial biomass. Its units are time- 1. (3) In addition to the 
processes ( l and 2 above) which are connected with 
microbial growth, some external oxidation happens. This 
process is proportional to fhe external enzymes present 
which are due to that waste metabolism. The rate of the 
waste metabolism has also the general form of a 
Michaelis-Menton equation. It means it also has some 
maximal value and is dependent un NH1" concentration. 
According to McLaren (1971), this is the major process in 
NH:;+-oxidation, but not all the authors agree on this. In some 
cases a very good agreement to laboratory conditions could 
he shown without considering at all the waste metabolism. 

The formation of NO,is of course proportional to the loss 



in NH;+: For keeping the right balance, the free NO;which is 
e\'lih-ed should be calculated by taking into consideration 
the efficiency of this reaction. 'rhc efficiency, which is very 
low in this case ( -6 % ), gives the amount of NH'twhich is 
attached to the microbial cell. In this case, and not as in the 
fixation process, the NO-;-formation is a direct product of 
this transformation. In addition, the death of this popula­
tion contributes to the soil organic matter. 

OxmATION OF NO;To NO:;-
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This process is completely analogous to oxidation of NH;+" 
to NO,: The only difference is that the somce of energy is 
NO-;and the oxidation product is NO,- This process idaster 
than the first oxidation; therefore, we don't expect any 
accumulation of NO.;- which is really the case in field 
conditions. The two processes have slightly different 
sensitivit,· to pH and temperature. Nitrification as a whole 
requires higher moisture level than does ammonification. It 
means that in dry conditions NI-I:;could be accumulated. It 
is nof' accumulated because of volatilization. 

DENITRIFICATION 

Dcnitrification can happen in more than one way. In any 
case the rate of denitrification will be a function of growth 
rate of the denitrifiers, v,;hich in turn will be an increasing 
function of nitrate, nitrite and organic carbon concentra­
tions and a decreasing. function of oxygen. pH and 
temperature will affect the denitrification in the usual way. 
The biomass which is responsible for denitrification is part 
of the decomposers' population. At anaerobic conditions 
they will use NO-;- as a competitive electron acceptor. The 
rate equation for denitrification includes competitive inhibi­
tion of NO,use by the presence of 0,. Oxygen amount is 
indicated by soil water potential here. In later models, 
actual O, concentration may be calculated and used. The 
death of denitrifiers, as that of the decomposers, is caused by 
carbon starvation in that horizon. In normal conditions the 
death rate will be lower than the starvation rate, and death 
and growth will happen simultaneously. 

Auxiliary Submodels 

NH, VOLATILIZATION 

The rate of volatilization is an increasing function of NH;t" 
coneentration, pH and temperature, and a decreasing 
function of soil plant cover. The dependency of the rate of 
\'Cllatilization upon pH and temperature is shown in Figure 
2. 

Parameter 

Figure 2. Coefficient of NH, volatilization as a 
function of environmental conditions. 

ASSUMPTIONS 

1. The rate of any biological transformation is propor­
tional to the growth rate of the population responsible 
for that transformation. 

2. The growth rate is described by a Michaelis-Menton 
equation. It includes maximal growth rate, and is pro­
portional to the concentration of the substrate which is 
growth-limiting. 

3. The environmental coefficients affect the maximal 
growth rate. 

4. The living microbial biomass is not available to the 
plants. It becomes available only after death and 
111 ineralization. 

.5. Death constants for each type of population can have 
one out of two values. The lower one is the normal rate 
constant which takes place while growth is happening. 
The second and higher one takes place when no source 
of energy is available. 

MATHEMATICAL DESCRIPTION 

See the section on MAIN Calling Program in the 1973 
Des1·rt Biome Progress Report, Volume 1, for explanation of 
symbolism conventions. 

NITROGEN EXCHANGES WITH THE ATMOSPHERE 
(X .. ,) 

where: 

I I I 
h, iEf, jEN 

Summations over all horizons h, over the 
set of nitrogen fixing biomasses or activities 
i, over the set of typ~ of mineral N ;, 
respectively 

Instantaneous growth rate of biomass/ 
activity type i in horizon h as in (2) 

Quantity of biomass or activity as in (4) 
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Uptake of mineral N type i by N-fixing 
organisms as in (10) • 

Denitrification as in ( 13) 

Volatilization of NH, as in (8) 

Normal units of N of fixers .per unit 
biomass 

INSTANTANEOUS GROWTH RATE OF NITROGEN 
TRANSFORMING ACTIVITY i (Z'ih) 

where: 

(2) 

Maximal growth rate adjusted to the 
physical environment in horizon h, as in 
(5) 

Total host root carbon for· symbionts, 
total soil dead material carbon for hetero­
trophs and denitrifiers, ammonium for 
ammonium oxidizers, nitrite for nitrite 
oxidizers • 

A Michaelis constant 

INSTANTANEOUS DEATH RATE OF NITROGEN 
TRANSFORMATION ACTIVITIES (Z'ih) 

where: 

where: 

t,I-1 

(3) 

As in (2) 

Different death rates for the conditions 
imposed (concerning Z'ih), for biomass/ 
activity i 

BIOMASS/ ACTIVITY (Z,ih) 

(4) 

The value of z.ih is for the present ( t) or 
preceding (t-1) simulation time unit 

Growth rate for biomass/ activity 
horizon h as in (2) 

Death rate for biomass/ activity 
horizon h as in (3) 

of 

of 
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MAXIMAL GROWTH RATE ADJUSTED TO 
PHYSICAL ENVIRONMENT (Z"ih) 

where: 

(5) 

Maxim um instantaneous growth rate for 
biomass/activity type i, under ideal con­
ditions 

A temperature coefficient specific to hori­
zon h temperature and biomass/ activity 
_type i -- calculated in OPT 

A pH coefficient -- calculated in the OPT 
subroutine 

A salinity coefficient -- see OPT 

A moisture coefficient -- see OPT 

As in (6) 

MULTIPLICATION FACTOR (Z"ih) 

Z "i/i = 1, fori ~- 4 

= (X,.hJ + x .. h4) • P,/((X,.h.1 + x .. h4 + P,,) 

·(P,+Z"h)), fori=5 (6) 

where: 

x •• hJ,x"h4 = 
P, 

Nitrite and nitrate, respectively 

An inhibition constant for the inhibition 
of the use of (NO2 + NO-;) as oxygen 
source, by oxygen present 

where: 

= Soil water potential (negative bars), as 
calculated elsewhere and passed from 
SOILS 

= A Michaelis constant . 
CHANGES IN AMMONIUM (X,.h2) 

. 
X,.h 2 = - z, - Z 15h - z,1h, for h = 1 (7) 

= -Z"h-Z'lh• forh > l 

Volatilization as in (8) 

Oxidation to NO,as in (9) 

Uptake by fixers as in (10) 



where: 

z., 
z,. 

where: 

P, 

VOLATILIZATION OF AMMONIUM FROM 
HORIZON 1 (Zo) 

z. = [Z,o • Z., • Z" ·Po)· X,. 
12 

(8) 

A temperature coefficient as calculated by 
HAMP subroutine 

A pH coefficient as calculated by RAMP 

A soil cover coefficient as calculated by 
OCLIN subroutine 

Maximal rate of volatilization under 
optimal conditions, units per unit present 
per time 

Quantity of ammonium in horizon l 

OXIDATION OF NH1TO NO;-(Z .. h) 

z .. h = (P, • Z,3h + P. + P, • P,o • X,.h21 

(X"h2 + P11)). Z231i (9) 

1/ efficiency or NH;>" transformed to No;­
divided by amount of that transformed 
that is assimilated by transformers 

The growth rate of biomass/activity type 3 
in horizon h as in (2) 

Units NH;+"required for transformer main­
tenance per unit transformer biomass per 
unit time 

A rate constant for waste metabolism con­
nected to NH;t"oxidizers 

External enzyme concentration per unit 
NH;oxidizer biomass 

Ammonium as in (7) 

A Michaelis constant for waste product 
metabolism 

Biomass/ activity quantity for type 3, 
horizon h as in (4) 

UPTAKE OF MINERAL NITROGEN TYPE i BY FIXERS 

(Z'ih) 

where: 

(10) 

Mineral N demand of all fixers in horizon 
h.asin(ll) 

A "'preference .. factor, units typei taken up 
per unit mineral N demand 

99 Auxiliary Submodels 

= Amount of type i nitrogen in horizon h 

TOTAL MINERAL N DEMAND BY FIXERS 

(Z "h) 

L L 
z,.h = iEF(Z,;h. Z,;h)/(jENX"hj + P,.) (11) 

L L 
iEF.jEN Respectively, summation over fixer bio­

mass/activity types j, summation over 
nitrogen types ; 

Growth rate of fixer i, horizon h as in (2) 

Biomass/ activity of fixer type i, horizon h 
as in (4) 

Nitrogen type; in horizon h 

AM ichaclis constant 

, CHANGES IN NO-;(X"h3) 

X"hJ = z .. h - (Z,31, • P,, • z,31,!P,)- z,21, -

P, 

Z,.31, 

z .. h 

Z•3h 

z,2h 

Z,h 

z,h. (X,.1i3!(X,.1i3 + x .. h4))- Z,01i (12) 

Efficiency of conversion of NH; to NO;­
as in (9) 

Oxidizer growth rate as in (2) 

NH.+oxidation as in (9) 

Oxidizer biomass as in (4) 

Uptake of N, by fixers as in (10) 

Denitrification of NO;, NO,as in (13) 

x .. ,,3 and 

X"h4 

P,. 

where: 

NO~ NO, 

As in (16) 

NO;-oxidation to NO:;-as in (14) 

DENITRIFICATION (Z,h) 

z.h = P,.. 215h. 2 •sh ( 13) 

Units (NO;-+ NO-;-) required as oxygen 
source per unit growth 

Grow th rate of denitrifiers as in (2) 

Biomass/activity type 5 (dcnitrificrs) in 
horizon h as in ( 4) 

OXIDATION OF NO;-TO NO;- (Z,oh) 

Z,,.1, = (P 15 • z, 411 + P 16 + P11 • P,. • X,.1,3!(X,.h3 + 

P,.))·Z,h 4 (14) 
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Z"ih = Change in biomass i of horizon h as in (18) 

!/efficiency or NO;- transformed to NO, DEATH OF BIOMASS/ACTIVITYi(Z21ih) 
per unit NO-;-assimilated by transformers 

C rowth rate of oxidizers as in (2) 

NO, required for maintenance per unit 
biomass of NO, oxidizers 

Rate constant for waste metabolism con. 
nected to NO,oxidation 

External enzyme concentrations per unit 
microbial biomass of the NO, oxidizers 

NO,as in (12) 

A Michaelis constant 

- Biomass/ activity of oxidizers in horizon h 
as in (4) 

. 
CHANGES IN NO,NITROGEN (X,.h4) 

X"h4 = Z,oh - (Z,4h. P.,. Z,4h!P,s) - Z,3h -

where: 

- z,h' (X,.h41(X,.h3 + x,.h4)) (15) 

Efficiency as in (14) 

NO-;-oxidized as in (14) 

z,3h Uptake of NO,by fixers in horizon h 

z,4h = Biomass of NO-;-oxidizers as in (4) 

Z,h Denitrification of NO;-; NO,as in (13) 

z,4h Growth rate of NO,oxidizers as in (2) 

X,.h 3 and 

X,.h 4 NO;; NO,nitrogen 

P,, As in (16) 

CHANGES IN SOIL ORGANIC MATTER (X.,hf) 

where: 

*"hf= + L~D z"ih}P21, for f = l 

= - i~D (P,oif • Z"iJi), for f > l 
(16) 

Summation over non.symbiotic types 

Death as in ( 17) 

N fraction of biomass 

Requirement of biomass type i 
for constituent f for growth 

(17) 

where: 

Z'ih Quantity of biomass/acticity as in (4) 
z.ih Instantaneous death rate as in (3) 

CHANGE IN BIOMASS TYPE i IN HORIZON h 

(Z"ih) 

where: 

(18) 

Biomass/activity at present (t) or previous 
time unit (t·l) as in (4) 

. 
DUMMY BIOMASS EQUIVALENT CHANGES (X,,Df) 

• r r 
X,, DJ= + h (Z,2h. Z,2h - iED z"ih + Z,3h. 

Z,3h!P, + Z,4h • z, 4h!P,s) • P,,, forf = 1 (19) 

=+ ~ i~D(P,.if.z"ih),forf>l 

where: 

r I 
h, iED Summation over all horizons, summation 

over non.symbiotic types 

Z,ih • z,ili = As in (1) 

P,oif' P21 

Z"ih 

Death as in (17) 

Inverse efficiencies as in (9) and ( 14) 

As in (16) 

Change in biomass i as in (18) 

CHANGE IN DENITRIFYING DECOMPOSERS 

(Z,5h) 

where: 

Z,5h, z,5h = Growth rate (2) and biomass • 

Death rate as in (3) 

Units of z,5h biomass not involved in 
denitrification per unit involved 
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TABLE OF SYMBOLS FOR MATHEMATICAL 
EQUATIONS 

Eq. Where 
Sym. FORTRAN Eq. Units Example 

Symbol FORTRAN Defined Units 

Xo'rf AGAIN(R,F) 1 g/ha·time P,i CM(l) 2 g/ha 1000. 

X,,Df CLIT 19 g/ha P,; D1(1) 3 1/time .02 

(LDUM,F) P,; D2(1) 3 1/time .002 

X"hf CORG(H,F) 16 g/ha P,; GM(l) 5 !/time .7 

X"hf SMIN(H,F) 7, etc. g/ha P, CION 6 -bars -10. 

21ih GR(l) 2 1/time P. FVNH4 8 1/time .01 

22ih BIOM(l,N), 4 g/ha P, A3 9 dimensionless 16. 

CBIO(N) P, MAIN3 9 1/time .00005 

z,ih V11NH4, 10 g/ha·time P, K3 9 1/time 1.0 

VllNO2, P,o B3 9 dimensionless .0005 

VllNO3 P11 KM3 9 g/ha 1.0 

z,h V8 13 g/ha·time p "i BNH4, 10 dimensionless 1.0 

Zs Vl0 8 g/ha·time BNO2, 10 .1 

2 •ih G(I), 5 1/time BNO3 10 .3 

CG P .. AS 13 dimensionless .5 

21ih 
CI(N), 2 g/ha PIS A4 14 dimensionless 16.0 

TOTOC, P,o MAIN4 14 1/time .00005 

SMIN(H, *) P., K4 14 1/time 1.0 

2 •ih D(I) 3 1/time P,s B4 14 dimensionless .0005 

20ih TC 5 dimensionless P,. KM4 14 g/ha 1.0 

210ih PHC 5 dimensionless p'"if CFEPCT(l,F) 16 dimensionless .10, etc. 

211ih SC 5 dimensionless P,. BN 16 dimensionless .10 

212ih WC 5 dimensionless P,, CBFAC 20 dimensionless 2. 

Z 13ih 6 dimensionless 

Z"h WATPOT(H) 6 -bars 

Z"h V6 9 g/ha·time 

zl6 TCB 8 dimensionless 

Z11 PHC8 8 dimensionless 

z,. sococ 8 dimensionless 

Zl9h Vll 11 g/ha·time 

z,.,h V7 14 g/ha·time 

221ih 17 g/ha·time 

222ih CHANGE 18 g/ha 
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COMPUTER IMPLEMENTATION 

DATA REQUIREMENTS AND EXECUTION 
CHARACTERISTICS 

CLIT(LDUM, *) is a dummy storage type which can have 
an arbitrary value but must be at least as great as actual 
total equivalent amount of constituent • in all three 
biomasses (free fixers, two oxidizers) included and over-all 
horizons. CBFAC must be non-zero. Linkages to other 
programs are Bl(N) (symbionts in plant roots of horizon N); 
SYMNIT(N) (symbiotic growth requirement for N -- not all 
fixed necessarily); CI(N) (total host root carbon of horizon 
N); AUTNIT and AUTGRO (growth requirement for N and 
input growth of autotrophs as calculated elsewhere). 
Logical switches must be on or off as desired. TNC(N) is the 
sum of inorganic types of N and must be summed in some 
external place. There must always be unique places to store 
all the different types of N (don't use them summed under 
something like "total inorganic N"). This is why SMIN is 
used in place of CMIN. For purposes of a major simulation, 
plant and animal submodels may not be able to use the 
different types of N at all and would have to have a "total 
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Figure 3. Program flow chart. 

mineral N" type constituent in CMIN. If they do contribute 
or take from this category, the distribution of such activity 
over types of SMIN will have to be determined (happy 
interfacing!). A flow chart of the submode! is provided in 
Figure 3. 

A3 

A4 

AS 

PARAMETER DEFINITIONS 

1/Eff. or NH;'" disappeared/NHt assimilated by the 
oxidizers (NHi'to NO,). 

l /Eff. or NO, disappeared/NO;-- assimilated by the 
oxidizers. 

The units of (NO,+ NO-;) required (as oxygen source) 
per unit growth. 

AUTGRO 
Growth of autotrophic fixers. Growth rate times bio­
mass, as calculated in plant or other submode!. 

BIOM(l,N) 

BN 

Some measure of total biomass of microbial popula­
tion I in horizon N. I = l for symbionts, I = 2 for 
heterotrop'hes, I = 3 for NH.;+-oxidizers, I = 4 for NO, 
oxidizers. 

Nitrogen in biomass populations in general, units N per 
unit microbial biomass. 

BNH4 
Preference coefficient for use of NHtas source of nitro­
gen for microbial growth. 

BNO2 
Preference coefficient for use of NO,as source of nitro­
gen for microbial growth. 

BNO3 

B3. 

B4 

Preference coefficient for use of NO;-as source of nitro­
gen for microbial growth. 

External enzyme concentration per unit microbial 
biomass of the NHi oxidizers. 

External enzyme concentration per unit microbial 
biomass of the NO. oxidizers. 

CBFAC 
The inverse of CBFAC (1/CBFAC) is the fraction of 
CBIO(N) which is involved in denitrification. 

CBIO(N) 
Some measure of decomposer biomass in horizon N as 
calculated mainly in the DECOMP subroutine. 

CFEPCT(I,K) 
Units constituent k normally found in biomass type i per 
unit total biomass type i (dry weight as stored in 
CLIT(NDUM, *)). 



CI(N) 
Total symbiotic host root carbon in horizon n. 

CION 

CM 

Inhibition constant for the inhibition of the use of 
(NO;- + NO,) as source of oxygen, by the oxygen 
present. 

Michaelis constant for the limiting substrate in each 
reaction. 

Dl(l) 
Death rate under starvation conditions for biomass type 
i. This is used in the EXP exponential function. 

D2(I) 
Death rate under normal conditions (energy source is 
available) for biomass type i. 

FVNH4 
Maximal rate of NH, volatilization independent of NH, 
concentration, at optimal conditions for volatilization, 
units volatilized per unit present. 

GM(l) 
Maximal growth rate (substrate concentration is high, 
environmental conditions are optimal) for biomass 
type i. 

HETFIX 
Logical switch. Set to .TRUE. if free heterotrophic 
fixation is to be modelled. 

IAGN 
Nitrogen constituent number in the AGAIN array. 

ICO2 
Carbon constituent number in the AGAIN array. 

INH4 
Ammonium constituent number in the SMIN array. 

INIT 
Organic nitrogen constituent number in the CORG or 
CLIT or SMIN array. 

INO2 
Nitrite position in SMIN (usually 3). 

INO3 

IR 

KA 

Nitrate position in SMIN (usually 4). 

Number of biomasses or of types of transformers 
involved (usually 5). 

Atmospheric route of exchange number in AGAIN. 
KM3 

Michaelis constant for waste metabolism connected to 
NH;+' oxidation. 

KM4 
Michaelis constant for waste metabolism connected to 
NO-;-oxidation. 
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LDUM 
Position in CLIT array reserved for the dummy bio­
mass equivalent to the sum of BIOM in all horizons. 

MAIN3 
NH't"required for maintenance per unit biomass of NH;+" 
oxidizers. 

MAIN4 
NO,required for maintenance per unit biomass of NO, 
oxidizers. 

NNAMLS 
Integer switch. If .GT.O, NITRO's namelist (HANNA) 
if printed out. 

PHK(I,J) 
pH points for the various types of biomass (I), J = l 
minimum pH below which the pH coefficient is zero, J 
= 2,3 two maximal pH points between which the pH 
coefficient is one, J = 4 maximum pH above which the 
pH coefficient is one. 

PHMAX 
Maximal pH for NH, volatilization above which the pH 
coefficient is one. 

PHMIN 
Minimal pH for NH, volatilization below which the pH 
coeffieicnt is zero. 

SA(I,J) 
Salinity points for the various types of biomass (I); J = 1 
minimum salinity below which the salinity coefficient 
is zero, J = 2,3 two maximal salinity concentrations 
between which the salinity coefficient equals 1; J = 4 
max salinity above which the salinity coefficient is zero. 

SMIN(N,K) 
Soil mineral nitrogen pools, including NO-;; NO; and 
NHt 

SYMFIX 
Logical switch. If .TRUE., symbiotic fixation is 
calculated by NITRO. 

T(I,J) 
Temperature points for various types of biomass (I); J 
= l minimum temperature below which the tempera­
ture coefficient is zero, J = 2,3 two maximal points 
between which the temperature coefficient is one, J = 4 
maximum temperature above which the temperature 
coefficient is zero. 

TMAX 
Maximal temperature for NH, volatization above which 
the temperature coefficient is one. 

TMIN 
Minimal temperature for NH 3 volatilization below 
which the temperature coefficient is zero. 

VMAX 
K3 Maximal plant cover of soil above which the· cover co-

K4 

Rate constanl for waste metabolism connected to NH;+ efficient for NH, volatilization is one. 
oxidation. VOLATL 

Rate constant for waste metabolism connected to NO, 
oxidation. 

Logical switch. If . TRUE., volatilization of NH, is 
calculated here in NITRO. 

W(I,J) 
Water potential (in negative bars) points for various 
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types of biomass (I), includes the requirements for 
moisture and oxygen; J = 1 minimum water potential 
below which the water coefficient is zero, J = 2,3 
maximal water potential values between which the 
water coefficient is one, J = 4 maximal water potential 
above which the water coefficient is zero. 
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Figure 1. General flO\,., of constit11ents. 

microbial biomass are considered part of soil organic 
matter, for purposes of simplicity. 

Breakdown of C-N-Compounds 

The only representative of the C-N-compounds is protein. 
The rate of protein breakdown in any type of organic 
material depends on the C:N ratio of that organic material. 
If the ratio is above the critical ratio a lfn (which represents 
th<" ratio between the required carbon to the required 
nitrogen), then the rate of protein breakdown will be 
governed by the requirement for nitrogen. If the ratio is 
below the critical ratio, then the requirement for carbon 
"·ill determine the rate of protein breakdown. The 
proportion of protein in the mixture of the organic material 
can lw explicitly calculated from the concentration of the 
organic; material and its C:N ratio. 

Breakdown of C-Compounds ("Other" Carbon) 

The rate of breakdown of the C-compounds is always 
comple111entar~1 to that of the protein. When the C:N ratio 
nf the organic material being decomposed is higher than the 
erit ical ratio, the C-compounds will serve as the main source 
for carbon. On the other hand, when the ratio is below 

a lfn, their contribution decreases and is exactly propor­
tional to their relative concentration. Their relative 
concentration decreases as the C: N ratio decreases. 

Orga11ic Nitroge11 Mi11erali.zatio11 

No mineralization occurs when the C:N ratio of the 
s11bstrate is greater than alfn because, under such 
conditions, nitrogen is the growth-limiting factor. When the 
ratio is below alfn, mineralization occurs together with the 
decomposition of the substrate. Mineralization occurs 
because, under such conditions, the breakdown of protein is 
determined by the requirement for carbon. Along with 
carbon that is being released, a proportional amount of 
nitrogen is being released. However, the amount of required 
earbon is 20-30 times higher than that of nitrogen, meaning 
that the excess nitrogen will be released to the environment 
as ammonium. Thus, the rate of mineralization is inversely 
proportional to the C:N ratio. The addition of extra 
nitrogen might increase the requirement for carbon but, on 
the other hand, it always decreases the relative requirement 
for the organic material nitrogen (because organic nitrogen 
and the extra nitrogen serve for growth according to their 
relative concentration). It follows that the rate of 
mineralization is increased by addition of extra nitrogen. 
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Figure 2. System diagram. Note that surface litter and/or standing dead with soil affect only horizon 
l. Decomposers of the top horizon normally work on all types of surface litter; each standing dead type 

• has a separate decomposer type k. The generally physical-mechanical transfer of standing dead to surface 
litter (as well as a number of other processes) is handled elsewhere. 

Inorganic Nitrogen Immobilization 

When inorganic nitrogen· is available and when the 
growth rate of the decomposers is still dependent on 
nitrogen concentration, immobilization of inorganic nitro, 
gen will occur. This will always be the case for organic 
materials which are poor in nitrogen, such as those whose 
C:N ratio is below a lfn, 

CO, Evolution 

The process of microbial decomposition is accompanied 
by CO, evolution. The rate of CO, evolution by organic 
material being decomposed is proportional to the rate of 
carbon decomposition multiplied by (!-efficiency). The 
efficiency is defined as the ratio of carbon assimilated to 
carbon decomposed. 

External Breakdown 

The major route of organic material decomposition is via 
microbial breakdown. In addition to this, a relatively 

Mini Maxi 

Environmental variable 

Figure 3. Dependency of maximal growth rate on 
environmental conditions (for explanations see text). 

unimportant route is added in some artificial way to the 
subroutine. This last route is breakdown by the external 
enzymes which are available in the area. The purpose of 
that process is to have a direct input to soil organic matter 
from the various litter types, dead roots and the animal 
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residues. The direct input should normally compensate for 
the loss from soil organic matter caused by microbial 
breakdown. More efficient ways of generating this input 
could and should be introduced. 

Mineralization of Non-Carbon, Non-Nitrogen Elements 

In order for other organic materials to be added 
eventually to soil mineral nutrients and so to complete 
decomposition, a constant ratio (amount of constituent 
mineralized to total carbon decomposed) is multiplied by 
total carbon- decomposed. This ratio is specific to dead 
materials generally and to soil organic matter. Such an 
artificial means of calculating net mineralization (mineral­
ization minus immobilization) should be replaced later by 
explicit calculations as is the case for nitrogen. 

ASSUMPTIONS 

1. The rate of decomposition of any type of organic 
material is proportional to the growth rate of its 
decomposers. 

2. Both the carbon of the C-compounds and that of the C­
N-compounds can serve as a carbon source for 
microbial growth. Their relative contribution depends 
on optimal considerations which will cause maximal 
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long-term growth rate. 
3. Both organic and inorganic nitrogen can serve as a 

nitrogen source for microbial growth. Their relative 
contribution is according to their relative concen­
tration. 

4. Each of the organic materials is being decomposed at 
a rate determined by its own concentration and its own 
C:N ratio. 

5. In addition to microbial breakdown of litter, dead roots 
and animal residues, external breakdown takes place. 
This process is not accompanied by CO, evolution. It is 
more a mechanical breakdown. Its order of magnitude 
is very small compared to the microbial breakdown. 

6. The nutrients in the first soil horizon are available to 
the decomposers which react on soil surface. The pro­
ducts of decomposition which happen on the soil 
surface move to the first soil horizon ( or to the microbes, 
or to the atmosphere). 

7. The decomposition of each type of organic material by 
horizon is made by the same mixed population of that 
horizon. This population can move from one sub­
strate to the other. 

8. The nutrients which are included in the living 
microbial biomass are made available to plants only 
after death and decomposition/mineralization of the 
microbes themselves. 

MATHEMATICAL DESCRIPTION 

CHANCES IN DETRITUS DUE TO 
DECOMPOSITION (X,1dj) 

X,1dj = - DZ1df- Dz•dj- zw- Dz•dj + 

where: 

z'df 

DZ'clj 

P1kj 

Dz'kd 

k 

P1kf. DZ'kd (1) 

Decomposition of detritus type d carbon 
type J as in (7) 
Decomposition of detritus type. d non­
carbon, non-nitrogen constituent J as in 
(13) 

External breakdown as in (14) 
Decomposition to mineral form of nitrogen 
constituent J in detritus type d as in (16) 
Units constituent] normally found per unit 
total carbon in biomass k 
Death of biomass type k due to subsistence 
on detritus typed as in (10) 
The biomass type numbers of the decom­
posers which utilize dead material d 

CHANCES IN SOIL ORGANIC MATTER DUE 
TO DECOMPOSITION (X"hf) 

where: 

5Z1hj 

sZ,hf 

sZ•hj 

L 
dEShz3df 

k 

*"hf= - sZ 1hj- sZ 2hj - sZ•hj + 

d~Sh z'df + P,kj"SZ•kh (2) 

Carbon decomposition of SOM in horizon 
has in (7) 
Non-C, non-N decomposition of SOM in 
horizon h as in (13) 
Nitrogen mineralization from SOM in 
horizon h as in (16) 
The sum of externally broken-down de­
tritus constituents J for all detritus types d 
contributing to SOM in horizon has in (14) 
As in (1) 
Decomposer death due to subsistence on 
SOM in horizon h as in (10) 
The decomposer population which utilizes 
SOM in horizon h 

\ 



CHANGES IN MINERAL NITROGEN TYPE OR DUE 
TO DECOMPOSERS (X"hn) 

where: 

n 

Summation over all detritus types in the set 
of detritus types exchanging nitrogen with 
the horizon h pool 
Immobilization of mineral N by decom­
posers in detritus types (D/d) or in SOM 
(S!h) as in (17) 
Demineralization of organic N to the X,.hn 
pool from detritus (Did) and SOM (Slh) 
as in (16) 
Mineral N type (n = 1, organic N; n = 2, 
NH,; n = 3, NO 2 ; n = 4, NO,) 

CHANGES IN ASH ELEMENTS (NOJ\:-N, NON-C) DUE 
TO DECOMPOSITION (X.,hjl 

where: 

X..,hf = ~ X"hn' iff = 1 
I . . 

and = d E Mh Dz•dj + sZ•hf' 1£ kj < 3 

and = 0 , iff > 3 (4) 

Mineral nitrogen type n increment or decre­
ment as in (3) 

I 
dEMh 

Summation over all detritus types d which 
are in the set of types Mh contributing to 
horizon h minerals 

Demineralizations due to decomposer 
growth on detritus (Did) and SOM (Slh) 
as in (13) 

CHANGES IN DECOMPOSER BIOMASSES 
(STATE VARIABLE EQUIV ALENT)(X .. kf) 

• _ I I 
X,•kj- dEDk (DZ'df- DZ'df) + hESk 

(sZ•hj- 5Z,1ijl, forf> 1 

and = d~Dk( ~Dz•dn -vZ•d2) + h ~Sk 

( ~ sZ•hn - 5Z,h2), forf = 1 (5) 
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where: 

I 
dEDk 

I 
hESk 

Dz•df' 
sZ•hj 

Dz 1df. 
Dz'hf 

I 
n 

Dz•dn' 
sZ•hn 

Dz•d2• 
sZ,h2 

Auxiliary Submodels 

Summation over all detritus types d that are 
utilized by biomass k 

Summation over all SOM that is utilized by 
biomass k 

As in (7) 

As in (20) 

Summation over all mineral N types 

N immobilizations as in (17) 

NH°t evolutions as in ( 16) 

CO 2 RESPIRATION (Xo, ) 
13 

• I I I 
Xo,,,=JEC(- d DZ'df- h sZ1hf) (6) 

where: 

I 
JEC 

a & ~ 

Dz'df & 

sZ,hf 

Summation over all C types 

Summation over all detritus types and all 
SOM, respectively 

Respiration from C types f in detritus 
(Did) and SOM (Slh) as in (20) 

NITROGEN AND CARBON DECOMPOSITION IN 

DETRITUS AND SOM (Z'if) 

where: 

P, 

Z'if = Z,/P,, iff= 1 

and = z,i, iff = 3 
and = z.i • (Z,oi - Z,i), iff > 3 (7) 

Protein C decomposition of material type i 
as in (8) 
The ratio units C to units N normally found 
in biological N-containing compounds 
(i.e., protein) 
The ratio units carbon type f to units total 
C in material i 
Total carbon decomposition fron:i material 
i as in (9) 
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PROTEIN CARBON DECOMPOSITION (Z.i) 

where: 

z,i = P, • Ps • Z 11kd • Z"k • (X"dl!Z"k), 

for detritus types d 

and= P, • Ps • Z"kh • Z"k • (X221i1!Z"k), 

for SOM in horizon h 

and = Z,oi • Z 14/Z"i' if material i C:N ratio 

is less than P, (8) 

P, As in (7) 

Ps Normal ratio units N to units total biomass 
of decomposers 

X"df & 
X,,hf 

Z,oi 

Growth of decomposers k on detritus (d) or 
SOM (h) in units growth per unit biomass 
per unit time as in ( 10) 
Decomposer biomass k which utilizes 
material type i as in (12) 

As in (1), (2) 

Total carbon decomposition of material i 
as in (9) 
Total protein C in material i 

Total carbon of all types in i 

a/fn (see Verbal Description) or carbon 
concentration in decomposer cells divided 
by the product of nitrogen concentration 
and decomposition assimilation efficiency 

Total N (organic + inorganic) available 
to biomass k, there being no inorganic N 
available to above-surface k 

TOTAL C DECOMPOSITION (Z,oi) 

where: 

P, 

P, 

(9) 

Growth of biomass k on dead material i as 
in (10) 
Efficiency of carbon assimilation, units 
assimilated per unit decomposed by k 
Maintenance requirement for carbon, 
units required per unit k 
Units biomass k as in (12) 
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GROWTH OF DECOMPOSERS k ON MATERIAL i 
(Z11k) 

where: 

z"ki = z,6i • z"i • z"kl((P1 + z"il • 
(P, + Z 13k)) (10) 

The environmentally adjusted growth rate 
of decomposers k in the set R7 of k which 
have the same growth rate on material 
type ; as in ( 11) 
Total carbon as in (8) 
Total nitrogen available to k as in (8) 
Michaelis constants for carbon, nitrogen 
utilization 

ENVIRONMENTALLY ADJUSTED GROWTH RATES 

(Z "i) 

where: 

z .. 7 = P.7 • Z11z • Z"z • Z,oz • Z,oz, if 

type i material is in environmental zone z ( 11) 

Maximal growth rate for dead material 
class i 

Z11z, Z .. z, 

z,.Z'& Z,oz,= Environmental coefficients returned from 
OPT subroutine for environmental zone z 

BIOMASS OF DECOMPOSERS (Z12kt) 

Z.,kt = Z12kt-1 ·exp(i~Gkz"ki-Z"ki) (12) 

where: 

t, t-1 The present and immediately preceding 
time step 

L Z -
iEGk 11ki - The sum of growth rate increments that 

affect biomass k in its utilization of the set 
of dead materials i EGk as in (10) 
Death rate of k; Z,.k P ,o if all Z "i' 
iEGk, are ~ 0; Z 21k = P 11 if any Z"i 
> 0. 
Starvation and non-starvation death rates, 
respectively 

DEMINERALIZATION OF NON-N, NON-C 
CONSTITUENTS (Z,ijl 

Z'if = P.,f • P,kf • Z,oi, fori being utilized by k (13) 



where: 

where: 

= Units f mineralized per unit f decomposed 
= f concentration as in (1) 

Total carbon decomposed by biomass k as 
in (9) 

EXTERNAL BREAKDOWN OF DETRITUS 
CONSTITUENTS (Z'dj) 

( 14) 

As in (1), f signifying summation over 
all constituents 
Total external breakdown of detritus type 
d as in (15) 

TOTAL EXTERNAL BREAKDOWN OF DETRITUS 
TYPE d (Z.,d) 

Z,.d = 0 , for above-ground d 

and = (P "d • Z,,z • Z,.z • Z,.z) • P,. • Z "k 

• Z,sdl(P"d + Z,sd), ford in environment z and k 

where: 

P,. 

utilizing d (15) 

A maximal breakdown rate, units broken 
down per unit external enzyme ( = 
p" ·Z,,k) 

Temperature, pH and water (oxygen) 
coefficients derived for environmental 
zone z by OPT and RAMP subroutines 
Units enzyme normally present per unit 
biomass present 
Biomass as in (12) 

Material d total carbon as in (8) 

A Michaelis constant for detritus type d 

NITROGEN DEMINERALIZATION FROM DEAD 
MATERIAL i (Z,ijl 

Z'if = 0 , for f i, l 

and = z,il - P, • Z"ki ·Z"k • ((Z,,k - z,.k)/Z,3k), 

where: 

z,u 
p3 

for f = 1 and for proper k (16) 

Organic nitrogen decomposition as in (7) 
The normal N concentration in decom­
posers, units N per unit biomass 
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211 ki 

Z"k 
Z,6k 
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Growth of k on i as in (10) 

Biomass k as in (12) 

Total mineral N available to k; z,6k = 0 
for above-surface k, z,.k = ~ X,.hn 
otherwise, for appropriate h 
Total N available to k as in (8) 

NITROGEN IMMOBILIZATION BY BIOMASS k 

\\'here: 

IN MATERIAL i (Z•in) 

( 17) 

Total N immobilized by biomass k in its 
activity on material i as in ( 18) 

P,.n A preference factor, units 11 immobilized 
per unit total immobilization 
Inorganic nitrogen type 11 that is available 
to k, i here corresponds to the location of i 
and k, as in (3) 
Total inorganic N available to biomass 
k as in (16) 

TOTAL N IMMOBILIZATION BY DECOMPOSERS k 
ON MATERIAL i (Z,,i) 

(18) 

where: 

P3 N concentration in k as in (8) 
Z"ki Decomposer growth as in (10) 
Z,,k Decomposer biomass in in (12) 
Z,ok Total inorganic N as in (16) 

Z,,k Total N as in (8) 

DECOMPOSER BIOMASS k DEATH WITH RESPECT 
TO MATERIAL i (Zski) 

where: 

where: 

Zski = Z,,k • (1 - 1 /exp (Z"ki)) (19) 

Biomass as in (12) 
Death rate as in (12) 

RESPIRATION OF CARBON TYPE f FROM 
MATERIAL i (Z,ijl 

z,if = (I -P.) • z,11, iff ~ 3 

= 0, iff < 3 

Efficiency as in (9) 

(20) 

Decomposition of fraction f as in (7) 
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TABLE OF VARIABLE NAMES 

SYMBOL FORTRAN EQUATION UNITS 
TYPICAL 
VALUES 

Xo1rf AGAIN 6 g/ha 

X,1dj CLIT(D,F) l g/ha 

X"hf CORG(H,F) 2 g/ha 

X"hf CMIN(H,F) 4 g/ha 

X"hn SMIN(H,N) 3 g/ha 

X,.kf DUMBIO(K,F) 5 g/ha 

Z1if DLOS 1 g/ha • time 

z,if DMINRL 13 g/ha • time 

z,clf EXTLOS 14 g/ha • time 

z,if DMINR 16 g/ha • time 

z,ki VD 10 g/ha • time 

x6in DIM 17 g/ha • time 

z'if R 20 g/ha • time 

z,i DPROTC 8 g/ha • time 

z.i 7 dimensionless 

Z1oi DORGC 9 g/ha • time 

Z11ki GRDEC 10 1/time 

Z1,k CBIO(K) 12 g/ha 

Z1,k RNITNC 8 g/ha 

Z1,i PROTC 8 g/ha 

Z1,i RCARB 8 g/ha 

ZIG GRC 11 1/time 

Z11z TCC 11 dimensionless 

Z1,z PHCC 11 dimensionless 

Z1•z sec 11 dimensionless 

Z,oz wee 11 dimensionless 

Z,1ki D 12 1/time 

z., VR 15 g/ha • time 

Z,,z TRC 15 dimensionless 

Z,.z PHRC 15 dimensionless 

Z,.z WRC 15 dimensionless 

z,.k TNC(K) 16 g/ha 

Z.,i DIMMO 18 g/ha • time 

P1kj CFEPCT(K,F) l dimensionless .05 

P, PC2PN 7 dimensionless 4. 

P, BN 8 dimensionless .10 

P, BC2BNE 8 dimensionless 1.25 

P, EFC 9 dimensionless .40 

P. MAINC 9 1/time .0005 
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Table of Variable Names, continued 

TYPICAL 
SY1'1BOL FORTIUN EQUATION UNITS VALUES 

P, KMC 10 g/ha 10000. 

P, KMN 10 g/ha 10000. 

P,i CC(J) 11 I /time .005(SOM) 

P,,, Dl 12 l /time .020 

p II D2 12 I/lime .002 

P,,J E2CPCT(F) 13 dimensionless .5 

P,,d KHC(D) 15 1/timc 10. 

P,. BE 15 dimensionless .0001 

P,,d KMR(D) 15 g/ha 5.0 

P,u
11 

BNFAC(N) 17 dimensionless l.2(WH,) 

COMPUTER IMPLEMENTATION 

DAT A REQUIREMENTS AND EXECUTION 
CHARACTERISTICS 

The NITRO and SOILS subroutine write-ups should be 
referred to for notes on these related programs. For 
execution, one needs to make linbge with OPT and RAMP 
subroutines, also (Parnas, 1975: Lommen, 1974). NITRO 
is not essential, technically speaking. 

Environmental zones must first be defined. There is one 
per horizon plus option for adding distinct zones for surface 
and standing dead (maximum NZONES = NHORIZ+2). If 
!SURF = NHORIZ, surface litter will be treated as part of 
horizon l. Otherwise, !SURF should equal NHORIZ+ l (if 
surface and above-surface materials are considered at all). 

CBIO biomass values should be one per horizon plus one 
value for surface (if considered at all and separate from 
horizon 1) and one value per standing dead type (if 
considered in addition to surface). CC growth rates are 
specific to the type of dead material with one value for soil 
detritus, one for SOM and one value for each separate other 
detritus type. 

One should be doubly sure that CLITT has a non-zero 
value and that all common blocks ( especially ST AT and 
CHNG) are properly complete and aligned. 

A flow chart of the decomposition submode! is provided 
in Figure 4. 
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BC2BNE 

BE 

BN 

BNFAC(N) 

CBIO(K) 

PARAMETER EXPLANATIONS 

This is the expression a/fn which equals 
the fraction of carbon in decomposer cells 
divided by the product of fraction of nitro­
gen and assimilation efficiency (units C 
assimilated per unit C decomposed). 
Ratio of units external enzyme present per 
unit decomposer biomass. 
Units of nitrogen normally found per unit 
decomposer biomass (CBIO) in general. 
Immobilization preference factor for in­
organic type of nitrogen N. 
Some measure of total biomass of decom-
poser biomass k. 

CFEPCT(K,M) Normal concentration of M in decomposer 
type k, units constituent in per unit total 
biomass. 

DUMBIO­
(K,M) 

Dl 
D2 
EFC 

E2CPCT(M) 
GC(J) 

IAGN 

!CO2 

INH4 

INIT 

IPC 

ISOM 

!SURF 

Dummy or equivalent biomass correspond­
ing to CBIO(K). Any net assimilation of 
constituent M by CBIO(K) is added to 
DUMBIO(K,M); any loss of M from 
CBIO(K) by death of CBIO(K) is subtracted 
from DUMBIO(K,M) and added to soil 
organic matter or other appropriate com­
partment. Materials in DUMBIO are 
neither decomposed nor decomposer but 
may be used in other ways (by ANIMAL 
subroutine, for instance). 
Death rate under conditions of starvation. 
Normal non-starvation death rate. 
Efficiency of carbon assimilation, units 
assimilated by CBIO per unit decomposed. 
Unitf mineralized per unit f decomposed. 
Maximal growth rate on dead material type 
J by decomposer biomass (part of an expo­
nential expression). 
Pointer for the AGAIN array used to specify 
exchange of nitrogen with the atmosphere. 
Pointer for the AGAIN array used to specify 
exchange of carbon (CO,) with the atmos­
phere. 
Position in the SMIN (N,INH4) array 
occupied by ammonium. 
The consitutent number of organic N 
(usually 1). 
The constituent number of protein or N­
containing carbon compounds. 
Dead material residue number of soil 
organic matter in general (usually l); CC 
(ISOM) is growth rate of decomposers on 
soil organic matter. 
Surface litter zone number. If !SURF = 
NI-IORIZ, then surface litter is considered 
part of the top horizon. Otherwise, !SURF 
must equal NHORIZ + l. Normally !SURF 
= NHORIZ. 

117 

KA 

KHC(IX) 

KMC 

KMN 

KMR(IX) 

MAINC 

NNAMLS 
NNIT 

NRI 

NZONES 

PC2PN 

PHC(JJ) 

PHCE(JJ) 

SAC(JJ) 

TC(JJ) 

TCE(JJ) 
TNC(K) 

WC(JJ) 

WCE(JJ) 

WRTBIO 

Auxiliary Submodels 

Exchange route of AGAIN corresponding to 
the atmosphere. Normally KA = l. 
Maximal external breakdown rate . by 
enzymes, unit broken down of dead 
material IX per unit enzyme. 
Michaelis constant for carbon for regular 
decomposition (calculation of CRDEC 
rate). 
Michaelis constant for nitrogen for regular 
decomposition (calculation of GRDEC 
rate). 
Michaelis constant for carbon for external 
breakdown of dead material type IX. 
Maintenance carbon requirement of a 
CBIO biomass in units decomposition 
required per unit CBIO. 
If .EQ. 1, PARNAS namelist is printed out. 
Number of inorganic nitrogen pools plus l. 
Value should be 4. 
Number of types of dead organic materials 
available to CBIO(K) when one is in the soil 
and attempting to utilize soil organic matter 
and dead roots. Value should usually be 2. 
Number of environmental zones. If only soil 
horizons are used, NZONES = NHORIZ. If 
standing dead is dealt with, add 1 to 
NHORIZ; if surface litter is ever separated 
from top horizon decomposition, add 
another 1 to NZONES. 
Units of protein carbon normally found per 
unit protein nitrogen in protein (nitrogen­
containing compounds) of dead organic 
matter in general. 
JJ = 1 gives the pH value below which 
growth is zero; JJ = 2, JJ = 3 give a range 
of pH's in which growth coefficient = 1; 
JJ = 4 gives pH value above which growth 
is zero. 
Same as for PHC but for external break­
down. 
JJ = 1, JJ = 2 and 3 and JJ = 4 give the 
same type points as for pH, but this time for 
salinity. 
JJ = 1, JJ = 2 and 3 and JJ = 4 give the 
same type points as for pH, but this time for 
temperature. 
Same as for TC but for external breakdown. 
Total inorganic nitrogen available to 
CBIO(K). 
JJ = 1, JJ = 2 and 3, JJ = 4 give the same 
type points as for pH, but this time for water 
potential (an expression of oxygen content 
of soil). 
Same as for WC but for external break­
down. 
A logical switch which is set to "Time" if 
one desires print-out of CBIO values each 
simulation time unit. 
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APPENDIX 1 
PROGRAM LISTING 

Subroutine NITRO 
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r ......... F"-' fl(Tl\!L~• -;r-r- l'HJ P,Tl;I"[ S[P,.P.tiTI"<; 

•'A".-L :--r /rlA'HU I ,.3 ,lq • A<'i ,PlOH 
"ti ,cNWI ,r•:r.2 ,eHO~ ,r,. ,Blil ,CflFAC ,CF[PCT, 
':'"'ON ,CH ,"l ,fl:' ,rvtlHti ,C" ,Hftrtx,TAGN 

, T"1'"' ,lNU4 ,!Nf" ,'!N~2 ,TNO'! ,t~ ,KA ,KM] ,M'MIII 
, ~:,; ,Y.lt ,\f'U"' ,l'!,.!Nl ,H.tiTNlt ,NfiAHLS,PHI( ,PHIUX ,PHHIN, 
, <;ll ,,;y .. rtv,T ,T"IAX ,T"IT"l ,VHAX tVOLATLtW • tVPtN<T -

Tt-:-TUI 

r ......... •t{"O('C,r•1 r-.,,~srt"~ATIO"I'; ron rACl-4 ~OIL HORJ70N 
O"l 17 N:),tiYODr 
00 .. T :1, !P 

r ......... rNVl"O'l.'t!'N"~L COrFfIC]<"N•<; f"OR EACH TAANSFOR"ATTOtt -,.ypf I 
('lLL OPTl'!"li,11,11.,.,21,T({,Jl,TII,lill,TfHP(Nl,TCI 
C'.fllL OP"fP'WI !,! 1,"Hl(ITo21,rHK(l,'!1,Pl41(1!,111,PHfHl,PHCI 
CALL '1r"> ... ISJ\f !, 1 I ,<:Al:, :'I ,SAi T, JI ,';Al I• fl.I ,<; .. (NI ,SCI 
rALL OPTIW 11:,11,w IT,21oV It,~, • .., lt, 111,10,TPOTINl,VCI 

............. r.qcwnf "Hf r-or. ~T('HASC' !NVOLVfO TN T~ANO::fORMATION 1 
(;IT I =C~I IJ •TC •f'IIC• re •II C 
Cl" Ir I =r. C' 
VI! 1 =~ .r 
OC! 1=11:1 Tl 

s CONT'f'l'Wf 
r----- - -- - - ------- -- - --- - -- - - - ~ - ---------------
r ......... TOTAL Sf'llL "olR 0 ')t1 !"I 0[~[1 '11HRTlL" 

•oY"lC -ao~CINl•ALI"ITLI 
C. •• •• ••, .'-¥1-''l!OTTC r-1 XATJON 

-rr ,.NC'T.rY/•ffIXI C,,. TO lS 
CR 111-:-r,111 •Cl on /IC-1" 11 l•Ctfli II 
Tf I CI I "IJ •CT .. I""• r: IO I LI ::0 2 I 11 

('.. .. •••••• Fl?H lffT(PMROPHlC FIXATION 
1~ ".'f f.Nt"T.Hl'"TfIYI Ci" TO 20 

f.<" f 71 = r.1 :'I •T CIT C'".' /( CK (2 I •TOTOCI 
Tf (TO!OC .(lT.(.1"1 f}IZ,J:0Zl21 
Vf .. l:t)tCHl:?,Nl•ll.-1./[XPIOl:'111 

r ... •• •• •• OlC!OAT!ON f"f tlH'4 TO NO! 
;>I" fRl31':ff31•':H[t!l'hTN~ I/ICHl:?1 •<;HltltN,INl-lltll 

yr l<;MININ,INlflill.CT.O.CI 001=021:'I 
VE.:1 A3•f:Fll :".l tH A INJ +KJ• RJ•<;H TN( N, !HHAc I/ 

ISHTNCN, TNHll I t~H!l 1+8IOHl:t,Nl 
V6Tl'IP,J:A.Htll:l 1vr,,CRf"': hBN•BTOJ'I( 3,N) /AJI 
Of PttJ=ntoHI 7,NI •I 1. -1.1E:XP( 0( 31 H 

r ......... oxtoATION or '-107 TO NO) 
CD I It):.('( If I •":HIN IN, IN 02 1/1 CH I Ill +c;K!N( N, IN02 11 
""f l~HIIHN•IN071.GT.O.CI 0111>:0?IIII 
v1:1 ... •C"I q I •11 .t.INCJ +1(11• Sit ♦ 'SJ'llNf No INQ7' )/ 

I !:HIN! N, TNOZ I +t<H Ill l ♦ 810K I'- •NI 
V7TOe'4:AH!HtlY 7,GR 1'- lt9N•810Mt lltNl /Atil 
r.(ft.TH4 :CIOl'H &j,N1 •It. -1 .. /[)(P ( 01 Ill JI 

C .... •• •••• DF.:tlITRIFICATTON 8Y PART Of OC::COHPO'SfR BIOHA'SS C~IO 
r.r-=r t SI• I 0::: HfN( Nt D,102 l .. 'iHl N(N ,TNOJ.I J •CIONI( l~"'IN (N • IN02 J• 

1 <"!HNIN,IN03l•'"t,IISll•(CION+VATPOTINIII 
C"' I~ 1-::r.C •TC:'TOC/1 C1'4 It I• TOTOCI 
TF I TOTOC ,GT,C',('11 015 t=D2151 
v"=•s• rP 151 •"S lC IN t / 03r AC 

C' ......... tHD VOLATILT"'ATION 
ff IN.GT.l .. OR.l."IOT.WLATLll GO TO l'­
CALL R/!HPITKJN,T.,AX,TE"'P(Nl,TC91 
:HL RA"t"IPIOtlN,P!-1,-AX, PH(Nl,PHC8l 
CAlL DCL!NIVHAV,TCOVEY,SOCOCI 
Vl r.= SHIN tN, I Nl4'4 l •Tri ~ HC8 • 'cQCO C• rVNH Iii 
Cf'\ TO 1'3 

14 vtr=r.c 
r ......... IHHOBllTZATTffl Of HlN(RAL NITROGEN BY F'?l(ERS 
C ..... •••• Vlll Tr GRO\ITH RfOU!R(MfNT, Vll-- AR[ lJTILlZATIONS Of" PAR TI­
C' ••••••••• CUL4P TVP[S Of N 8A'SE:0 ON PA(f[R[NCrs 

l'l !r (N.GT .. 11 v111-:-1rR111 ♦ BIOfiH1,Nl•GR(2J•SI0'112,NJl•BN 
Yr IN.U::,11 VlJl:(('Rll 1•8!0Hfl ,NJ+(:Rf?l+nOKl21N)♦AUT6ROl•PN 

v11-:::v111 •r NC IN 1/ ITNC IN I •CMl7 H ~-----------------------------------c • .. ,. .. ,,RCSULTANT CH-"4r.(S IN NITROG(N POOL~ 
r ••••••••• AH"IONil!H 

Tf ISHitHN,lNltl.l).Lr .. 0.01 00 TQ 3C 
V11NH'4 :v11 •BNHll 1<;H IN IN t lNH 11JJ /TNCI NI 
StiT NOY IN, !1-11411 I :C'H !NO QI ,J • T NHII 1- Yl l NHII -vr.- Vt ,. 
GO TO 3"i 

Jr v10:c.c 
YllNH1t=o.o 
vG=r.c 

r ••••••••• NtT"tTr 
JS Tr CSKlNfN,If'io:1.Lr.r.i(lJ GO TO ._c, 

Vl 1 NO? ::vU •PN07• °'"' YN IN, lN 021 /TNC( NI 
38 <:HT HO'l ltl • !NO:' I -=--1HNQ 01 N, I NC2 I-Vl 1N07 +vr- Vf; TOA3-V7-V8•S"tN IN, I N02J 

• /1 '"MININ ,IH03 l•';"IIN 1"1, TH02) I 

110 v7-:".0 
VI 11-:0:':C .O 

f'. •• •• • • •• "l[J,,e.llTf 
0:,HJ N'10 IN, !NO: I~,. "l!~O Of "f • I N02 1♦ V6-Vf.TOB 7 

If!; 'L..-'.SHININ,TN0,1.Lf.0.(H 0(' TO sr 

Vt 'f,i!)J ::vu •eNoJ •'iKIN (N, IN o:n /THC IN) 
qt! SH! NQQ !ti ,INOJ I :c::MINQ 01 N; IHO l l-V11N03+V 7- V7 TOBq -v 8•SHiN f N • INr3 I/ 

I ~H!NC N, TN03 >•SH TH IN, IN 021 I 
GO TQ 55 

!:O v11m13:o.c 
'"H!\/~OIN ,INOJI ::'"H!MO OIN, !N03 l+Vl-V7TOBII 

C,. . ., .... CAIN !"1 OA('ANTC 'NT"AOOfN 
S'.i AUHIJT=c.n 

Tr 1N.[1.tl AUTNll:AUTf'RO•AN 
",Y!''l'./IT IN 1:CRI 11 •f\Tt'IH(l ,NI +ON 

C .. •• .. •• •• QHUKHT TS rONTR!BJTION t)r N TO SOIL ORC.tiNTC MATTER VU ''AT~ 
flHIUtst ::1 V 1 .. 1 •0'A TH3+ t( A THlil I• ON 
r.oPOAll IM • I IH T I=" OR rt'/ QIN. l Mt T ,. O+f1JJ'INT 

c----- - - - - - -- -- -- - -- - ----- - - -- - - - -- ---------- --- --
r ......... CHUIG[S lN "TO"'l~S!'"<;: ANO TN TH[ CLITILNJK,•1 fOUJVALE:NT 

Of! [ 5 t-: I, q 
A::fPOMC! ,NI 
BlCH-CCI ,N l=,.!OH I! ,NI •CXl"IGR I! 1-01 ti I 
tr 11.u .. z, oo rn rr 
CIUNGL-:-8 IO .. I I, tJ I -ft. 
0(' r,z )(-:-.,NFP.[L,-
if ICL!T(Ll"UH,KI.Ll".~.CI GO TO 6~ 
rt 1 fOQIL OU .. , KI =rL I1'1'l Qi L flUN ,KI+ Ct"[PCT I J •Kl• t:'HOIGf 
CCIH'Q1(N ,I( 1:CoPr OJ IN ,I( 1-CF(PC" IT ,KI •CllANGf 

6 2 CON Tl NU[ 
65 COHTlHUC 

c ......... C!UN(l[ !N r,rr.ol"PO$[RS r)tJr Hl orNTH'IflClTTON 
oci:iro= 1rxP("RI .. ,-1"11r, II -1. I •CRTOI to 1crrAC" 
cqT Of N 1: CB TO t NI •Oc•n l' 

t: .......... COHPUTATION'" Nffl)f.D TO HH("fAC[ ~JTH ST"tULATION SYSTEH 
Cl TT 00 IL OU~, IN IT I: Cl rT 00 I LOU'4o ]NIT I+ Vt 11 -A llT N IT-<;YH NIT C N )-f'H UKNl • 

vrrorJ•VlTOP.4 
AOATN'l 11( .ti, H<iH I= ft.CA !NJ I KA, UGN l•Vl 11-Vl1NHll-V11N02-Vl lN(tJ-V8-V IC 
BlfNl=P!O"'lt,Nt 
rTl'N2Q fN >= nxN "'0 IN, .. Vl ll-Vl l NH1t-V11N02-Vl1 NO J 
lL=Tl+ 1 
rF IWRTNIT I WRTP'lf1 31N,QHUMNI ,VU ,Vlll,Vl lNH't ,VllN02,V11NO~ ,V6t 

• V7, ve ,VlO 
J fODMl,flTS,lf" .. lr.c,1 

17 CO"ITINU( 
O['" IJRN 

c-------- - - ---------------- ------ ---------------
c .. ....•••• NAHCLI<"T qr•otwRur 

[NTllY SNINH 
0[A0(5tHANNAI 
Tf' I NNA"L 'i. L[ .'J lRfTUP.'­
WRTT(I 6, HANN,.) 
RETURN 
r•o 

Subroutine DECOMP 

SteROUTIH£ OECOHP 

DI" E:NSI ON G Cl 12 I, l<HC I to h tl'C~I 10 I, 8NF ACI .. , , F:2CPCT 16 I ,err.PCT 111, f I 
OlJ'l[N's:lON rc1,1 ,PHCflllo'iACltil,WCllll,TCf(ql,P"IC[ll.ll,WC[lql 
LOGICAL lNSOILtSO"•EXTOf.C,WRTRIO 
REAL K"N,KHC,KHQ,HATNC,KHC 

COHJ'ION/ AC Cl ..C / AG Al NO (J ,11 It OUf"ACI f.l 
COM,.,ON/SP[C I ~ 0UH11521 ,N ~RI 7, SP DUH:! 1511 ,N FQfL H ,NF PAC l, 

1 SPOUN311061,l'S Tn,J5TO, U. IT,JlIT, ILH,SPOUNlil (111 
COM l'ON/ TOT AL Sn CUM1 U '30 h CL lT Tl 151, Tf>UH2 I 212 I, AllT ( 15 I ,AoRr 15 1 • 

1 TDU"i3C1D221 
COHflON/ST AT, SDUHll 11170 It Ct. TT 115• 6hCMGl5 ,61, CMTNI S,b I, 

1 SDUH21 701, o;H lN (Si'- I• OU"8IO(11 ,GI ,C'02 ll!i-l tOU"'HY(lq':11 
C0'1>'0N/ CHANG[/( ClJNl 11'701 ,CLITO Of 15 ,61• CORG f)QIS •61 • CH lN'lO I "i, 6 I• 

1 COUH21701 ,SKINQOl5,I.I I, WHB TO lll,61,C0200QI 151,0U"1YO (ll.l'JI 

co" HON/SOif"IV/ TEMP 17 l ,PH n 1,ss n,, "" TP rT 171,TNCl6 l 
COH,.ON/SOIDfC/ fXTD'=C,CBIOflll 

OAT ft. WRTBIOt.F"AlS[./ 

c--- ------- -- -- - ------ ---- ---------- - - - --- -------- - - - -- - -
c .......... NAHELIST or PAAA,t[T(R'i 
lj! ............ roR EXPLANATIONS or PAll.tif'l[TER HE:ANINCS, SI'"[ TH[ O(<;t"AT S:-JOM[ 

t .......... WRIH-UPIS[PA~AT[ PUBLICATION FOR 1'3731 WH[~(TN P.flRAN[T(RS 
c ............. ARE LISTED 

.NAH[LlST/P.lRNAS/ 8C2Bl£,B( ,fl;N ,AN".flC ,CR!O ,CJ"CFCT,01 
02 ,DU"BlO,.ffC ,[2CPCT,GC' ,IAGN ,TCf'2 ,!~Ill 1IN'!T • 

• JPC ,ISOM h lSURf ,KAi tKHC ,K~C 1l<HN oK,,.:t ,J'IATJ._t • 
• NNAHLS,NNlT ,NAl ,NZDN'ES,PC2PN ,PHC ,PHC[ ,SAC. 
• TC ,TC[ .\IC ,VCE ,'iflTBIO 

Tx::o 
!L=ILH 

c--------- - __ ..__ ---- -- -- ------------- - - ---- ------ --- -- --- - -
c ••••••••• OECOHPO .. ITION roR (ACH (NVIROt<#HlHAL Z0"1( IN c:;orL ANO AROV[ 

00 ~000 t::1 ,NZONES 
0=01 
TCR :0 .. O 
INSOIL::.TRUf.. 
1r II.GT.NHORIZI INo;on.~ .. F'ALSf. 

c ............ OET(RHIN[ [NVmONli£NTAL CC(f"F'ICIC:NTS FOR ~(Sf"NT ZONE 
CALL OPTITCtll• TCl21,TCl3!,TC(lill,T["4'1Tl,TCt:J 
CALL OPTIP"IC111 ,PHCC21tPHC(Jl,PHCtlll,PHf11,rHC:CI 
CALL OPTI 'i.flC( U tSAC (2 I• SACi31,Sft.C (IH ,so;; II 1,SC!". I 
CALL OPH \IC (l lt WC (2), VC 131,WC lltl, WATP('.T (l It wcr J 
If II.GT. TSURr.OR •• NoT.[XTOrc, GO TO )Ci 

c ........... [NVJqONNE:NT,.L CO(ffICI[HTS fOR [NZ¥,.£S T"IVOLVfn IN rxT(RNAl 
c .......... 8RE:AKOOWN OF LTTT(R Uir'J OE.ln R!'lff'i 

C Al L OPT I TC n ll • T er 12 I, TC EC, I , T CE I Iii I, T( flP CI I • T RC I 
CALL OPTIPHC£111oPHC(l?l,PHC(l3t,PHC(llill•PHl!l,PHR':) 
CALL RAHPCwcr 11 ltWCE:121 ,WATPCTf II ,wqc I 

c---------------- --------------------- ---------- ---- ----- -
C' .......... O[TE:RN]Hf TK Nl,ttB(R rT TYPfS OF !lfAO flUTER[AL TO OfCC't"OS[ 
c ........... JN TH( CllR(5rNT !Ott: .. 

1 S l P=O 
NR: NRl 



Parnas and Radford 

JF llNSOlLI GO TO 1000. 
IF C'! 0 N!".ISURF1 GO TO 18 

c ••••••••• [X[CUTTON rON[<; TO THIS POINT Jr SUPfAC( LTTT~~ IS (\[ALT WITH 
(' ••••••••• AS A PART OF fHF: TOP S?TL HCl?flZC'N 7.CW[ 

H, IR::!LIT-1 
NR= JL IT 
GO lO 1000 

18 HI:: TSTD-1 
NP:: JSTD 

c--- -------------

VR:: O. 0 
OKTNR=o.o 
0 IM KO::O .O 
SO"l::.FALS[. 
L=I l 

(' ••••••••• FIND VALUF"> FOR TOTAL CARP:IN, lOHL NITROG["l ANO PROTEIN CAR­
C•••••••••BON roq Tt,£ APPROPRJATF TYPf C' nfA(l >',AT[R1'AL OR SO!L OF!GANTC 
C ••••••••• l'IATT[R 

JFl(.NOT,IN'iO!lloOR.JR • ..C.l<;j••q GC TQ 20 
SQH::. JRU(. 
RCA Rfl ::A ORG( ti 
~ Nl T:: CO RG (T, I NI l I 
PQOTC::CORGI I,TPCI 
GO TO 30 

10 IF loNOT,IN<;Olt I L=TR 
RCARA::AL[fl LI 
RNT T::CL tTU ,INI Tl 
PROTC::CLITIL,IPO 

30 CONTINUE 
JF IRCAP~.Lr.0.01 GO TO 300 

c ••••••••• cAReON/NITROG[N RAT TO 
CN::Q. 0 
IF IRHIT.GT.o.o I CH-:-RCARB/Rt,,'JT 

-:------ -------- --- -- ------ ------------ ---- -- ---- - - ------ - - --- --- -
c .•.•.•••• l( re; TH[ BTOHA';<;: NJl"S[R Wlltl WHICH ('IN[ oi::r.OH.POSr"S TH( PR[SfNT 
c ••••••••• OE,10 MAT[RIAL BEING WORKr~ ON. J OrJ(IHT'l(S T4!" GRnwTH RH[ 
c ••••••••• oF BIONASS' I( TN PART •~D orPrNO<; Cf/ TY"r rr DfA" ,,.T[RlAL 

K=T 
IF (1.GT.ISURFI K=ISURF•IR-ISTO•l 
IF (INSOILI J=J P 
IF f.NOT.IN«;OU.1 J:J+l 

r•••••••• .AVAtLABL[ NTTROG(N POa. 
IF lt.LE.ISURFI RNJn1c=RHIT+TNCOt) 
If II .GT. ISIJRFI RNITNC=-Rt4 !T 
GRC= GC IJI• TCC+ PHCC•SCC•WCC 

c ••••••••• GROEC l'i ~OWTH RATE or I( ON P'HS[NT O[AO NAT[RUL TYP[ 
GRO (C:GRC •RCA RA •PNITNC/ IC I04 C• RC lR 8) •I IOI N• QN I TNC I I 
TGR ::TGR +GRO EC 

c .••..•.•. TOTAL CARSON O[COW'OSITr.JN 
OOP GC=I OROf C/ ET C+"4 A TN CJ •C 91 01 10 
oco2::11 .-u Cl •COPGC 
CO?OQQI u::c 0200 01 U •OCO 2 

C ••••••••• PROT(IN CARBON O(COl'f'C';lTION 
If ICN.G£.PC20NCJ C:O TO 10! 
OP'? OTC:: OORC: C• ~OTC/RC ARB 
GO TO 105 

103 OP'? CT C: PC2PN• BN •GRQr"C •CBI Cf WI •R NJ T /RH IT NC 
C•••••••••OTH(R CARSON OCCOKJOSITIO,_ 

105 OOTHRC::IJOHGC-OPROTC 
C ••••••••• PROT[!N N!TROG[N 0£C:0'4'0SlTION 

OM t'iN:O PROT C/PC ZPN 
c •••• r. .. . H.JN rRAL rz All' TON/ 1" K'.>AI LI ZATI ON 

OHf Nl?~O ORGN-RN• GRIY- C• CB IO (I( I• R-1 IT /Q NIT NC 
0["41"0=9N•Gl10( C• CB to (I(¥.• CR NJ N r-PN lT I /PH fT NC 

r ••••• • •• .[XT [RNA L BR fA KOOY N 
IF ISOH.OR.t.CT.t'SURF".OR.I.N'.JT.[XTO(CII GO T(l ur 
1 x= IX•l 
IC()l=ICHC IIXI •TRr tPHRC• WR'C 
VR=K[X•8£•C910'( IC)•QCAR~/t Kl'tRI IXl+RCA'l91 

110 CONTINU[ 
c------------------------------------ - -- --- -------- - - -- - -
c ......•.• CHANG[S IN. CONCfNTRATION"- or D[AO ~I.T(R}AL CONSTITU[HTS 

It=! 
IF (.NOT.INSOll.l II~l 
DO 200 H=lof,f°JCLH 
If I (SOH. ANO. CO RG III, .. , •l (.a.,. CR .1 .NOT. SOH. • 4NO.CLITI L •"I .Lr.0.1 I 

GO TO 200 
OLO s::o. 0 
[X'TLOS=o.o 
IF I .NOT.SOHi [ XTLOS= ICLITI L,t1) /Cl ITTf LI I• V0 

IF IH..[Q. NITI a.os=DLOS+OOPGH 
ONT NRL=o.o 

c ..••.••.. CFEPCT O(T[RHrN[S TH£ RrQUIRffl[IIIT or !\?CHASS K FOR CONSTITUPH 
c ••••••••• H RELATIVE TO TOTAL CAR!l:>N O(C'QH.PnSnION. C:ZCPCT IS LIK( AN 
c •••••••• •IN[FfICUNCY or UTILIZATlnN OF CONSTITUFNT 11--UNITS H HfN[RlL­
c ••••••••• 1zrc pfR l.NIT "4 ASS'NU.UEO 

!f I H.N (. IN IT .ANO .H .LT. Nf'RACl I OH IN RL~E2CPCT IHI •CH PCT IK,Hl •OORGC 
IF (H.[O.IPCI OLOS=OLoStOPROTr 
IF I H .r f]. IP c. 00 ·" •l n. 1'F RA Cl I GO :t O l ~o 
IF CSOHl OLOS=OLOS•(CORGI IT,H.1/ll00CIII-PROTCJJ•OOT4RC 
lF I.NOT.SOHi OLOS::Cl.OS+fCLfTIL,M•I /flLYTILl-rROTCll•OOTHRC 

('•••••••• .ADO ANO SU8TRACT CHANGr.S 
1~0 If (SOHJ coocoo11,,-.,:coRGOnll,HJ-ll..CS-O"I~l 

IF f •NOT. SOHi C LlTOOi Lt ,o :C LT TO 01 l• .,1-0LOS-qTL OS-0 HI P\Pl 
COR GQQI II ,HI= CO RGQO <I I, l"J •£ :tT LOS 
CHI NQQf IltH l=OI TN'1Q (JI, HJ •OKI~ L 

C. •• •• ••• .R[SPIRA. TION 
R::0 .u 
IF IH.GF..lrffRACl l R=OC02•f0LOS/OOOGCI 

c ......... OUH.BIO 1S A sun: VAR UAL[ E"OUlVAL[NT TC CBIO 
OUHl'HOI KtNI =01..MBlOIKt HI tOLO ">-R 
AGA lNOI KA ,I C021 =AGA !NOi KA t1 C!> 2')-R 

11f5 lf IN.N[.INTTf CO TO 200 
IF IOIHNO.tr.o.o.oR.J.GT.I'i~rl GO TO 160 
00 150 N=z, ... IT 
IF fSHINIII,NI .L[.0.01 GO TO 150 

120 

0 IH =DIM HO •e NF' AC IN 1 • S"4 IN II l, NI /l t.'C U( I 
SKINOOITltNI =~HINOOIIItNI -OTH. 
OUNPIOI ICtKl~Ot.'1 BIOi K, "' +O'IM 

150 CONTlliU[ 
16(., Jr IS.OHi CORGQQ(JI,~1::CCRCO"ll!I,HI-Ot!'~NR 

IF I.NOT.<;ONJ CLlTQOlltl"l::CLITOIHL,1"1-Pl"I~ 
SHl NOOI IltlNIUI -:SM!NOQI TI ,I NHJ •OM!~ 

200 CONTINUE 
r ••••••••• O[ATH RA.1'[ or DECOl4POSfO,C, 

IF IRCARB.GT,0.01 0-:07 
JOO IF U.L[.lSURrJ GO TO 1500 

c ......... BIOl'IAS<; OF OCCOHPOS[RS TN STANf'l!NG or AO 
vn= CB IO IK I• (I.- 1. /[ XP IO 11 
00 111,00 N=l tNf'R f.lN 
IF IOUH.RIOIKtHJ .Lf.0.0I CC TO HOO 
OUN 0101 K ,111 -=DUH BI QI Kt HI -c ff PC: Tl K, "I ,vn 
CLT TQQC L ,HJ =CLI TQQI L, HJ •CF[ "C Tl K, Hl •VO 

1QOO CONTIW[ 
C8l01Kt=C8IOIK.) •(XPIGR0£C-0I 
O=O l 

C ••••••••• IF TH[~( AR[ ANY l'(IR[ TY'PCS Of ['[AC t'AT[R .. AL AYAILAqLf roR 
c ••••••••• THIS ZON[, CO G[T H£ Nr")l'T TYP,.. fLSE• GO TC N[XT ZONE 

1500 If !IA.LT.NIU CO TO 1000 
c----- --- -- ---- ---- ------ ---- ------------ -- ------- -- - -- -- - ---- - -

If 11,GT.ISURFI GO TO 2000 
Tf I IN'S OIL. ANO. IsuqF. [O ·"' H)RI ]. ANO.!.[(! .11 ~(\ TO ltOO 

r ••••••••• BtOHASS Of c;uRrACE ANO/OP 'iOIL O[COK"O'irQ POPULlTTC'IS 
vo=C8IOIKI• 11.-1.1!:XPIOH 
00 1550 "4=1 ,NFR fl.N 
If IDUl181011(,NI .L[.0,01 GO TO l'iSO 
OU.11 AI QI K, HI =Ot,f Bl 01 I(, NI -CFE °C Tf W, fll •YO 
COR r;oo1 II tN I: OJ RGO/J II It I'll ,r.rr PC Tl Mt H) •Y" 

1550 CONT!NUE 
C91011(1 =CBTOIKI •[xrn !Jl:-0 l 

\600 IF I .NQT. IN<;Oll_ l GO TO 2000 
C ••••••••• 00 THIS Wl-£N <;URfAC[ LITTER JS 8r!Nfi OCCOHPOSf[I BY uOfH70N 1 
C •••••• •• .POP UL AT TON 

IL= TL• 1 
rr II<iuRr.N(.NHOPTZ.OR. r.Nf.ll GO TO ZCIOO 
JNSOIL=.rAL~[. 
GO TO 16 

1000 CON TI NJ( 
c-- -------------------- ------------------ ------- - ---- - -

If IWRTBIOI ~IUT(l6•2~21 1cqro11C1.K=1,10, 
ZZ1 fQA,iATI ZX,10£12 .31 

RETURN 
c-------------------------- ------------ - - ·--------- - - -- - -
c ••• ••••• .NAH[LlST INPUT/WR ITE-OOT 

[NTAY SNIN 
REArlS,PARNASI 
I ri NNA'1LS .r f}. lt WR nrc 6• PARN ,s I 
RETURN 
[HO 

Subroutine OPT 

~upqouTIN[ OPT fAHlNl ,At'AXloAHA X2 ,A.HINZ oRX,fH I 
Tff 0 '(.L(.AHTNl•OR.RX.GE.AMTNnGO TO 11(1 
IFIPX.G(.Al"O'l •• NO.RX.Lr.AHA'l?IGO TO 1c1 
lFf~X.G'T.AtHNl•ANO.~X.LT.AHUl 100 TO ln2 
tr1ox.GT.AMAX2.Atr..RX.LT.AHTN;"'IC:O TO 10:-: 

110 n=o.c 
Of' ... 0 tr II 

101 F'R=l.Q 
en TO 10 II . 

1oz r'1::!RJ(-AM!Nt 1/IAHl)'J-AHTNll 
Gfl TO li II 

10] FR=IRX-AHAY'.'.'1/IAHINZ-AMlXZI 
lCq; RfTURN 

[ND 

Subroutine DCLIN 

,;ueoouTIN[ 'lCL!NfAHA,X,RX,f"qA(:) 

...:x=:•H•,ot: • 
'rrtHX.(Q.OViO;TO ]02 
rrtox.c;E.Al" ♦.)'XlGO TO 300 
FRAC~l .O -RY/ AH.AYX 
80 TO lOl 

JOO fRAC=O.~ 
GO TO 301 

302 fP.lC=l.C 
JC 1 P.fTOAN 

fNO 

Subroutine RAMP 

'sU8ROUTJN[ RA.HP(.IMJNX. AHAXX,f:'X,fRACI 
lFl"X.C(.AHUXIGO TO 1 
trl"X,L(.AI-HNXIGO TO~ 
rP.AC= I PX-AHINX 1 / IA.PfA. )0(-lN IN't J 
Gn TO 3 
faAr=1 .o 
Go TO 3 
nuc:o.c 
~(TURN 
F.NO 
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APPENDIX 2 
INPUT/OUTPUT EXAMPLE 

Data Listing 

tJrHrN H[AT"t VrTH n,u r(R "'fC(HtPOSITION RUN 1 
C' C f ] 1(' r C' 
l 1" 7'!' ctr. 0 
r I 

•·• JROCff<l ,UilIO..,-~ r• •tr•is PR0HTN C ctr~CRYf C STRUCTURAL , 
•H"AO L !'CllfN nr K' 'IOSS WOOOYLITHR 
ul""R!hCCOU._ L TT f(P nr ,o POOT~,. -2CH 
rr .. r 

(l( AO ROOT<" 2-8CH 
R'"OT'" e-: e CN nr ,0 ROOT.- 1 s-~s CK CUH"tY "1CROB£SINI 

"UfolW:Y t"TC' 0 onr .. ,o, 
I I I 

1.or 1. 0" 1.rn 
1 .cc l .~O 1.rc 

r. r. r. 
C I < 

?C. •o. "c.. 
2 ~r,.. :-so. t ')CO. 

JSl!I. ,o. "2 •• 
'lllf,. s,. z,c. 

·1" ::s,r. 755. 1fl00. 
Z1 7. 12. ... 

1sr-i. 1C't'1. se. 
ltr6o . '. ZJS. 

IIJJ. "· . ,. 
iron. I0CC. 1cnoc. 

11rnoco. U('l(I00C'. 1 10nra-. 
,s,J11. !llllC. lf£.~C. 

1\6"l. J~oo. 11 eco. 
3!17'3?!!. 11tr,o. 1'11 MC. 

"· J 100. 7e 'lrl o. 
7')7231. ,eaoo. 1 r- JtcC. ... lGC'O0. ?7 20r. 
2t6\67. 16320. •10.n. , .. 27?'10. ,reco. 

10,n 
TOTH ,.OH tA"r.0N IN TIJr '1- :J'lll 
f'"DA, .. S PE., HECT ur 
1r1111 <J1 r, ir 1ott2 21 r, 25 
H'Ul CAP.,,0H tH tJnrq T't'"[c: 
,..R.u•-: "r" H(Cf Aq:r 
(lJ"lQ "'"C""; 

W'>00Y L !' 0 !:1 
oraC'I onr,T<. 0-:'CH 
rr,o P~0TC: 11- 35CM 
ru,,• 
,O040NTUH TN TOP ?CH 
,..N/tlA 

1701 l7f'6 
llr'!2 ANf'l NOJ IN TOP 2CW 
t'PAN<;; rr., KrT ARf 
"'"'7 ['-?CH 
~fl! Ci-2CN 

11a1 ne, 17!1 n11 

1. 11~. 
1. 85 , ... .., 

'sr. 
e s'.l s. 
1 1"1. 
3257. 

lt-97]0. 
711 s. 

6 2Jl'I. 
"'HS • 
llf')C'. 

1nrr.c. 
1 lOC'l"'OO • 

l21175Sr. 
•• 5 

lllJSOO. 
11. 

2711()500. 
IJ. 

'3 15'38(. 
o. 

rr:- [V0LUTI0N - CtM\.l. lTTV[ CAReO"I 
"PANO: f'f'O H[CT aqr 
0-2' CH 
:'-!I CH 
e-1e c .. 
11':-J~ c ... 

17'J2 ll'P I l'H I7 'JS 

1 l ,. ~ 2 .s 
:-.r; 7 ., 

2.co 2 .rr 

111110 .... 1,,r .. o. 
211r. 1]978. 

188. 3n9c.n .. 
811111co. Jllll?O. 

"?1'1. 111,r. 
l l" t. (it.,,,_ 
704 2. J9GTIJ. 

7G 6. 1'180. 
1 roro. 1or.rC1. 

11 roroo. uoooro. 
,u,sc. 1&6D!!Ot'C. 

257701'!. nuarr. 

s2'!,oc. ts'lnrr:n. 

112r2r. 'l7'l?Or!:'. 

'fTJR0G(N r7CHANCf WIT~ AT ... OSPH[Ar f•INPUT.-0UTP\11'I 
,...,/HA 
C-2 Cl' 
?-8 CH 
t'-1!! (pt 

1"-35 C" 
fPl 

t= 1, 
N0UH::1 r, 

Or.lo LICHfN 
DUD NOSS 
LTTTCR woor 
LTTHP H£po,r.,cous 
R00lS-2 
AOOTS8 
ROOTS-18 
ROOTS-JS 

rUHHY HYrnmrs 
OUN HY HlCR0BrS en I 

OflGA. ,iAJT[R l'-2 
NI NflUL S 0- 7 
OPC. MATTCR .,. . 
HTNCRALS 2-. .. .. HATH\'t 8-1 8 
NJ HERA LS 0- 1 
ORC:. NATTrR l&-35 
HlNrPlLS l"-J «; 

SP<l!N::'i ,noaooo. ,1 ,2 a.,11. ,.. 1., 21. •<'., S•r., • 1. ,10. ,zs., 1s. ,o ., 
TC0V!'"P-::. SC, 
p::70, tt.O, 20• ... l, 20• -'1.,8, ?t'• 5.?, 
'S-=1110•6.C, 
r::2c• 11.0, 20, 'l.'J, :-o, ,.s, 21"• ,.1, 
w::2r•-1c.o, zo• -s.r, 1r, -a.a, :,i. -a.a, 
1[NO 

tHANNA 
A3=16., All=tC.01 A.5::."iO, 
CFCrCT::&ic•o •• \•.JO, .. ,.,s. .... 10, , •• Jr, 11•.0'i, 
BTOH=7o., .. , •• ""·· n., "•0• 

10., , ... , "".. n ., r.n, 
10., "·• "" •• n .. r,.r, 

1so., st., so., 1sl"., o., 
f!N::.10, SN•i11,::1.o, ~02::.10. 8N03=.3r, aJ:.oons, R,=.oros, 
CBFAC=?.o, CI0N:-.rioort' 
cH= 10., t("Cco •• 1r1i., 1rno •• 1orc., 1coro., 1000., 
01=s•.r2, oi=s•.oo:-, FYNHrt::.01, 
GH::1.11, 1.11, .70, 7.0o .OQOl, 
H[TFtX::.uur., UCN=t, Ico2:.3, iHH\=2, tN?f:t, INO:Z::J, JNOJ-::11, 
r~=s, KA:1, ,i'HJ:J.O, KH11:1.o, l(J=t.o, K,:1.0, 
L0UM::9, 
..-ATN?:.fJOO!'~, HAlJt" ::.~1"005, 
NNA"'l"i::t, 
PHI(: S•o.o, 5•7.o, 5•1).Q, S•tl.O, 
f'HHAX:: ').Q • P._,.JN::7 .Q, 

s.1= s,o .. o, s,r.o, S•ll.t't 5•10., 
~Yf'IFT'Jt': • TRIIC., 
T:S•r.n, 5•25., 5•J'>., S•\S., 
TffAX:So., TNttr-10., Yl'UX :. 8S, YOLATL:.TRU[., 
tt:=5•-15., S•-2.0, S•-.111, ,.o.n, 
VRTNTT::.,TRUt., 
1C,,ID 

tPAAHAC: 
BC2BNE::12.s,ec:.0001. BN:.10, BNFAC::O., 1.o •• 1n,.JD, 
CBTQ:')0000 •, ,OQCO. t l l•, 5 •• 
CF.CPCT::'11•0•• 11-••lf', 11•,tS, 11••10• U• • .30, ll••M• 

Auxiliary Submodels 
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Simulation Run 

ou~s:ri=6G• 1ooocc. • 
Dl=.02, D2=.002, 
C:FC:r.11, 
[ZC"CT:O., S•-lC, 
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oc=.rsn, .r,sc, .c1, .as, .fls, .n:t, 
TAG~~=l• ICf"2:II, 1Nt+f+=2, INIT=l• !"t,t=II, TSOH=l, ISURF:1t, 
Po:A:t, KHC=11•S., 20.,10.,2.0,s.o, l<Nc:=10000., KHN=toooo., 
101R=1r,c;.o, HATNC:.ooos, NHAMLS-=t, NNIT=lt, NR1=2, 
NZONF~=-, PC2P~ff., 
PHc=c.r, ;::.,c;, 8,0,10 .c, 
tlHCE-c ~~.s......__ 
PESN'l=3•0., .Jr,.!:-r, .20, 
sAc=r. r, o. r, 't,n,10 .", 
TC:Q,[l,25, ,J5,,5C,, 
rcr=c.r,Jo.,Js.,1ts., 
we=-ts. o ,- 't. C', _ ... r ,- .an, 
WC[=-1s. ,-r.c, 
WRT8JO:,TRtiE,, 

1-[NO 

LICHEN Hr.UH Wlf'( DATA rOR OfctlNPOSHmN RUN 1 

INITIAL Rl"PORT ON JAN 1 1'378 t .. C'l2 SECONDS ELAPSED 

CONSTITUENTS Of nno ORGANIC KATERTAL, G. OR t<CAL, "" HE CTARC 
TYPf or HAT[RIAL NlTR06fN ANTONS CATIONS PPOTE IN C RES ERV( C SntUCT\JRAl- C TOTAL C DRY MATTER 

O(A D LlCllf.N ZS(Hl.r.('I 2 so.on 1500 .co 8sgs .oc ,1,.os.00 1''IOCO.OO 200000.00 11ge&6J.2s 
Of.l O MOS'S JSs.or .. a.or 22, .Q(' 1232.0fl 2110.00 1 3,1'1.oO 17'110.00 IIUZl .2n 
WOODY LITT""R '346 .or 52.0f' :'.!70.Ct'l :s2s2.or 18!1.00 3C500.oo J'U00.00 SSlfJfl.20 
HfR BAC[ OUS LI TTfR 1113:!(\.Q(l 155.0£1 38r(l .o 0 .. ,230.00 !lll1150.QO :Ufl:33).0£1 .-. eooo.oo 110'815.o\8 
O(A O ROOT~ 0-2CH 211.or 12.oc "" .oc 145 .oo J 81. 00 7' I() .oc 856!.0C 21208.75 
DEA O ROOT~ 2-8CK 1eo1.cr 1oc.or ne.oc 6210.01'1 3191.00 E 1,"3.on 7UOO.OO 176138.50 
O(AO Roars B-18 CH a S6 .or 63.0C 235.r(l 3915 .on 20ll2.00 3%1'9.00 o\56'6.DO unto.25 
O(AD ROOTS 18-35 Ct-t lf3J .or 2ll o01" 85.00 1,,0.011 166.00 111,m .oC' 1113'6.00 ,2n7.5t' 
DUH HY NICROB(StNJ lOCCi .or 1000.on 10000.or 1 0000.oc 10000.00 1rom.oc 30000.00 80500.00 
OUM HY "ICR08£'HOI 11coooo.or t l('!OOOo.or 1 100000 .c 0 1100000.00 1100000.00 120 en m .oo 3 300000.0C' 108309,.87 

TOTAL 11227?.7.0C. llr2'2'J6.0C 1116,eo.or 1181172'3.00 1251135. 00 1TI725&.C!! • 11 n20.oo uoo,2 38.&7 

"-O!L VAR!ABL£S 
NITP:OC.EH ANIONS CATIONS PROTEIN C RESER\'£ C S TRLC TURU CTOHL C ORG.n."• 

ORCAUlC HATT(JJ CON':TITUftlTS 
F"ROH o. TO ::-c. ""· 'J56l 17 .cc Ju,o.ot"J 166080 .0(1 1297550.00 uo50.or 1,meoro.ol'! 20160000.oC' us20000.o(I 
r,~o~ zn. TO er. ""· 3875?8.0C l llOllO.on 1-'180.00 1 !l 3500.00 2snrio.o·o 7768800.0C 936Dooo.on 1a120000.oo 
F"ROH •o. TO ier. ""· 7'H2H.Or ?8800.00 153600.00 2711C!500.0D 5?3500.00 1'59316000.00 1,200000.00 J8llOOOOO.OD 
F"ROH 180. TO J~{'. ""· 2661f67.or 16J20o00 8104'0.0C '315'J8Q.M 112020.or 97~2000.00 10880000.00 21760000.00 

TOTAL 2•11 sooq .or 'JOlOC.DO 01600 .oc 8277530.00 Ul176TO.OO 50)Cll8tn.or 60?COD00.0012DllOODOO.OO 
r, HTH[PAL rR ACTT"tl 

F ROH n. TO 7C. ""· l4 6'3 .or ~oo.oo T78t"Q.(10 
FR01' zo. TO BC. ""· 87 .or non.cc 1a,ro.oo 
F"ROH PC. TO ur. ... 66.00 16000.00 Z 1Zf10 .oo 
rRQP1 18c. TO ,sr. ""· 36 .or 21200.nr \0800 -00 

TOUL 1658.CO 119300.0C 1711700.00 

TOT .trL. I so 11 ANO or An 
ORGANIC NAT(RTAL J5321t£111.or 12111JB%.0(' 1772780.0D 'HGZ2S~.cn JD68&M;.oo 511'112C'56.oc 6'tnJ120.0013340112:JS.on 

TOT AL IN r-coSy')T[t' 3 S32-Hll .or 124 J.8'6 .a,, 1 n21so.ac 51t6Z259.no 30688r'!i.OO 51f 11t21JS6.0C GJIJ731ZD.001JH01t238.0I." 

S:OTL WATfR POT(NfTAL, AT~• 
~ROt4 n. TO ,r. ""· .or. 
F"RQH zo. TO er. ""· .oc 
rflOM ... TO lQ(I. ""· .oo 
f"POH 180. TO 3r;r. ""· .or .2 JZ s:rcoNOS: ELAPSED 

.'JQ?+OS .'J01+C5 • 110•02 .sa1•01 .coo .coo .coo , roe .coo • 000 
l .11ors+oc ,ll"OS•OC .t98"7+0C .1111 T'J•OO .00000 .38873-03 .111e10•02 .00000 .286C1J-(J 8 .00000 

.109~r.•oo .31l710-01 .«.271f3•0C .Jo2'78-D1 .00000 .111,1-02 .938112•01 .00000 .12162-<J e .orooo 

' .10111•00 .ar.coc .oooco .arooc .0000(1 .ocooo .1(!700+02 .coooo .3'12\'l-l 7 .QOC!OO 

' 
.Jl71t0+00 .1~ 1 63-01 .S2845•0C .10"112-01 .ooaro .22954-02 .O ODDO .00000 .11335-12 .00000 

.907•CS . 902+05 .11 ('+02 .501•01 .oar .ooo .coo .mo .ooo .coo 
1 ol32l'J--01 .17~05+00 .?0721•0C .lHllt0 ♦-00 .. 1250'1-<'3 .1[1334-02 .151,2+02 .40300•01 ol811~-il 8 .00000 

• J214S-O 1 .JC215-0l .it53llJ•Of' .28132-Cl ol'HJ7-0J .12507-02 .87817+01 • 191116•01 .23353-<J 8 .OOr:!00 
3 •22709-01 .011r-oo .00000 .00000 .0000" .00000 .•&281+01 .ZU26•01 .55ll88-1., .00000 

• .J0758+00 .1'3622-01 .s6,86+DC .11,"-01 .00000 .2,5J2-02 .00000 .00000 .1un-11 .00000 
• 90 3+05 .'J02+05 .110•02 .501+01 .ooo .coo .coo ,000 .. coo • 000 

l .JJ81E-Cl .1z.in1•0D 021634'+00 .. 12201+00 .22455-03 .11865-(12 .15'18•02 .69111\'J+Ol .1181S'f-08 .00000 
.3]347-01 .J8Jltll-01 .,a102+00 .258911-01 .11,2,-01 .15891-02 .8 U67+01 .33836+01 .33651-() 8 .00000 
.22ao1-01 .oonoo .00000 .00000 .00000 .OOl]OQ .665118+01 .37e""+Cl .683 SA-1 7 .00000 

' 
.J02'J5+00 .20'366-01 .60J78+00 .12226-01 .00000 .26718-0 2 .00000 .00000 .1133,-12 .00000 

.'JOll+05 • '302+ 05 .110+02 • 501•01 .noo .ooo .nae .a,r .ooo .ooo 
.31146'3-01 .13376•00 .22587•00 .12!' Bl+OO .31106-<Jl .111320-02 .15698•02 .'l1533+Cl .57800-0 8 .a rooo 
.Hlll!-01 .llC606-0l .SlOZ'l+OD .2 J5 n-o 1 .9828'--<l 3 •216111-02 •7 'M D1 •D1 .113619•01 .113033-0ff. .00000 
.22885-01 • orooo .00000 .. oco 00 .00000 .00000 ., go62+01 .ll\2!i4'+01 .1nss-12 .00000 

• .?9851•00 .22~01-c 1 .6~538+00 .13061-D 1 .00000 .?8020-02 .00000 .00000 .113112-1 2 .00000 
.'JOS+CS • 902• 05 .110•02 • 501•01 .noo .ooo .ooo • 000 .ooo • ODO 

.]5113-01 .13<:!43+00 023582•00 .12962•0 0 .,,-.66 --f' 3 .17612-02 .15,83•02 .10813•02 ·61352-0 8 .o 0000 

.355'11-01 .l430C8-01 .SUJJ+OC .2123,-01 .11'158-02 .2~3J-f'2 .6TIO'J♦Ol .sooso•c1 .5nss-os ... at'OOO 
• 22,ss-o 1 • onroo .00000 .00000 .00000 .00000 .J 116 83+01 .,51191•01 •85315-1 Z .00000 

• .2'Jlt27•00 .23'335-01 .68985•0C .1J'J53-01 .00000 .2,'Jll6-02' • 00000 .00000 .113"3-1 .. .o 0000 
.90S•05 .903•05 .110+02 • !!iJZ•Ol .ooo .ooo .coo .oo 0 .coo .ooo 

0 3552£1-01 .lll!:35•00 .2 "620+00 .133118+00 .\61127-03 .216,s-02 .16271+02 .122113+02 .76810-08 .orooo 
.Jt72'3-01 .45555-01 .571127+00 .18,28-01 .13585-02 .3'J13'9-02 .s '653+01 .53762•01 .s90rT-oe .00000 
.23005-0 1 .ocroo .00000 .. 00000 .0000,:, .oooco .2 36 52+01 .4'3'.J16+01 .S0352-12 .00000 

• .2,021•on .25'i7l-Ol .73138+00 .1ll'lDlt-01 .oDOl'10 .32003-02 .00000 .00000 •113115-1 2 .00000 
.gci.•ns .'3C3+C5 .110•02 • 50 2+01 .ooo .ooo .ooo .mo .coo • 000 

.:n1ot1-01 .1s1 s2+00 .1STos•oo .1:n3,+00 .52803--0l ·265ll8-0 2 -1656"•02 •13360•02 .861 75-0 8 .00000 
.n,1s-01 .ltfl267-01 .EiO'ln+OC .16683-01 .1"735~2 .SC536-02 .s 22 l'J+D1 .55252+01 .65612-0 8 .00000 
.230\6-01 .ooroa • 00000 .00000 .00000 .00000 .1 5613+01 .39131•01 .gJ78'i-1 Z .00000 

• • 28£,38•00 .21321-01 .1881'3t0C .15920-01 .oooco .J,202-02 .00000 .00000 •lllltl-12 .00000 
.'307+05 .'303+05 ,. .111+02 • 502+01 .oao .ooo .ooo .mr. .coo .ooo 

.J75311t-01 .15796+00 .Z'&eJ"f+OC .1'136+00 .58158 ..(" 3 .3'168-02 .16861 +OZ .tll287+C2 .9511ll5--0 8 .o rooo 
.]9288-01 .51141-01 .611627•00 olll546-0l .. t5 .. 51+C7 .631135-(12 ell ll9'J'J+Ol .,54,33+c1 •71331-08 .00000 
.21on-o 1 .occoo .00000 .00000 .oooco .ooroo -10162+01 .34022•01 .96068-1? .00000 
o?A1Tll+OO .29188-01 .!IUlll'J♦QO .1700t-01 .000('') .3:6551-02 .00000 .00000 •lll•U-1 2 .00000 

.907+05 • 9011+05 • U1+02 • 502+01 .ooc .coo .ooo .roe .ooo • 00 0 
1 .)8397-01 •1Eill67•DD .?801'1•00 .1111537+00 .61111:!l"!--"'3 .3'8568-02 .1 7161•02 .1 so1q+o2 .1011162-0 7 .00000 
z •• 'I06f3-01 .5q192-01 .6855"J•OC .12550-01 .15751--07 .176"'8-02 .38177+01 .S3177•01 • 76211-0 8 .00000 
3 .23076-01 .00000 .00000 .00000 .00000 .oriooo .61tf0ll+QO •2173'1•01 .97551-1 2 .00000 

• .215?2•00 .3118Z-01 .'3005"'+00 .18162-01 .00000 .3CJlEi0-<12 .00000 .00000 .11350-1 Z JJ(ICIQO 
.908+05 .'104+05 • U1+02 .~2•01 .cno .ooo .con ,000 .ooo .ooc 
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,5ll7'J7-01 .flltlll!l•OC' .77738♦-00 ,l017C+OQ .. 125,lt-<! Z .l618tl-Ol .30IZ9•02 .10212•02 .3130--0 7 .00000 
,7?8"!-01 • lltl51 +Cr ,18123•01 ,tlS5J-C7 .£21,D-i' l .lt021J-Ol ,113'!,+rr .g1g1••or ,102~1'-(17 .00000 
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INTRODUCTION 

This portion of the animal submode! is being designed to 
interface closely with the demographic section and thus to be 
used in association with other submodels in the Desert Biome 
whole-ecosystem model as described elsewhere. This report 
summarizes the progress made to date in the conceptualiza-

lion of the structural framework for the physiological 
sub-section and presents a discussion of the problems of 
physiological-demography interface and programming 
routine for one part of the animal physiological submode!. 

DESCRIPTION OF COMPONENTS CONSIDERED 

The vast number of species and the paucity of data on 
physiological and demographic processes of these species 
preclude the use of species as components in an ecosystem 
model at this time. Consequently, we decided to organize 
consumers into functional groups of species. The criteria 
applied to the formation of a particular functional group 
were: (1) The species included have common physiological 
characteristics especially with regard to water requirements 
and type of food consumed; (2) Demographic responses as far 
as is known are directly linked to the physiological 
characteristics in criteria no. l; (3) That the assemblage of 
organisms in each group be significant components in at least 
one of the desert sites (significance determined on the basis of 
biomass, energy turnover, or identified rate regulators). The 
functional groups erected for inclusion in the model with 
representative taxa are shown in Table l. 

The breakdown in Table l is only a tentative division into 
functional groups based on the behavior and physiology of 
the organisms placed in each group. However, based on this 
grouping, the form of physiological functions were developed 
for several functional groups. 

FUNCTIONAL GROUP I 

\1/ ATER-INDEPENDENT, SEED-CONSUMING RODENTS 

Reproduction 

Reproduction is determined for two cohorts: adults and 
juveniles. Reproduction is considered to result in a constant 
increment to adult biomass because a fraction of the adult 
population is receptive at all times if mean monthly air 

temperatures exceed O C. If mean monthly air temperatures 
are lower than O C for part of the year, reproduction is keyed 
by photoperiod. 

Juvenile recruitment into the population is a constant 
percentage of adult biomass ;:: 5 % adult biomass. Peak 
recruitment into the adult population occurred during one or 
t\\'O periods as a function of the length of the growing season 
(90 day growth and recruitment) and of reproductive 
phenology of annual and perennial plants. The form of 
reproduction function is shown in Figure l. 

Plant to Animal Transfer (Assume Diet of 100% Seeds) 

Seed removal by rodrnts is equal to seed consumption plus 
storage and is a function of seed availability. It is assumed 
that rodents forage for 4 hr·day-1. Consumption (c) is a 
function of animal size and is adjusted for lactation by the 
percent of the pop11 lation lactating at time t. Consumption of 
lactating animals = c x 4. Consumption is equal to energy 
requirements for maintenance for 20 hr plus activity costs for 
4 hr. Since these animals live in subterranean burrows in nests 
(Kenagy, 1973), maintenance metabolism can be calculated 
as standard metabolic rate at mean annual soil temperature 
al 30 cm. No temperature-related increase in metabolic rate 
is included since it is assumed that the increased heat 
production due to activity supplies body temperature 
regulatory heat requirements. Since seeds are assumed to 
make up 100 % of the diet, fecal losses are assumed minimal 
and an assimilation percent of 80 is used. Figures 2 and 3 
show the form of relationship of metabolism to size and the 
form of seed removal function, respectively. 

Table 1. Functional groupings of consumers in desert ecosystems. Each functional group is shown with its primary 
food source, general water requirements and representative taxa. Groups for which sufficient data are available to 
support the group designation are indicated by an asterisk 

Functional Group 

1. Heteromyid rodents* 

2. Omnivorous rodents* 

3. Lagomorphs * 

4. Harvester ants* 

Water requirements 

independent,metabolic 
water 

Primary food source 

seeds and fruits 

dependent,succulent fruits, leaves, seeds 
plant parts and insects 

dependent,succulent leaves, bark 
plant parts 

partially independent seeds, fruits 
on insect availability, 
metabolic water 

Representative Taxa 

Dipodomys, Perognathus 

Peromysous sp. 

Lepus, Sylvilagv.s 

Pogonomyrmex, Pheidole 



5. Sucking bugs* 

6. Leaf chewing insects* 

7. 

8. 

10. 

11. 

12. 

13, 

14. 

15. 

16, 

17. 

18. 

19. 

Omnivorous ground­
dwelling arthropods ·* 

Omnivorous ants* 

Detritivores * 

Nectivorous insects 

Ground-dwelling 
sucking predators 

Flying predatory 
arthropods 

Small mammal 
predators 

Large mammal 
predators 

Raptors 

Lizards * 

Insectivorous birds 

Seed eating birds* 

Large herbivores 

~ 

:;; 
E 
0 
:0 
~ ..... -----✓ 
C ., 
> ::, 

0 
Time 

dependent on food 

dependent on leaf 
water content 

dependent on water 
content of food 

dependent on water 
content prey and 
food 
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independent or partially 
independent on 
metabolic plus pre­
formed water 

dependent on water in 
food, plant phenology 

dependent on water in 
food 

dependent on water in 
food 

dependent on water in 
food 

dependent on water in 
food 

dependent on water in 
food 

dependent on free water 
and insects 

dependent on free water 

30 days 

Figure 1. Form of reproduction function. 
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Figure 2. Form of relationship of metabolism to size. 

plant juices 

plant leaves 

floral parts, leaves 
stems, alive & dead 

insects, pollen, plant 
exudates 

plant parts, feces 

Plant exudates, floral 
nectar, honey dew, 
pollen 

rodents, insects, eggs 
birds 
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various Homoptera 

Acrididae, Chrysomelidae 

Attine ants, Tenebrionidae 
Gryllidae, Millipedes 

Myrmecocystus, Formica, 
Irid.omy1'171ex, Solenopsis 

Termitidae 
Gnathamitermes 

Pompillidae, Apoidae 
Diptera 

Arachnoidae, Scorpoinida 
Scolopendromorpha, 
Mastigoproctus giganteus 

Hemiptera, Coleoptera 
Diptera 

skunk, badger, kit fox 

lagamorphs, large rodents coyotes, bob-cat 
young ungulates 

rodents, birds, insects Swainson's hawk, red­
tail hawk, shrike 

insects Cnemidophorus, Uta, 
Phrynosoma 

insects shrike, kingbird, 
desert sparrow 

seeds and insects Horned lark, lark 
bunting 

grasses, forbs and cattle, sheep 
shrubs. 

Number of seeds on surface (particular size class) 

Figure 3. Form of seed removal function. 
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Growth and Maintenance 

It is assumed that growth is equal to a constant (k) when 
seed storage reserves are greater than O and/or removal is 
greater than consumption and mean ambient tem_perature is 
greater than 5 C. This allows for growth (fetal growth) and 
population increase as long as food is available. When 
consumption is greater than seed removal and seed storage 
reserves are 0, the value of k is negative and proportional to 
the maintenance deficit. Figure 4 shows the form of growth 
to food available and storage relationship. 

Growth 

0 ------~---~-----

m Consumption = rn + g 

food available 

Figure 4. Form of growth to food available and storage 
relationship. 

+ f::,. vegetative perennials + !or +/::,. insect biomass 

Figure 5. Form of relationship between plant and insect 
food availability and reproduction in water-dependent, om­
nivorous rodents. 

0 100 
% in diet 
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Figure 6. Form of the function describing the percent 
composition of forbs and grasses in diets of lagomorphs and 
biomass of these plants·ha-1. 

FUNCTIONAL GROUP II 

WATER-DEPENDENT OMNIVOROUS RODENTS 

Heproductive Increment 

Reproductive increment is O unless there is a positive 
biomass incrC'ment added to vegetative perennials, then 
j11vcnile biomass is a function of the positive increment in new 
growth of perennial plants and/ or a positive increment in 
insect biomass. Reproduction is tied to availability o'f water in 
new growth vegetation or insects since this species group is 
water dependent on preformed water in food (Fig. 5). 

Plant to Animal Transfers 

When increment to vegetative perennials is positive, 
JO to 25 % of the consumptive needs are from new perennial 
,·egctation; percent in diet f (new perennial biomass). When 
insect biomass increment is positive, 0-15 % of consumptive 
needs is from insect biomass; percent in diet f(insect 
biomass). Remainder of the diet is obtained from fruits and 
seeds on the soil surface. 

Consumption 

Consumption is a function of size and lactation as in 
Gro11p I. 

Fecal T.oss 

Fecal loss is equal to (f, x % assimilation of vegetation) + 
(f, x % assimilation of insects) + (f, x % assimilation of seeds) 
where f = fractional biomass in diet of rodents. 

Growth 

Growth is a constant for adults if /::,. vegetation > 0. If 6 
vegetation= 0, growth= 0. Juvenile growth is a constant k, 
if food availability is greater than some threshold value. 

FUNCTIONAL GROUP III 

LAGOMORPHS 

Lagomorphs are treated differently than omnivorous 
rodents because: ( 1) they rarely use subterranean shelters and 
as a consequence sense their thermal environment; and (2) 
because they browse and graze on grasses, forbs and shrubs 
with shifting food preference (Fig. 6). 

Some assumptions regarding lagomorphs are: (1) they will 
forage preferentially on new growth forbs and grasses. When 
these are not available they browse on bark and woody 
material from plants with a favorable water potential in the 
tissues; (2) reproduction is keyed by photoperiod and allows 
production of two litters on hot deserts and one litter on cold 
deserts; (3) excretory losses as percent of material consumed 
is a function of materials eaten -- green forbs and grasses 
result in less than 20 % excretory loss while loss from bark and 
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woody stems is greater than 30%; (4) metabolic rate is a 
function of mean daily temperature and body size and must 
be corrected for lactation after females produce young; (5) 
there is a probability of starvation which is a function of 
crude protein available in the diet which also is probably 
linked with tissue (Fig. 7); (6) adult growth equals 0 -- growth 
is positive in the equation only in juveniles or during periods 
of reproduction and is negative during starvation. 
consumption, MR = metabolic rate maintenance, E = 
elimination, C = growth). 

0 

0 Protein in diet 

Figure 7. Function describing probability of starvation in 
lagomorphs as a function of protein in diet. 

Auxiliary Submodels 

FUNCTIONAL GROUP IV 

HARVESTER ANTS 

Modelling social insect physiology is complicated in that 
the activity and behavior which must be predicted are 
related to foraging activity. While important, population 
growth, reproduction and other activities of colonies in nests 
below the ground are difficult to study and may be treated 
as constants or functions of surface activity. 

Assumptions arc: (1) Foraging occurs when relative 
humidity (weather station height) is greater than 50 % ; (2) 
When foraging occurs, rate of seed removal is a function of 
ambient temperature, number of foragers· colony-I, num­
ber of colonies· ha-1, colony satiation, and seed availability 
as indicated by equation 1: 

(dr = seed removal rate, Ta = ambient temperature, Nf = 
foragers·colony- 1, De = density of colonies, -Sa = 
satiation % based on seed storage. 

PROGRAMMING SCHEME FOR ANIMAL PHYSIOLOGICAL SUBMODEL 

1 CONSUMPTION ~ 0.838 • (S • • 0.695) • 5 
C Size-dependent consumption 
C Seed biomass converted to calories 
C See Colley (1961) and Chew and Chew (1965, 1970) 

for values 
IF BIRTH.EQ.l CONSUMPTION = CONSUMP-
TION x 4 

C Litter of young produced and lactation occurring 
ASSIMILATION= 0.8 • CONSUMPTION 

C See Chew and Chew (1970) 
MAINTENANCE = 70.5 • (S • • 0.734) -;- 0.86 

C Basal metabolic rate plus activity at a rate of one-fourth 
metabolic rate (Chew and Chew, 1970) 
IF BIRTH.EQ.l MAINTENANCE = MAINTEN­
ANCE x4 

C Expense of lactation 
IF SURFACE SEEDS.GT.IO • 6 SEED REMOVAL 
=K 
SEED REMOVAL= 7.6 • (SURFACE SEEDS•• 0.18) 
IF GROUP.EQ.2 SEED REMOVAL = 2.39 • x 
(SURFACE SEEDS •• 0.21) 

C Seed removal related to seed availability 
9 STORAGE = STORATE + (SEED REMOVAL -

CONSUMPTION) 
IF STORAGE.LT.0 GO TO 2 

C Less food available on surface or in storage than 
required for maintenance assimilation 
GOTO3 

C Food requirements met 
2 ASSIMILATION = ASSIMILATION' (1 - [CON­

SUMPTION - SEED REMOVAL] -;- CONSUMP­
TION) 
IF GROUP.EQ.2.AN.TEMP.LT.10 MAINTENANCE 
= MAINTENANCE -;- 8 
ASSIMILATION = 0 

C Assimilation, when minimum fooc\ requirements are 
not met Perognathus go into torpor (Hoover, 1973) 

3 GROWTH= ASSIMILATION - MAINTENANCE 
C Kcal in growth, either a+ or - number 

IF BIRTH.EQ.l YOUNG = YOUNG + GROWTH-;-
1.03 

C Kcal in growth which goes to youth after birth, in 
grams (Chew and Chew, 1970) 

C Go to CHECK if young are weanable 
GOTO4 
IF GROUP.EQ.2 P = S 
IF S.GT.40g.OR.P.GT.20g REPRODUCTION 

REPRODUCTION + GROWTH 
PREGNANT DAYS= PREGNANT DAYS+ 

C Adult energy expended on developing on fetal 
components 
IF PREGNANT DAYS.EQ.30 S = 40, P = 20 
NUMYOUNG = REPROD -;- 3 
IF GROUP.EQ.2 NUMYOUNG = REPROD 
BIRTH= 1 
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C 30 days is term and young are born and adult weight is 
reduced by the amount of young to 40 g 
IF S.EQ.40 GO TO 1 
IF P.EQ.20 GO TO 1 
S = S + (GROWTH + 1.5) 

C Energy expended for growth converted to grams 
GOTO 1 
IF GROUP.EQ.l NUMBER = 25 
IF GROUP.EQ.2 NUMBER = 10 
IF YOUNG+ NUMYOUNG.GT.NUMBER BIRTH= 
0, PREGDAYS = 0 

C Young are weaned adult growth then goes to repro­
duction 
GOTO 1 

PROBLEMS OF INTERFACING DEMOGRAPHY 
AND PHYSIOLOGY 

In atempting to construct the logic scheme for 
programming the functional relationships decribed in the 
previous section, we soon realized that we needed inputs 
from the demographic sections of the animal submode!. We 
worked around this problem in part by making guesses 
about probable forms of demographic functions and using 
constants wherever possible. Future efforts in construction 
of an animal submode! will have to focus considerable 
attention on this problem. 

GENERAL REFERENCES 

While digging through the literature to develop the forms 
of the relationships presented, the following papers in 
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addition to Desert Biome progress reports and our data 
proved to be most useful: 

CooK, W. C. 1972. Energy budget for rabbits compared to 
cattle and sheep. Colorado State Univ. Range Sci. 
Dept. Science Series 13. 17 pp. 

FLINDERS, J. T., and R. M. HANSEN. 1972. Diets and habi­
tats of jackrabbits in northeastern Colorado. Colorado 
State Univ. Range Sci. Dept. Science Series 12. 29 pp. 
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