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1. HyPAR Model Overview

HyPAR v1.0 was created in 1995 by combining the tropical crop model PARCH (Bradley & Crout
1994) with components of Hybrid v3.0 (Friend et al. 1997). The first version of HyPAR was based on
the calculation of light interception and water use by a horizontally uniform tree, annual tree biomass
increment, the light and water available to an understorey crop and hence crop growth and potential
annual grain yield. The tree canopy was assumed to be above the crop canopy at all times and there
was optimum management with no pests or pathogens). It included the soil water movement and
uptake routines of PARCH, and utilised those parts of Hybrid which determine light interception,
water use, tree productivity and biomass partitioning.

This early version of HyPAR is described in Mobbs ef al. (1997), and was used by Cannell et al.
(1997) to predict the 50-year mean 'potential' sorghum yields and overstorey net primary productivity
in nine climates (348mm - 2643mm rainfall) with uniform overstorey leaf area indices between 0 and
1.5. They concluded that in regions with less than 800 mm rainfall, whilst simultaneous agroforestry
may enable more light and water to be 'captured' than sole cropping, low water use efficiency of trees
and sensitivity of crops to shading may make it difficult to increase total productivity without
jeopardising food security. The authors recognised however that this early version of HyPAR ignored
the soil fertility relations of trees, their potential access to deep water tables, and other commercial
benefits such as shade, fuel and fodder.

HyPAR v2.0 introduced competition for nitrogen and was used by Lott et al (1997) to test predictions
of maize growth in Kenya. Versions 2.5 and 2.7 included improved soil water routines and options for
management of the tree canopy. HyPAR v2.7 was tested at workshops in the UK in June 97 and in
Kenya in August 98. However, only the current version (v3.0) includes daily allocation of tree
photosynthate, and routines to represent disaggregated canopy light interception and 3-D competition
for water and nutrients between the roots of trees and crops (see Figure 1).
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Figure 1: Improvements to HyPAR between versions 1.0 and 3.0



1.1 Technical manual structure

This Technical Manual supplements the HyPAR User Guide and details the processes and algorithms
contained in version 3.0 of the model. Updated versions of the manual can be found as an Adobe
Acrobat PDF file located on the Agroforestry Modelling Web site (www.nbu.ac.uk/hypar).

Chapter 2 considers the options provided to run HyPAR with recorded daily weather, or to predict
weather from a database of monthly data for worldwide sites on half-degree grid-squares. The PARCH
crop model routines, parameterisation and the modifications made in the HyPAR implementation for
multiple plots within a field are outlined in Chapter 3 (largely based on Crout et al. 1997). Chapter 4
introduces the tree model, the required parameters, and the changes introduced to account for a
disaggregated canopy and tree-root system (based on Friend, 1997). Chapter 5 describes the options
for light interception in an agroforestry system, for a uniform or disaggregated tree canopy. The range
of soil hydrology and pedotransfer functions available is outlined in Chapter 6, together with the
techniques used to account for tree and crop water competition in HyPAR v3.0. Chapter 7 explains
HyPAR's approach to modelling soil nitrogen flux competition for nitrogen between tree and crop
roots. Chapter 8 provides fuller details than contained in the User Guide on the output files which can
be selected by the user, and the available Excel spreadsheet macros for use in graphing model outputs.


http://www.nbu.ac.uk/hypar

2. The Weather Options

The tree and crop routines are driven by climate, so appropriate data must be supplied.

2.1 Predicted Daily Weather

Many global ecological models require globally gridded daily weather data, but such data are not
directly available from the current global network of weather stations. HyPAR v3.0 uses a method
described by Friend (1998) whereby a stochastic daily weather generator is parameterised to operate at
half-degree scale for the Earth's terrestrial surface. The weather generator simulates 24-hour shortwave
irradiance, precipitation, maximum and minimum temperatures, and mean water vapour pressure
(Figure 2). Parameterisation and use of this weather generator obviates the need for real daily weather
data for many applications. The HyPAR Control Centre enables files of monthly data to be inserted,
copied and edited or created. In addition, for a specific simulation run, any of the above variables can
be temporarily increased or decreased by a percentage chosen by the user.

5.000 6.000

.09 12.16 31.10 22.49 198.87 82.73
.14 14.68 32.17 23.22 216.26 83.24
.30 14.20 31.83 23.76 206.70 84.67
.46 14.99 31.65 23.14 215.28 86.13
.56 14.61 30.94 22.65 203.93 87.06
.76 15.22 29.09 22.10 173.22 88.87
.89 14.78 28.01 21.78 159.61 89.98
.62 14.65 28.28 21.51 175.34 87.59
.92 15.29 28.41 22.18 166.41 90.29
.66 14.68 29.56 22.03 188.10 87.96
.27 14.55 31.11 22.28 203.77 84.34
.13 13.02 31.23 21.96 206.13 83.08

.00 2915.03
.00 3091.51
.00 3163.29
.00 3143.42
.00 3067.62
.00 2917.15
.00 2833.13
.00 2757.88
.00 2911.38
.00 2921.63
.00 2954.40
.00 2893.10

OO0OO0OO0OO0OO0OO0OOOOOO
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Figure 2: Typical input file required by the stochastic daily weather generator used within
HyPAR. The first line shows the latitude and longitude of the site (degrees) followed by one
row of figures for each month (January to December). The variables are: fraction of wet
days per month, rain per wet day (mm), maximum and minimum daily temperature (°C),
solar radiation (W/n°), relative humidity (only used if vapour pressure missing), wind
speed (not used) and vapour pressure (Pa)

2.2 Daily Weather Provided by the User

If daily meteorological data are available, either recorded or generated from another source, they can
be used directly if all the necessary variables are provided for a full 365 days per simulation year. Two
input weather file formats are currently recognised by HyPAR:

2.2.1 ICRI Format

This is a format used in the original PARCH model. Each input file of data is called
<name>W<nn>.wea where <name> is a mnemonic for the site and nn is a 2-digit representation of the
year. Thus, if in the Control Centre the user selects edinW98.wea and wants a 4-year run then HyPAR
expects to find edinW98.wea, edinW99.wea, edinW00.wea and edinW01.wea. Note that the 2-digit
format means the run is limited to 100 years of daily climate before repeating. However, if a longer
run is needed, use of the internal weather generator is recommended.

Inside each ICRI-type file HyPAR expects to find 365 rows each with complete daily data in the order:

AA, AA, Precipn(K1), PANE(K1), MAXTEMP(K1), MINTEMP(K1), RH14, RH07, A4, SDTEMP, SZ(K1)



i.e., two null columns (any number value), rainfall (mm), pan evaporation (mm), maximum daily
temperature °C, minimum daily temperature °C, relative humidity at 2 p.m. or 0, relative humidity at 7
a.m. or 0, null, saturation deficit (only used if the relative humidity figures are both 0) and solar
radiation (MJ/m?/day).

For example (in file n123w96.wea):

1] 0 0.2 6.1476 29.5 17.18 51.7 100 0 0 29.1536

0 0 13 6.1873 29.01 17.11 50.8 100 0 0 28.378

0 0 6 5.146 29.44 16.21 51.2 100 0 0 25.8175

0 0 2 5.0315 28.04 17.11 56.4 100 0 0 25.2483
2.2.2 Embu Format

This format was added for ICRAF Embu data. Here the files are called clim<nnnn>.emb where nnnn
is the 4-digit.year. The format inside the file is 4 comment lines followed by 365 rows

AA, i, Precipn(K1), MAXTEMP(K1), MINTEMP(K1), SZ(K1), PANE(K1), RH07, RH14, WINDS

iie. AA is text, i is an integer for the day followed by rainfall, maximum temperature, minimum
temperature, solar radiation, pan evaporation, relative humidity at 7am, relative humidity at 2pm, and
wind speed.

For example:

Climatic Summary of KARI Embu

year 1993
Rainfall Air Tem Radiatn P.Evapo. RH (%) Windspeed

MONTH DATE (mm) Max Min (mj) (mm) Max Min (Km/d)

JAN 1 4.4 22.4 13.2 10.48 1.9 87 76 87.3

JAN 2 0 22.7 15.1 13.05 2.5 95 70 103.4

JAN 3 0 23.4 12.7 20.92 4.5 74 62 156.3

JAN 4 0 23.4 11.1 22.72 5.5 74 62 162.2

JAN 5 1.8 23.6 11.1 18.76 4.3 62 60 168

2.2.3 Other daily weather file formats

Formats potentially usable with HyPAR include SBON and DSSAT. Please contact the first author if
you require an additional input format to be provided.



3. The Crop Model

The crop components within HyPAR v3.0 are based on the tropical crop model PARCH (Bradley &
Crout 1994), including the methods used to set a sowing date as well as the daily growth of the crop
during the season. The model runs continuously from year to year allowing several annual crop
seasons to be studied, though the current version permits only one crop per 365-day period. After each
harvest, the roots are assumed to remain in the soil while aboveground residues may be left on the soil
surface or removed. Residues include crop stalk and leaves, but exclude haulm. Fertiliser additions are
described in Chapter 7.

HyPAR can be set to simulate different planting densities (in plants per ha). The timing of planting can
be set in two ways: by specifying the minimum water content which must be present in the top 40cm
of soil and by giving the earliest day on which planting can take place. Setting the former to a very
low figure can force planting to take place on the date provided.
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Figure 3: Annual and daily calculations in the PARCH model
In HyPAR, the crop is grown in 'plots' within a field of known dimensions. If the simulation is set to

have a uniform tree canopy, only one crop plot is simulated and this is assumed to be representative of
the growth across the whole field. If the tree canopy is disaggregated then the field must be divided

5



into a number of square plots for crop growth (see Chapter 5). Crop is planted and harvested
simultaneously in every plot, these events being triggered when conditions in at least half of the plots
meet the planting or harvesting criteria specified. Crop plants are restricted to one plot, i.e. roots
cannot extend into neighbouring plots nor do leaves shade their neighbours (trees are not restricted
either above or below ground and can extend throughout the field into all plots).

In the following model description, the main reference to the HyPAR cultivar-specific input parameters
are identified with a symbol, ¢, in the margin and listed in a table in Section 3.11.

3.1 Daily Assimilation

The method used to calculate daily assimilation follows that used by PARCH's pre-cursor model
RESCAP (Monteith et al., 1989), and is based upon conversion coefficients for crop light and water
use, modified when nutrients are limiting.

Experimentally, the relationship between dry matter accumulation and intercepted radiation has been
shown to be approximately linear for many crops during optimal vegetative growth (Monteith, 1981;
Gallagher & Biscoe, 1978). Thus, the rate of dry matter production per day, G; (g m2 d-') can be
expressed as

G, = fi&F 3:1.

where: f; is the fractional light interception of the canopy (see below), & is the conversion coefficient
for intercepted light (g MJ!), S is daily solar radiation (MJ m2 d-!) and Fopp 18 @ zero to unity
temperature-based factor which simulates the effect of temperature on photosynthesis on the basis of
mean daily air temperature (T) using the relationship shown in Figure 4.

Relative rate of photosynthesis (Fiemp)

T Tm
Temperature (°C)

Figure 4: Function used to describe the effect of temperature on photosynthetic rate in the
PARCH model. T,, T,, T, and T, represent the base, maximum and upper and lower
optimum temperatures of the crop respectively.

The conversion efficiency used here is equivalent to net photosynthesis, in that it is derived from the
measured net dry matter production. Many workers (e.g. van Laar, 1992; Jansen & Gosseye, 1986)
model carbon dioxide assimilation and gross photosynthesis at a more complex level, calculating net
photosynthesis by subtracting maintenance, growth and photorespiration. This approach has more
biological significance and is especially useful when the various respiration elements are large or
variable. The main disadvantages are the added complexity and the assumption that our limited



knowledge of these processes is correct across a range of conditions. As the photo-respiration element
of C4 crops is small and maintenance and growth respiration are assumed in many models to be a
reasonably constant proportion of gross photosynthesis, an average value of net photosynthesis can be
derived by analysis of seasonal growth data, as described above. This has been found to be a relatively
conservative and robust approach for simple modelling purposes (Charles-Edwards, 1982; Monteith,
1977), and therefore has been adopted here.

Ong & Monteith (1984) summarised light conversion efficiencies for pearl millet across different sites
-1
and seasons. Whole season efficiency varied between 1.14 and 1.49 g MJ , whereas pre-anthesis
-1
efficiency ranged from 1.5 to 2.37 g MJ . The same authors discussed the effects of light saturation on

individual leaves, reducing from 2.5to 1.1 g MJ_1 as radiation was increased from 20 to 100% of full
sunlight. Under most field situations, the 'average' leaf within a canopy should be exposed to relatively
low irradiance due to shading and light scattering. This means that on average, a non-stressed C4 crop
is rarely light saturated, although this may not be true for more stressed canopies.

The simple light conversion efficiency approach described above is used in this model, with two
values of &,. The first (2.5 g MI™") is for growth stages 1 (emergence to anthesis) and 2 (post anthesis).
The second (2.3 g MJ™") is for growth stage 3. Several reasons are proposed for this lowered value,
mostly relating to the fact that growth stage 3 is when grain filling takes place. Firstly, the plant cells
must manufacture RNA, ribosomes and other organelles in order to produce the proteins and oils of
the seed (Muchow & Coates, 1986). Secondly, proteins and fats both need more energy per unit mass
to produce than carbohydrate, and seed yield is measured in terms of mass rather than carbon
equivalents. Thirdly, leaves may photosynthesise at a reduced rate as nitrogen is re-mobilised from
them and they begin to senesce (Jansen & Gosseye., 1986). Birch et al. (1990) and Monteith et al.
(1989) both use similar values of light conversion efficiency to those used here also split between pre-
and post-anthesis.

Water limited growth, G, (g m2d!), is given by

Q
GW =X max B 3:2.
where: X, . is the maximum amount of water that the root system can supply (mm d-!). The

calculation of this is described below. Q is the crop transpiration equivalent (g (DW) mm-!(water) kPa-
1, as described below and D is the daily average saturation vapour pressure deficit (kPa)

Nutrient limited growth, G, (g m2d-!), is given by

G, = min(F,,F,)G, 3:3.

where: Fy and Fp are the nitrogen and phosphorus factors whose calculation is defined below.
The daily growth, G (g m2d!), is then taken as

G =min(G,,G,,Gy) 3:4.
Daily transpiration, Q (mm! d-1), is related to daily growth, G, via the transpiration equivalent,

D
=G— 3.5.
© Q

In HyPAR v3.0, the daily transpiration rate is also modified due to competition with the tree (described
below). This total amount of water required is debited from the multi-layer soil water sub-model.



The links between light conversion and water use are well known, although the theory behind these
links is of complex. During water stress in most crops the reduction in photosynthesis, like that of
transpiration, is initially due to stomatal closure (Boyer, 1976). This is not always the case however
(Krieg & Hutmacher, 1986), and an important factor limiting photosynthesis may be of photochemical
origin, related to the slow regeneration of ribulose 1-5 diphosphate, caused by dysfunction of the
thylakoids at low water potential (Farquhar & Sharkey 1982). However PARCH uses the dry
matter/water use ratio (e.g. Azam-Ali et al., 1994; Muchow & Bellamy, 1991; Squire, 1990; Monteith,
1986), or ‘transpiration equivalent’ (gD or Q), whereby the amount of dry matter produced per unit
water transpired is assumed constant for a given crop at unit saturation deficit.

The model parameter input allows for the effect of roots on the estimates of & and ¢gD. A third
parameter 'FractRoot' enables the user to specify the estimated proportion of the plant that was root
when gD and & were calculated. FractRoot should be zero if the estimates included roots, otherwise

around 0.2. After input, the parameters are amended such that & = & (1+FractRoot) and gD =
gD(1+FractRoot).

3.2 Calculation of 'stress'

For the purposes of the model, an unstressed crop is considered to be one where growth proceeds at a
rate limited only by the availability of light and the photosynthetic capacity of the species. If water or
nutrient supply is restricted, or temperature so high that growth is reduced, then the crop is considered
to be 'stressed'. As will be seen below, the model contains a number of relationships in which the
crop's behaviour is modified according to the level of stress that it experiences. These relationships are
framed in terms of a 'stress index', 6, which is calculated on a daily basis from the maximum of water
stress, 0, nutrient stress, Oy, and temperature stress, Or.

_ Light Limited Transpiration « 1 GD
" Root Limited Transpiration 0, X, Q0

0<o,<1 3:6.

where: 0 is a crop specific normalising parameter which is intended to reflect the crop’s tolerance to
water stress.

Much work has been conducted in the study of plant responses to water stress and it has been found
that these responses vary greatly between species. Fleshy plants such as tomatoes rapidly display the
adverse effects of water stress; wilting and shedding leaves (Kozlowski 1976). Stress tolerant plants
such as sorghum and millet have more osmotic control and are less affected by transient stress,
although there is much variation, even within a species (Hurd 1976). Such differences in plant
responses to stress have been reported and summarised in many texts e.g. Muchow & Bellamy (1991),
Monti & Porceddu (1987), Paleg & Aspinall (1981), Kozlowski (1976). For the purposes of the
model, the above relationship allows the range of responses of millet, sorghum and maize to be
simulated.

The nutrient stress factor, Gy, is calculated from the nitrogen and phosphorus factors, Fy and Fp, which
are defined below.

oy =1-min(F,,F,) 0<oy<1 3:7.

It is known that crops can become stressed by high temperatures (Sullivan & Ross, 1979), and the
model therefore also calculates a temperature stress index. This is done by dividing the day into eight
time periods over which temperature is assumed to vary sinusoidally (in a similar manner to Hammer
& Muchow, 1994). The daily value of temperature stress, oy, is the mean of the values oy calculated

for each time period.



I, > T,
1, -1, 0<o;<1 3:8.

o7 =0 I <1

where: T, is the upper limit of the crop's optimum temperature range for growth (see Figure 4), T} is
the temperature for period k, and 7, is the maximum temperature at which crop growth can occur.

Whisler et al. (1986) describe stress as “any condition that reduces the rate of a physiological
process”. They go on to summarise the various models for combining stresses, namely: additive,
multiplicative and limiting models. Quoting Blackman's law of limiting factors (Blackman, 1905),
they state that the limiting model has the most biological significance. This 'limiting model' is used in
PARCH, with the stress index o being set to the larger of oy, o) and oy This is then used for the

calculation of the crop stress responses for that simulated day
o =max(0,,0,,0;). 3:9.

It is unlikely that this simple stress index can be used to fully represent the complex processes which
occur within different cultivars and crops under varying types of stress, yet data on such reactions is
too limited to justify a higher level of detail. There is continuing debate as to whether the visible signs
of stress are directly attributable to lowered water status, or to the effects of a mediator or plant
hormone.

After the alleviation of stress, plant recovery is rarely instantaneous and the rate of stress recovery
differs greatly, depending on the plant under study. Beardsell & Cohen (1975) reported that in water-
stressed sorghum, control levels of both abscissic acid and stomatal conductance were regained within
24 hours of rewatering. In maize however, the recovery time was extended to 72 hours. To simulate
this 'recovery lag', a factor is included in PARCH and HyPAR which limits the rate of recovery upon
alleviation of stress. The factor takes a value between zero and one, zero giving the potential for
instant recovery and e.g. 0.5 giving a maximum stress drop of 50% per day.

o, = maX(O't, O 1 xRecovery) 3:10.

where: ©; is the calculated stress on the current day, and G, is the stress from the previous day.

So, for example, with the recovery factor (Recovery) set to 0.5, re-watering after maximum water
stress would leave the plant with 25% stress after two days, this reducing towards zero if no further
stress was imposed.

3.3 Interception of Light

To account for the effects of leaf rolling (i.e. the physiological response by which some sorghum
varieties respond to stress) and sparse canopies on light interception, a modified form of the
established Beer's law approach (Hammer & Muchow, 1994; Gallagher & Biscoe, 1978) has been
used, as described below.

3.3.1 Leaf rolling

In keeping with other stress adapted cereals and grasses, some sorghum cultivars have the ability to
roll their leaves when under stress (Blum, 1979). This means that less light will be intercepted,
reducing the radiation and evaporation load on the plant temporarily, without the need to reduce
overall leaf area irreversibly (). Evidence of this was given by Hurd (1976), who reported that the
leaf-rolling trait could be linked to drought resistance in durum wheat and also by Wright et al.
(1983b) for sorghum. Blum (1979) though, argues that leaf rolling is a phenomenon of turgor loss and
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is thus symptomatic of a plant with poor osmoregulation. If no long-term damage is caused to the
photosynthetic apparatus of the leaf during rolling, we consider any temporary reduction in light
interception as an advantage in transient stress situations.

In PARCH and HyPAR, leaf rolling is represented by a zero to unity factor, F

roll »

which represents the
fraction of the leaf area which is available for light interception.

Foy =1=(¥,m0) 3:11.
where: ¥, , is the maximum reduction in leaf area the crop can achieve by leaf rolling.

Shirwa (1991) recorded values of leaf rolling of around 0.4 or 40% of available leaf area for two
sorghum cultivars. Oppenheimer (1960) reported that the extent of the reduction in transpiring leaf
area caused by rolling could amount to between 46 and 83%.

3.3.2 Sparse canopies

Gallagher & Biscoe (1978) describe a standard Beer's law equation to calculate fractional interception
of light in terms of leaf area index and an extinction coefficient. It is accepted that Beer's law will only
produce a reasonable representation of light attenuation for a uniformly closed canopy. Many
canopies in the tropics, especially at low populations or with poor establishment will be slow to, or
may never, reach complete canopy closure.

Several authors have used numerical integration to calculate crop light interception (e.g. Allen, 1974;
Charles-Edwards & Thornley, 1973) but Whisler et al (1986) argue that this is computationally
intensive and possibly unnecessary. They point out that the approximate, analytical solutions for the
same conceptual model (e.g. Acock et al., 1985; Mann et al., 1980) provide similar accuracy but are
appreciably faster. In the light of this information, it was decided to adopt a compromise between
accuracy and speed within PARCH.

To represent the effect of sparse canopies, several simplifying assumptions have been made.

1. Crop plants exist as single entities, shading individual areas of ground; the canopy is only
considered as closed when these entities overlap.

2. Until canopy closure occurs, competition for light (based on the standard Beer's law approach)
takes place within each individual crop entity.

3. Light falling in the gaps between these shaded areas is lost to the crop.

To implement this, a logistic relationship between individual plant shade area, 4, (m?) and plant leaf
area, L, (m®), shown in Figure 5 is used. Canopy shade area per unit ground area, C, is given by the
product of 4, and plant density after establishment P (plants m™). This cover factor is constrained to a

maximum value of 1.0.

The maximum leaf area for an individual plant is constrained by a parameter, maxPlantArea.
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Figure 5. Logistic function used to describe the relationship between ground area covers
and individual plant leaf area

3.3.3 Leaf area index and fractional interception

The method for calculating leaf area index, L, is dependent on the value of C.

L=L,P C=10

L, 3:12.
L=-L C<10

AP

The standard Beer's law equation, incorporating the leaf rolling factor is then applied to calculate
fractional interception, f;

fi = C(1—exp(=kF,,; L)) 3:13.

where k is the extinction coefficient for sorghum, typically 0.4 to 0.5 (Muchow & Davies, 1988;
Monteith et al., 1989).

3.4 Water Uptake

The implementation of competition for water between the tree and crop roots depends on the
comparative densities of each root type, and their 'optimal' demands, and is described in Section 6.6.
Soil water pools and flows are presented in Chapter 6.

Water demand is calculated each day by summing the potential extraction for each layer of the water
balance sub-model. This assumes a maximum uptake rate of water per unit depth of soil, U, ,,. This is

given a value of 0.1lmm (water extracted) mm-! (of soil depth) d-!, from work by Robertson et al.
(1993b) and Jansen & Gosseye (1986).

The value of U, is assumed to apply to water extraction from a layer if it contains free water (i.e. at
or above field capacity) and is 'saturated' with roots such that the addition of more roots will not
increase water extraction significantly. This is expected to be conservative across soil types, as it
relates to water at a potential of less than -0.005 MPa (field capacity), which is by definition free to
drain. If the water content of a layer, or the root density are below these values then potential

11



extraction is reduced. Extraction is assumed to be proportional to (aw/awfc)z, where aw is the available
water content of the soil and awy, is the water content at field capacity. This approximates to the effect
of a soil moisture release characteristic and allows simulated plants to quickly respond to the onset of
water stress (as described by Gregory & Brown, 1987 and Passioura, 1983) within the simple
framework of a model. In the case of root density, p; (m root m= soil), extraction is assumed to be

proportional to +/p,/pn. Where p,., 1s the maximum effective root length density. This presumes a

'law of diminishing returns'; adding one root where previously there were none has a great effect on
water uptake, whereas adding one root where there are many has little effect. The approach is a
simplification of a full consideration of root radius, diffusion shells etc. (Grant, 1991; Hansen et al.
1991) and will be satisfactory whilst water diffusion rate and not root resistance is the most limiting
element for uptake (Wright and Smith, 1983).

Combining these ideas and multiplying by the maximum uptake rate gives the potential extraction for

crop for each layer X ;)ot (mm (water) mm! soil d-1)

2 i
P_u

max
awy. Pmax

i aw;
1 —_— l
Xpot = |

This is multiplied by the layer thickness and summed for all layers to give the total potential extraction
of water by the roots, X, ,. (mm (water) d-!)

Xpax = XpAZ' 3:15.

1
where: Az is the thickness of layer i (mm).

This is the maximum potential extraction rate from the soil profile, assuming only crop roots are
present. The daily demand for water by the crop is the crop transpiration Q, and if the crop's growth is
water limited this will be equal to X,,,.. The demand for water by the tree roots is found in a similar
way. The amount of water actually extracted from the soil is found by comparing the sum of the crop

and tree demands with the water content of each soil layer. If water is in limited supply, then
competition takes place as described in Section ??.

3.5 Nutrient Uptake

3.5.1 Uptake of Nitrogen

The implementation of competition for nitrogen between the tree and crop roots depends on the
comparative densities of each root type and their 'optimal' demands, and is described in Section 7.6
Soil nitrogen pools and flows are presented in Chapter7.

Nitrogen uptake by crop roots is calculated for each soil layer, and is dependent upon the
concentration of nitrate within the layer, the root density, the water content and the nutrient stress of
the crop.

For each layer the nitrogen uptake for a crop at optimal nitrogen status, U jv , 1s given by,

. 4 P aw'
U', = 007((1- exp(—0.09[N"]),| (1+0,) 3:16.
0'25pmax 051 / aW;c
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where: [N'] is the nitrate concentration in the layer i. O is the root length density in the layer i, P, is
the maximum root length density. aw' is the available water in layer i. awy. is the available water when
the soil is at field capacity. oy is the crops nutrient stress (Section 3.2).

Total optimal nitrogen uptake, U 2 , s the summation over all layers of U ;v

uj= U, 3:17.

i

This rate of uptake is further adjusted depending upon the nitrogen status of the crop. This is defined
in terms of a critical nitrogen concentration below which the crop is nitrogen limited. For the roots the
critical N concentration, [NCrit,o] is a constant 0.0106 gN gDW™'. In the case of the above ground
parts the critical concentration, [NCritro,s] depends upon the thermal age of the crop relative to the
thermal requirement for maturity.

1= 0.01exp(1.52 - 1.6 Xstage)
® 3:18.
(®GS1 + ®GS2 + ®GS3)

[ NCrit

tops

Xstage =
where: © is the thermal time the crop has accumulated above base temperature, Ogg;+Ogsx+Ogss 18
the total thermal time required to reach maturity.

A minimum nitrogen concentration is also defined, below which crop growth will cease completely,
[Nminggps].

[ Nmin
[ Nmin

0.0125-0.002 Xstage Xstage < 0.4
0.0045 Xstage 2 0.4

tops ] =

3:19.

tops ] =

The root and shoot demand for nitrogen is calculated from the biomass and the difference between the
crop nitrogen concentration and the critical nitrogen concentration adjusted to allow for potential
luxury uptake of nitrogen.

Ndemand,,, = (ADW —WG)([ Nerit,,,, 1% uxury ~[N,,,.])

3:20.

Ndemand ., = (WR)([Ncritmm | X luxury —[N,,,, ])

roots

where: Ndemand, is the nitrogen demand of the shoots. Ndemand,,s is the nitrogen demand of the
roots, ADW is the total crop above ground dry weight. WG is the total weight of grain, WR is the
weight of roots. [uxury is a factor representing the extent of luxury nitrogen uptake (1.5).

The crop demand, Uy, is then calculated as

U, = (Ndemand + Ndemand )U o 3:21.

tops

This is the uptake by crop that would take place in the absence of competition from trees. In HyPAR
v3.0, if the sum of the tree and crop demands is greater than the available nitrogen then the uptake of
both plants is modified as described in Section 7.6.2.

The overall crop nitrogen status in then determined by a factor, Fy, which is given by

13
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[ Ncrit
- [ Ncrit

tops ] - [N
—[ Nmin

tops ]

F, =1 3:22.

tops ] tops ]
where: [Ny,] is the actual concentration on nitrogen in the above ground parts of the crop (excluding
grain).

When Fy<1 the crop is below its optimum nitrogen concentration and photosynthesis will be nitrogen
limited. However this does not necessarily imply that nitrogen is the most limiting resource, either
water, temperature, or phosphorus could be more limiting. Nutrient stress, Oy, is calculated directly
from Fy as described in Section 3.2

3.6 Phenological Development

Three phases of development or growth stages are considered.

e GS1: Emergence to panicle initiation.
e (GS2: Panicle initiation to anthesis.
GS3: Anthesis to maturity.

The intervals for these, Ogg1, Ogsy and Ogg3 (°C d) respectively, are set in terms of thermal time and
the requirements for each can vary between cultivar. The concept of thermal time as a major influence
on plant development is now widely accepted and used. France & Thornley (1984) describe it in terms
of “heat sums or the day-degree rule”,and Muchow & Bellamy (1991) review the methods of
calculation in some depth.

In PARCH and HyPAR, an approach similar to that described by Jones & Kiniry (1986) is used,
although a modification has been made for the effect of plant stress on development rate. Plant

developmental stage is determined from thermal time (), this being calculated by

= r.+T.
@ — F®| max min___ ]}) | 3:23.
- 2
where: © is the number of day-degrees accumulated by the n™ day, 7., and T, are the minimum

and maximum temperature constrained within the cardinal temperatures of the plant, 7} is the base
temperature for growth, and Fg is a stress modifier, described below.

Observations have shown that the effects of stress on phenological development differ pre- and post-
anthesis, therefore the calculation of Fg depends upon growth stage.

3.6.1 Pre-anthesis stress

Stress prior to anthesis has been shown to slow phenological development in several grain crops
including sorghum (Craufurd et al., 1993; Matthews et al, 1990; Rees, 1986; Mahalakshmi &
Bidinger, 1985a). Rosenthal ef al. (1985) suggest that development is reduced linearly by water
deficit, possibly as a result of reduced leaf expansion.

Analysis of experimental data (using crops subjected to differing levels of stress) showed a non-linear
response, with only high stress leading to substantial modifications in development. This agrees with
Carberry & Abrecht (1991), who report significant changes in maize development rate only when the
fraction of available soil water fell below 16%. Based on these observations, pre-anthesis stress Fg is
calculated as

14



where g, is a crop-specific parameter for pre-anthesis growth. In the case of sorghum, yg, has been

set to 0.5. Hence maximum stress (0=1) will halve the increase in thermal time.
3.6.2 Post-anthesis stress

Water shortage after anthesis can lead to crop temperatures up to 10°C above air temperatures (Gates,
1980), thus speeding up crop development by over 33% relative to that expected from air temperature
calculations (Eastin, 1976). Similar hastening of flowering through heat or drought stress has been
described for sorghum (Stout et al., 1978) and wheat (Angus & Moncur, 1977). Planchon (1987)
explains these changes in terms of chemical rather than physical factors; “Water deficit leads to
hormonal disturbances resulting in early flowering and premature ageing of leaves”. This may be a
more satisfactory explanation, as the direct modification of thermal time would also be effective prior
to anthesis if water shortage occurred, thus reducing rather than extending GS1 and GS2. Many
conflicting reports on the effects of stress on cereal development still exist and Craufurd et al. (1993)
speculate that both timing and severity of stress may be important factors.

The situation becomes more complicated when the ambient temperature is close to, but below, the
optimum temperature. Elevation of crop temperatures can then result in supraoptimal crop
temperatures and a reduction in development rate. The proportion of the day over which this happens
and the 'hangover' effects on other parts of the day are poorly defined at present.

To represent the effects of post-anthesis stress within the model, Fi is calculated as

where: g5 is a crop-specific parameter for post-anthesis growth (i.e. GS3), given a value of 0.33 for
sorghum based on the observations by Eastin (1976).

3.7 Partitioning of Resources

For a crop to grow successfully, it must extract water and nutrients from the ground and also intercept
light for photosynthesis. Therefore, there must be a compromise between root and shoot growth. There
appears to be no specific optimum for the distribution of growth; this being dependent on growing
conditions.

Changes in root:shoot ratio with stress have been described by many researchers e.g. Turner & Begg
(1981), Pearson (1974), Brouwer (1966) and Harris (1914). A hypothesis was put forward by
Davidson (1969) that “photosynthate is partitioned in inverse proportion to the functional efficiency of
roots and foliage”.

The partitioning of assimilates within the crop model is controlled by an empirical fractional
distribution, this being derived from literature and observed (unpublished) values. Partitioning to
different organs changes with development stage, again in accordance with the literature. Many
models adopt this as a sole strategy and it has been shown to give a reasonable representation if
optimised for a certain situation (Hammer & Muchow, 1994; Maas, 1993a). However for the
simulation to respond to differing conditions, an environmental response must be superimposed over
this empirical framework.

Following Davidson (1969), a fraction of assimilate is first partitioned to the roots (fz;). For an

unstressed crop, the fraction of carbon partitioned below ground before anthesis ( f° }?G) is set to 0.25.
This is increased linearly by stress

fi6 = S35+ V560 3:26.
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where: Vg is a stress response parameter for partitioning (0.4).

Van Laar et al. (1992) used a similar approach to that described above under modelled stress
conditions, giving an increase in assimilates to roots of up to 50%. Ritchie (1991) described an even
larger spread of dry matter partitioning for cereals, giving values of root partitioning from 10 to 70%.
Kenyi (1991) and Ahmed (1988) found that at maturity, 8% and 15% respectively of sorghum dry
weight was live root in unstressed treatments at the Tropical Crops Research Unit (TCRU),
Nottingham. This is likely to be an underestimate of the total assimilate partitioned to roots, as there is
continued senescence and destruction of root matter throughout the growth of the crop, as well as
exudation and respiration (Ritchie, 1991). This was reflected in work by Blum & Arkin (1984), who
showed a loss of two thirds of the total root length up to heading in a droughted sorghum crop. The
values proposed above lie within this reported range.

Once the daily root fraction has been calculated, the remaining fraction (f;s) of carbohydrate is used
for above ground growth. At the start of GS1, the proportion of the above ground assimilate
partitioned to leaves (f;) is 0.9 (f;,,,,-)- At anthesis, f; is taken as 0.1 (f;,,,,-) There is a linear change

between these two values as the crop develops. Carbon partitioned to stem (f) is calculated as 1 - f;.

Van Laar et al. (1992) used a comparable, although more complex, function for wheat dry matter
distribution. Similarly, van Heemst (1988) suggests functions for dry matter distribution in maize,
millet and sorghum that follow this general form.

At anthesis, the remaining fractions partitioned to leaves and stem are reduced to zero over a seven
day period defined as the grain setting period (GrainSetTime). Rosenthal et al. (1989) define this
period as that between the end of leaf growth and anthesis, and also use the value of seven days for
sorghum, rather than thermal time units.

The fraction partitioned to the haulm after anthesis (fy,) is given as

Ju=1-(s+ /1) 3:27.

during the grain setting period and 0.1 (fu,...) thereafter. Subsequently, the fraction partitioned to grain,
Jo» 18 calculated as that which is not partitioned to haulm.

3.8 Leaf Growth

Phenology and leaf area development establish the total amount of radiation intercepted by field crops
and thus are important determinants in assimilate production and soil water balance (Muchow &
Carberry, 1990). Crop simulation models used for research or management frequently require the
development of leaf area to be mathematically described (Keating & Wafula, 1992) and thus a set of
assumptions or functions representing our understanding of leaf growth, morphology and senescence
are needed.

Leaf growth and tillering habits can be modelled with different levels of complexity, depending upon
the situations in which the model will be used. In moist, temperate environments with adequate
nutrients, light interception is the major factor affecting plant growth. In these situations, canopy
development and architecture must be modelled to a high degree of accuracy in order to predict carbon
assimilation (Ritchie, 1991)

In the Semi-Arid Tropics, water and nutrients are the most common factors which limit growth
(Austin, 1989; Peacock & Heinrich, 1984), and in such situations, less complex assumptions can be
made about canopy architecture (Whisler e al., 1986). Keating & Wafula (1992) review several
complex approaches to leaf area development in cereals and describe a function designed to model the
fully expanded area of maize leaves. The use of this function, although robust, necessitates the
determination of four plant specific parameters. Even then, no account is taken of the effects of plant
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stress on the growth of the leaves, and only optimal conditions are considered. A similar criticism can
be levelled at the leaf area function derived by Muchow & Carberry (1990) for tropical grain sorghum.

Cereal leaf growth has been related to temperature by many workers (e.g. Whisler et al., 1986;
Gallagher, 1979a) and sorghum leaf area to thermal time (Muchow & Carberry 1990; Hammer et al.,
1987; Arkin et al., 1983). As a sole approach to modelling leaf expansion, Ritchie (1991) suggests
that this will only be appropriate in conditions where temperature is the limiting factor. A more
realistic approach for tropical conditions, according to Whisler et al (1986) is to include limitations for
carbon, nitrogen and water availability, as these will frequently determine expansion rate.

For the purposes of this model, the driving force for leaf growth has been taken to be assimilate from
photosynthesis partitioned to leaf growth, as described above. This increase in leaf mass is converted
to an increase in leaf area via a specific leaf area term, { (m?2 leaf kg-! assimilate).

From observations, it is well known that leaves produced at different times (i.e. at different stages of
development) on an individual crop are likely to have a different morphology and specific leaf area
(e.g. Erenstein, 1990). To simplify this to a canopy level, two different values of specific leaf area are
used for the unstressed crop ({,), one for early establishment (GS1; 35 m? kg'!) and the other for

mature leaf growth (30 m? kg™).

During the juvenile period of growth, which is taken as the first 15 days (Juvenile) (Jones & Kiniry,
1986), €, is multiplied by a factor, (, reducing linearly from (o to 1. This represents the rapid changes

in specific leaf area after the first leaves emerge. These values are expected to be cultivar specific
(Hammer et al., 1987).

Tissue growth is known to be affected by water stress (Whisler et a/, 1986) and in particular the
expansion of leaves can be greatly reduced (Spitters & Schapendonk, 1990; Green et al., 1971),
resulting in a significantly lower specific leaf area. Within the model, the effects of crop stress
(lowered water status) are represented by a leaf stress parameter, Yo which reflects the reduction of
specific leaf area at maximum stress. These ideas are combined to calculate specific leaf area on a
daily basis using

{=4¢,(1-y.0) 3:28.

Following work by Keating & Wafule (1991), a maximum daily thermal leaf expansion rate is defined
during GS1. This operates in parallel with the carbohydrate-driven expansion described above, the
most limiting determining leaf expansion on that day.

At present, the assumption is made (as with Monteith et al., 1989; Jones & Kiniry, 1986) that no leaf
growth occurs after the crop enters reproductive development (GS3) and only senescence occurs
during this period.

3.8.1 Leaf senescence

The simulation of leaf senescence is generally weak within crop models and contributes to the lower
accuracy of growth prediction in the late reproductive stage (Hammer & Muchow, 1991, Penning de
Vries & Spitters, 1991). Leaf senescence is a complex process and has several causes. Each leaf in the
canopy has a maximum life-span, after which it begins to senesce (Penning de Vries & Spitters, 1991).
This may have arisen from the fact that most non-crop plants are constantly exposed to damage from
pests and diseases and leaves will eventually become ineffective. Thus, translocatable nutrients are
removed from the leaf and it is usually shed. This phenological senescence occurs irrespective of the
condition of the crop. However, soil and climatic conditions can also affect the rate of canopy
senescence (Sionit & Kramer, 1977) and leaf shedding as a means of saving water is observed in many
crops subjected to water stress (Finch-Savage & Elston, 1982).
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Karamanos et al. (1987) state that from an agronomic point of view, leaf shedding is of little interest
as a drought avoidance response, as the irreversible loss of photosynthetic area and fixed carbohydrate
induces a significant loss in productive potential. A reversible reduction in transpiring area would be
more desirable under most circumstances and the leaf rolling response of sorghum has already been
identified as one such trait. Despite this, leaf senescence appears to be an intrinsic part of plant
behaviour and it is only the rate that differs between cultivars.

In the model, phenological death of each new section of leaf area is predicted from the time that it was
produced, in a similar manner to Maas (1993) and Monteith et al. (1989), such that early leaves have a
short life and later leaves a much longer predicted life. The simplified equation used by Maas (1993) is
as follows:

J=c+dO 3:20.

where: J is the predicted life-span of a leaf in degree-days, © is accumulated thermal time in degree-
days, and ¢ and d are parameters which control the magnitude and slope of the function.

Within the PARCH model, the equivalent ¢ and d parameters as given by Monteith et al. (1989) are
d = LIFEC 3:31.

where: ©gg; is the thermal time for completion of GS1, T is the average thermal time accumulated
on each day, and LIFEC is a cultivar specific parameter, usually between 0.5 and 1.5.

Phenological leaf death can be accelerated by stress and is modelled such that

Rate of Leaf Death due to Stress = y,GL 3:32.

(m® leaf m™® ground d'). The value of Y, (0.09 d'l) was taken from experiments at the TCRU,

Nottingham, during 1990 (reported by Shirwa, 1991) for the cultivar 65D. It has been found by
comparison with other cultivars e.g. CSH-6 and CSH-8 (see Chapter 5) and also by Hammer et al.
(1987) that this senescence response is cultivar specific and may play a part in drought resistance
strategies of some crops, as discussed by Karamanos et al. (1987) and Finch-Savage & Elston (1982).
The advantages given by senescence under drought are strongly dependent on rainfall patterns and
Seetharama et al. (1982) consider 'leaf firing' under stress as a sign of poor drought adaptation.

3.9 Root Growth

Root growth is simulated in two stages:

1. Assimilate partitioned to the root system is distributed to roots in each layer of the soil profile
within the rooting zone.

2. The root front is advanced down the profile, extending the rooting zone, although the roots at this
front are considered to be infinitely thin.

The expansion of roots in each layer is modelled first, as the 'new root front' is deemed to be extending
ready for subsequent lateral expansion. This follows the hypothesis of Robertson et al. (1993a), who
describe a situation where the first roots to penetrate a layer extract little water or nutrients prior to the
proliferation of further roots in that layer. The approach is a refinement of the framework given by
Monteith (1986), where the extraction front closely corresponds to the rooting front and roots in that
layer are assumed to be fully expanded immediately the root front arrives.
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3.9.1 Calculation of root growth

The rate of new root length production, R (¢cm root cm2 ground d-!), is calculated from the assimilate
available for growth (f3;G), using:

R:fBGGFn
n

3:33.

where: 77 is the linear density of root material, 104 g cm’!, and F’ 5 1s an adjustment used during the
juvenile stage when roots produced by the germinating seed, especially the seminal root(s), are very
long and thin. As the root system becomes more mature the average thickness of new root production
becomes much greater. Such changes in root growth are described for sorghum by Zartman &
Woyewodzic (1979). The value of F'py varies linearly from Fpyp (6) to 1.0 over the juvenile period of
15 days.

3.9.2 Vertical distribution of root growth

New root production is distributed between the soil profile layers using an approach similar to that
described by Jones & Kiniry (1986), although it has been extended to account for the effect of
changing soil conditions (e.g. drying fronts) on root growth. Maximum depth is constrained by a
parameter, maxRdepth, or the physical soil depth.

Under optimal soil conditions, it has been suggested that the root system will tend to adopt an
exponentially reducing distribution with depth (Gerwitz & Page, 1974; Bloodworth ef al., 1958). In
practice, this is similar to the inverse square root distribution used by Monteith et al. (1989).
Furthermore, root growth is known to be greatly affected by soil moisture, the roots expanding
preferentially into moist soil (Blum & Arkin, 1984; Zartman & Woyewodzic, 1979).

To model these effects, a root weighting factor (7;) is calculated for each layer based upon the optimal
soiln »

exponential distribution modified by a soil free water factor, F }ree, and a nutrient factor, F y

calculated for each layer

0.693z
R1/2

0.693
S

12

+ F!

soiln

n = (F;

firee

Az, 3:34.

1

exp| -

where: R % is the 'half depth' (mm). z; is the depth of a given layer (mm). Az, is the layer thickness

(mm).

Flroe = 1 - % 0< Fly, <1 3:35.
0

where: y; is the matric potential of the soil in layer i (m), ¢ is the permanent wilt point of the crop

(m)

i
Fmiln

= (1+50(1- F,)) max(o, min(L, (1~ 117 exp(~05([N" ] + [ P’ ])))) 3:36.

where: [N'] is the nitrate concentration of layer i, [P;] is the phosphate concentration of layer i

Values for R,, of around 0.25m match the sorghum rooting data collected at Nottingham (Kenyi, 1991;

Ahmed, 1988) but it can be expected that crops grown on stored water profiles will be sensitive to this
parameter, as it affects the timing and quantity of water use. The permanent wilt point is crop specific;
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Van Laar ef al. (1992) report values around 160 m. Higher values than this will make the crop less
sensitive to soil dryness.

The root weighting factor (r;) is normalised to give the proportion of root growth occurring in each
layer up to the current rooting depth and the increase in root length density for each layer, p, (cm
cm3), calculated accounting for root mortality which is taken as 0.75% of root length per day.

dp;

= — " _R-00075p, 3:37.
Az, 1

i i

The senescence rate used is higher than the value of 0.5% per day given by Jones & Kiniry (1986) for
maize but agrees with work by Blum & Arkin (1984), who reported up to 79% root mortality in the
soil surface layers over a 100 day period.

The value of p; is constrained to a maximum of P, 5 cm cm'3, as a root saturation optimum. Growth

above this level is allowed but is not considered in water and nutrient uptake calculations. This value
is used by Jones & Kiniry (1986) and agrees with values recorded in glasshouse studies at the TCRU,
Nottingham (Kenyi, 1991; Ahmed, 1988).

The effects of low plant population on light interception have been outlined above. It is expected that
low plant densities will also reduce potential water uptake per unit soil volume, as roots will take
longer to fully exploit the surrounding soil and may never reach saturating densities.

The simplification used to model this is that a population of around 15 plants m2 is considered to be
optimal for effective root saturation below the crop. Reduction of population below this value will
linearly reduce the crop's ability to saturate the soil with roots, reducing the maximum uptake rate of
water per unit soil under otherwise optimal conditions. It is expected that a curved function will better
describe the reduction in population but no reliable calibration data is available at present.

Root growth is assumed to cease after anthesis (GS3). This agrees with the findings of many workers
e.g. Robertson ef al. (1993b) and Kaigama ef al. (1977). Others have found that roots continue to grow
during grain-filling (Ahmed, 1988; Wright & Smith, 1983; Zartman & Woyewodzic, 1979). Robertson
et al. (1993D) attribute this disparity to differences between new root growth and root loss; this being
controlled largely by soil water status. A clearer understanding of the factors controlling root growth
during grain-filling is needed and is particularly important for simulation of crop growth in
environments where terminal drought occurs and crop productivity is closely linked to water
extraction after flowering (Ludlow & Muchow, 1990).The root growth function may have to be
modified in some circumstances to take account of this.

3.9.3 Root front advancement

A root front velocity, v (mm d-!) is used to increase the depth of the root front in the soil profile. This
is calculated from

V=VV,,,, 3:38.
where: V is a zero to unity factor representing limitation to root velocity. v is the maximum

max
possible root front velocity (mm d-1).

Monteith et al. (1989) found a maximum root front velocity of 35 mm d-! for sorghum. Similarly,
Robertson et al. (1993a) reported 34 mm d-! as being an average value over four treatments but found
that the extraction front descended at 49 mm d-! in one treatment. Azam-Ali et al. (1984) recorded root
extension of 70 mm d-! in pearl millet. For the purposes of the model v, has been taken as 45mm d!
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to limit root extension. However, a maximum theoretical rate,Y, _of 70mm d-! (Vp.%1.5) is used in

> T max
some root front calculations to allow low levels of stress to be non-limiting.

Four mechanisms are assumed to affect root front advancement, each represented by a zero to unity
factor. On any day the root front advances at a rate determined by the most limiting of these four
factors. The factors are:

3. Assimilate limitation (resulting from either low light or water capture), VA
4. Low temperature limitation, VT

5. Low crop water or nutrient status (overall stress), Vo and

6. Root front soil conditions (low moisture / high strength) VS

Each of the velocity limitation factors is described below.

3.9.3.1 Assimilate Limitation Factor

This is calculated using

F
= YTy 0<V <1 3:39.
r(rd)

where: Y., 18 @ factor which represents the ratio of downward to horizontal growth; a value of 12 m

(root depth) m’ (root growth) has been used here.

F, is a factor used to simulate the effect of increased root front velocity during the juvenile stage of the
crop. This represents the change in root morphology from seminal roots to a more branching
adventitious root system (as described by Zartman & Woyewodzic, 1979). The value of F, varies
linearly from Fyy (4.0) to 1.0 over the juvenile period. r(rd) is the root weighting function described

above, evaluated at the rooting depth.

The approach is empirical and based on unpublished relationships derived from controlled
environment studies at Nottingham.

3.9.3.2 Temperature Limitation Factor

The root front velocity of many crops has been linked with temperature or thermal time (Rosenthal et
al., 1989, Jones & Kiniry, 1986) and this is modelled using a simple temperature relationship

T -
T -

o3

Ve = o<V, <l 3:40.

o3

where: T is the average daily temperature (°C), T ; is the lower point of the optimal temperature
plateau, and Ty is the base temperature for growth.

3.9.3.3 Water Stress Limitation

Overall stress is linked to root growth in that it represents plant turgor and reduced plant turgor
equates to slower cell expansion, especially when mechanical resistance is encountered (Merrill &
Rawlins, 1979). Root front velocity limitation due to stress is given by

Y,
Ve =(1-ypo)—4 0<Vo<l 3:41.

max
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This is calculated in terms of the theoretical maximum root growth rate, although growth above v, is

not allowed. Coupled with a vy, value of 0.8 this means that when 6=1, root growth rate will not drop

below 20% of its maximum value, as the roots are the last part of the plant to become flaccid, being in
contact with moisture bearing soil (Zahner, 1968).

3.9.3.4 Root Front Soil Moisture Limitation

Apart from the moisture status of the crop as a whole, the moisture status of the expanding root tips
also has an effect on the root front velocity. If root tips are exposed to totally dry soil, moisture is
effectively removed from them, the cells becoming flaccid.

The soil free water factor, Fy,., is used to reduce root front velocity due to soil dryness, Vg = F

free *

This is a similar approach to that used by Jones & Kiniry (1986).

During germination, the minimum rate of root front extension is constrained by either temperature or a
rate of Rpm, 20mm d-1. This is to allow for the fact that a full energy balance is not calculated for the
soil surface and thus cannot make accurate estimates of crop establishment. Removing this constraint
leaves the model very sensitive to seedbed conditions, which are rarely well documented. The time
specified for the seed reserved to be used is an input parameter to the model (Germination).

3.10 Reproductive Growth

Although resource capture during the vegetative phase is important to crop structural growth, the final
determinant of yield is grain production within the reproductive phase. This is affected by many
factors including assimilate storage, grain site survival and continued light interception and
photosynthesis. Penning de Vries et al. (1983) report that in most graminae under stressed conditions,
a considerable portion of the final yield can come from reserves stored in the stem and leaves. For rice,
reserves start to build up some weeks before heading and can amount to about 25-30% of standing dry
weight at heading (Yoshida, 1981). In wheat, around 20% of the grain weight may come from
carbohydrate reserves, this being 30-50% of the total reserves formed during the growing season
(Spiertz, 1982).Ritchie (1991) reports a typical range of reserve assimilates as being from 20 to 35%
of stem weight at anthesis.

To calculate grain yield in the model, the number of grain sites set is first determined. This is assumed
to take place during a grain setting period immediately following anthesis (i.e. at the beginning of
GS3). Typically this grain setting period is seven days (Rosenthal et al., 1989). After the grain setting
period, grain filling commences. This continues until either the grains reach a maximum size or GS3

ends and the crop achieves physiological maturity. The maximum grain weight, GW_,., is a cultivar

specific parameter with an observed range of 0.025 and 0.065 g grain’! for sorghum (Craufurd &
Peacock, 1993).

3.10.1 Number of grain sites

To calculate the number of grain sites set, N (sites plant'l), the weight increase during GS2 (panicle
initiation to anthesis) is multiplied by a grain number conversion factor, N, (typically between 0.015

and 0.065 sites plant™ g’! (increase)).
NoWas3 -Wes2)

N = , 3:42.
P

where: P is the plant population per m’.

Jones & Kiniry (1986) and Rosenthal et al. (1989) describe similar approaches. The factor Ny must be
determined experimentally for situations where grain number may be limiting to final yield. Craufurd
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& Peacock (1993) described such a situation, where grain yield was found to be strongly correlated
with number of grains. In that analysis, a 'thermal crop growth rate' was regressed against final grain
number to give a predictive index. Many other researchers have also correlated seed number to daily
dry matter accumulation (Vanderlip er al., 1984; Charles-Edwards, 1982; Edmeades & Danyard,
1979).

3.10.2 Grain filling

During GS3, assimilate from photosynthesis is partitioned to the grain and haulm. This is subject to a
maximum rate of grain filling, AW (g m?2 d!) and if assimilation is not sufficient to maintain the
maximum rate, grain filling can be supplemented by translocation from stem reserves and senescing
leaves, T (g m2d™).

dt dt "
aw,, e
—L=F,G

a7

The minimum time for grain filling under optimal conditions is taken as 23 days (PartitionTime)

(Monteith et al., 1989). The maximum rate of filling per grain is therefore given by 1/23 GW,, ., or for
the whole of the canopy
Gw,
AWE® =%NP 3:44.

If assimilation is such that it exceeds the maximum rate of grain filling the 'surplus' assimilate is added
to stem reserves.

The rate of translocation is calculated as the difference between the maximum grain-filling rate and
the assimilate available from photosynthesis, subject to a maximum rate of translocation which is

calculated at the start of grain filling (i.e. after the grain set period). It is assumed that a maximum of

2 1;nax

20% (W (g m?)) of stem weight, W (g m™), is available for translocation and that a minimum

res

period of 20 days is required to translocate this material (i.e. 7, = Wri /20, or t,,,.= DayTransPot
xW?).

These figures are based on field observations but give values similar to those used by other workers.
Jansen & Gosseye (1986) allow 10% of reserves to move to grain per day in their millet growth
simulation. Similarly, Rosenthal et al. (1989) use a maximum translocation rate of 2.5% of the total
culm weight per day under stressed conditions in the SORKAM model. Jansen & Gosseye (1986) also
proposed that dying vegetative material, especially leaves, would provide added carbohydrate for the
translocation pool. This has been simulated by allowing 10% of carbon from senesced leaves to
become available for translocation to grain.

The reserves available, W,

res?

are reduced by translocation but are supplemented by leaf senescence.

Once reserves are exhausted, translocation ceases. The rate of translocation can also slowed by a stress
factor, (1 - ¥10).

The growth of grain can also be limited by nitrogen supply. The nitrogen uptake rate of the grain is

calculated each day as the product of grain growth rate and a nitrogen requirement factor (which is
adjusted depending upon the overall nutrient status of the crop).
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o =(0.011*0.006F, ) W

3:45.
dt dt

where: Ng is the nitrogen content of the grain, Fy is the nutrient status factor

Mobilisation of nitrogen from the shoots and roots of the crop meet this requirement for nitrogen. The
amount of nitrogen available for mobilisation from shoots, Ny,o11, and roots, Nyeon, is given by

Np()oll = (ADW_ WG )([Nshoot ] - [Nminshoot ])Fp
NpoolZ = WR ([Nroot] - [Nroothuut ])F

pool

ool

3:46.

where: ADW is total above ground dry weight of the crop, Wg is the total grain weight, [Ngyooc] 1S the
above ground nitrogen concentration, [Nyishoot] 1S the minimum possible above ground nitrogen
concentration, [N,.] i1s the root nitrogen concentration, [Npinoo] 1S the minimum possible root
nitrogen concentration (taken to be 75% of the critical root nitrogen concentration), F. is a factor
determining the proportion of the shoot and root nitrogen which can be mobilised, given below.

F

pool

=04-0.250, 3:47.
So at maximum nutrient stress only 15% of the shoot and root nitrogen can be mobilised, but at zero
nutrient stress this fraction rises to 40%.

If the nitrogen demand exceeds the nitrogen available within the crop then the grain growth is
restricted. In this case the assimilated dry matter that cannot be partitioned to the grain is instead
allocated to the stem dry weight. If the nitrogen supply subsequently improves this stem dry matter
has the possibility to be translocated to the grain at a later stage.

3.11 Parameter Summary

The cultivar editor in the HyPAR Control Centre allows the user to change crop parameters (see User
Guide, Section 7.1). The table below lists the parameter names, the code names used by HyPAR and a
reference to the full description in this chapter

Parameter Code name Short description See
section

DayTransPot DayTransPot Factor for maximum fraction of stem available | 3.10.2
for translocation that can move each day.

Fy emRDfactor Roots this factor more likely to grow 3.9.3.1
downwards at germination.

Fro emRWLfactor Roots this factor thinner at germination. 3.9.1

Ydown FineRoot factor which represents the ratio of downward | 3.9.3.1
to horizontal root growth

FractRoot FractRoot Estimated proportion of the plant that was root | 3.1
when gD and & were calculated, if not
included.

Germination Germination Time for seed to use carbon supplies. 3934

Ny GNC Conversion factor for grain number. 3.10.1

GrainSetTime GrainSetTime Time from anthesis to grain setting. 3.7
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Parameter Code name Short description See
section

Ocsi GSitt Growth stage 1 thermal time. 3.6

Yor GSlIttFactor Factor for reduced thermal time accumulation | 3.6.1
by stress before anthesis

Ogs2 GS2tt Growth stage 2 thermal time. 3.6

Ogs3 GS3tt Growth stage 3 thermal time. 3.6

Yo3 GS3ttFactor Factor for increased maturity rate after anthesis | 3.6.2
due to stress.

Juvenile Juvenile Length of plant juvenility. 3.8

k K Light extinction coefficient. 333

Yo LeafStress Fraction of leaf area to senesce per day with 3.8.1
stress.

LIFEC Lifec parameter for rate of phenological death. 3.8.1

Yioll Lrollmax Maximum leaf rolling susceptibility. 33.1

frimax maxFH Maximum partitioning to haulm in GS3. 3.7

frmax maxFL Maximum partitioning to leaves in GS1 and 3.7
GS2.

GW pax maxGW Maximum grain weight. 3.10

maxPlantArea | maxPlantArea | Maximum leaf area for an individual plantina | 3.3.2
sparse canopy

maxRdepth maxRdepth Maximum rooting depth. 39.2

W maxRstress Maximum reduction of root extension by 3.9.33
stress.

U,ax maxUptakeRate | Maximum water uptake rate. 34

frmin minFL Minimum partitioning to leaves in GS1 and 3.7
GS2.

e OFBGI Maximum partitioning of carbon to roots 3.7
before stress adjustment.

PartitionTime PartitionTime Minimum time for grain filling. 3.10.2

& Photosynthl Conversion efficiency for GS1. 3.1

& Photosynth3 Conversion efficiency for GS2 and GS3. 3.1

M PWiltP Permanent wilt point 392

gD or Q qD Transpiration equivalent 3.1

Ry Rdist Rooting half-depth 39.2

Rpmin RDmin Minimum rate of root extension at germination | 3.9.3.4

Recovery Recovery Factor to limit the rate of recovery after stress | 3.2

Ponax RLVmax Maximum effective root length density 34,392
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Parameter Code name Short description See
section
VUnmax RRmax Maximum root front velocity 393
e RstressFBG stress response for partitioning 3.7
n RWLfactor root weight per unit length 3.9.1
o SLAI specific leaf area for early establishment 3.8
o SLA2 specific leaf area for mature leaf growth 3.8
¥ SLAstress Modifier for specific leaf area 3.8
oy STindex Normalising parameter for stress 3.2
¥ STransReduct Factor to limit translocation rate 3.10.2
T, b Base temperature for growth 3.1
T, Thplateau Lower optimum temperature for growth 3.1,32
T, Tm Maximum temperature for growth 3.1,3.2
T, Tmplateau Upper optimum temperature for growth 3.1,3.2
Wores TransPot Maximum fraction of stem available for 3.10.2
translocation

Note that the parameters WLsat, WLdamage, WLrecover, WLsuscept and WLdeath are included in
the cultivar editor but not listed in this chapter. These parameters, relating to weeds, are retained in the
input file for consistency with PARCH but are not used in HyPAR.
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4. The Tree Model

The tree growth components within HyPAR are based on those in the Hybrid model (v3.0) (Friend et
al, 1997). Hybrid is an individual-based plot model, driven by daily weather, which combines a mass-
balance approach with the capacity to predict the relative dominance of different species or plant types
and how they interact with atmospheric and soil processes. Further information on the Hybrid model
and the processes represented can be found in Friend et a/ (1995, 1997) and Friend (1995).

Ecosystemn Model
Structure
(Hybrid v4.0)

Twater

Figure 6. The Hybrid Ecosystem model showing schematically the photosynthesis,
allocation and decomposition processes represented in Hybrid

In the following model description, the main reference to the HyPAR species-specific input parameters
are identified with a symbol, <, in the margin and listed in a table in Section 4.14.

4.1 Model structure for tree growth

Hybrid and HyPAR v3.0 operate on a daily timestep. Photosynthesis, maintenance respiration, nitrogen
uptake and transpiration are calculated daily for each individual tree. It is assumed that total daily net
photosynthesis, transpiration and night-time respiration of each tree all scale linearly with their mean
rates - that is, there is no need to calculate these rates on a shorter timestep than either the day or the
night. The net daily individual tree increments in carbon and nitrogen, together with any stored carbon,
are allocated at the end of each day to the different tree compartments (Section 4.10). Daily root litter
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is added to the soil layers that they occupy. Leaf (and branch) daily litter is either added to the soil or
removed from the site (Section 4.9). Trees are assumed to die when there is insufficient carbon to
produce any foliage and the carbon and nitrogen contained in dead tree roots is added to the
appropriate soil layers as fresh organic matter. Leaf and branch material is left or removed from the
site as described for daily litter.

4.2 Irradiance calculations

Accurately determining the amount of radiation absorbed by each individual is essential for
determining individual growth rates, and hence competitive success or failure, as well as productivity
(Monteith, 1981).

To characterise a forest canopy for light interception by the trees, HyPAR follows the method used in
Hybrid that was originally used by the gap model FORSKA (Prentice & Leemans, 1990). The foliage
area of each individual tree crown is divided equally across the 1m deep layers in the area that it
occupies. The term "crown" is used here for the foliage of an individual; "canopy" is used for the sum
of the crowns within an area. Each layer could therefore contain foliage from many different
individuals. The foliage distribution and the distribution of radiation down through the entire canopy,
relative to that received at the top of the canopy, are calculated each time the foliage area of any
individual tree changes. The relative amount of radiation absorbed by individuals in the lowest layer is
re-calculated daily (and used to update the total relative individual absorption). The pattern of light
passing through the tree canopy to the understorey crop is described in Chapter 5.

Beer's law is used to calculate the attenuation of photosynthetically active radiation (PAR: 400~700
nm) and shortwave radiation (SW: 400~3000 nm) down through the plot canopy. The attenuation of
PAR and SW wavebands is calculated separately because they interact with the foliage in different
ways.

The fractions of PAR and SW incident on the top of a 1m deep layer that are absorbed in that layer are
assumed to be:

1 " )

p J=l1

where fi; is the fraction of radiation incident on layer i that is absorbed in layer 7 (the subscript /
denotes either PAR or SW), Kj; is the radiation extinction coefficient of individual j, Zs;; is the foliage
area of individual j in layer i, Z, is the area of the field, and » is the number of individuals in the field.

The fraction of radiation incident on each layer that is absorbed by each individual in that layer is
calculated from the relative contribution of each individual to the total absorption in the layer:

Kz 4:2
f[,i,j - f[,i " 5 2.
K,,j ) Zf,iJ

j=1

where f;;; is the fraction of radiation incident on layer i that is absorbed by individual j in that layer.
The fraction of radiation incident on the top layer of each individual that is absorbed by that individual
in each layer that it occupies is calculated by multiplying the total transmissions (1 - fi;), and
individual absorptions (f;;;), down through each crown. Summing down through the layers in each
crown then gives the total fraction of radiation incident on the top layer of each individual that is
absorbed by the individual (f{;). The parameter fpar; is equivalent to the FPAR parameter of Sellers et
al. (1992), but applied to individual crowns rather than the whole canopy. This equivalence is used in
the calculation of crown photosynthesis (see below).
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The quantities of PAR and SW absorbed by the top leaf of each crown are used as inputs to the net
photosynthesis and stomatal conductance routines. These quantities are calculated from the daily mean
irradiances at the top of the plot:

I ;0 :fl,j,O/t K, 1, 4:3.

where /;;, is mean radiation absorbed by the top leaf of the crown of individual j, fi;. is the fraction
of radiation incident at the top of the plot that is incident on the top layer of individual j, and /; is the
irradiance at the top of the plot. The fraction of plot radiation incident on the top layer of each
individual is assumed to be:

fl,J,O/t :(1_051)'f1,H“,4,./t ) 4:4.

where ¢ is the species reflection coefficient and f; yw . is the fraction of radiation that penetrates the
canopy that is incident on the top layer of individual j (calculated by multiplying f;; down through the
canopy); the subscript ¢ denotes the top of the canopy and H,,; is the height to the top of the crown of
individual ;. Heights are rounded to the nearest 1m for use in the radiation calculations.

Mean values for the species-specific parameters (K; and ¢) are required. Jarvis and Leverenz (1983)
reported that values of Kpar vary from 0.5 to 0.8 for broadleaved forests, and from 0.4 to 0.6 for
coniferous forests. The means of these ranges (0.65 and 0.50 for cold deciduous broadleaved and
evergreen needleleaved tree types, respectively) are recommended here. Foliage absorbs a higher
proportion of PAR than SW; thus Kpar tends to be higher than Kgy. Measured values for the ratio
Kpar/Ksw are relatively conservative and lie between 1.3 and 1.4 (Green, 1984, quoted by Russell et
al., 1989, p. 24) hence 1.35 is used here. Using the estimates of Kpar given here, this results in values
for Kgw of 0.48 and 0.37 for cold deciduous broadleaved and evergreen needleleaved tree types,
respectively.

Spitters (1986) presented an equation to calculate the reflection coefficient of a green, closed, canopy
(oy ) from solar elevation and the single-leaf scattering coefficient. Using a scattering coefficient of 0.2
for PAR (Spitters, 1986), and assuming a mean solar elevation of 45°, dpar is then 0.05 according to
this equation. This is the same value as that given by Jones (1992) as typical for all vegetation types.
Jones gave a corresponding value of 0.2 for agw (Table 2.4 of Jones), and these two values for the two
wavebands are used for the cold deciduous broadleaved tree types. Moore (1976) measured a value for
osw of 0.11 in a needleleaved forest. Applying the ratio of PAR to SW reflectance given by Jones
results in a value of 0.03 for opar for the needleleaf tree type.

4.3 Net photosynthesis

The amount of radiation absorbed by each individual is critical to determining its productivity because
of the central role of PAR in photosynthesis. In Hybrid and HyPAR, each day the mean rate of total
crown net photosynthesis and the mean rate of net photosynthesis in the lowest crown layer are
calculated for each tree. A significant assumption employed is that foliage physiological properties
(such as nitrogen and Rubisco content) decrease down through each tree crown at the same rate as
time-averaged PAR. This hypothesis is based on the assumption that photosynthetic capacity is
distributed optimally, with respect to radiation, within the canopy and/or each individual's crown. A
detailed discussion of this viewpoint, and its implications, was presented by Sellers et al. (1992).

Significant savings in execution time are obtained by adopting this hypothesis because the alternative
would be to calculate photosynthesis and transpiration separately for each foliage layer of each crown.
However, application of this optimisation hypothesis has the consequence that, for a given set of
environmental conditions and a given total crown foliage nitrogen content, only one calculation of
photosynthesis is necessary to obtain the rate of the entire crown. This is because total canopy, or
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crown, net photosynthesis emerges as being linearly related to the rate of photosynthesis of the
uppermost leaf at all values of Ipag (Sellers et al.1992):

Fo,o=4,"Z e , 4:5.

p
K PAR

where Fcyq is the mean daytime rate of crown net photosynthesis (subscript C denotes carbon, f
foliage, and d daytime), 4, is the mean daytime rate of net photosynthesis of the uppermost leaf, Z; is
the field area, and fpar is the fraction of PAR incident on the uppermost foliage layer that is absorbed
by the entire crown (see above; note that the subscript for individuals is omitted from now on).
Furthermore, as a result of the optimisation hypothesis, the mean daytime rate of net photosynthesis in
the lowest layer of each crown is a linear function of Fc ¢4 (see below). From Eqn. 5 it might appear
that reducing Kpar will increase crown photosynthesis. However, the amount of PAR absorbed by the
top leaf will be reduced (Eqn. 3), providing a limit to the influence of Kpar on productivity. Kpar also
affects the amount of nitrogen in the top leaf (see Eqn. 7 below).

Net photosynthesis is calculated using the PGEN v2.0 model of Friend (1995). This model uses the
well characterised biochemical formulations of Farquhar and co-workers (Farquhar and von
Caemmerer, 1982; Farquhar ef al., 1980). All equations (for photosynthesis, transpiration, and energy
relations) in Friend (1995) are used in Hybrid and HyPAR except for those used to calculate leaf water
potential (Eqns. 5, 20, 21, 33, 34, and 37 of Friend), absorbed radiation (Eqns. 38, 40, and 47 of
Friend), optimal stomatal conductance (Eqns. 1 and 2 of Friend) and the co-limited rate of net
photosynthesis (Eqn. 18 of Friend). Leaf water potential and optimal stomatal conductance are not
required because stomatal conductance is calculated using an empirical (as opposed to optimisation)
function, in which soil water potential is assumed to influence stomatal conductance directly (see
below). Cuticular conductance to CO, is constrained by a parameter, g,,,, while the maximum leaf
conductance to CO; is limited by 7). The radiation absorption equations of PGEN are replaced in
Hybrid and HyPAR by the canopy radiation scheme described above (the value of absorbed PAR used
to calculate 4, is given by Eqn. 3). The concept of co-limitation of net photosynthesis by the
carboxylation-limited or ribulose-bisphosphate (RuBP) regeneration-limited rate (Eqns. 3 and 4 of
Friend, 1995, respectively) is replaced by one of taking the minimum of these two rates, resulting in
savings in execution time. Atmospheric pressure is assumed to be 101325 Pa throughout (it is an input
to PGEN v2.0).

Four further minor simplifications have been made in adapting PGEN v2.0 for use in Hybrid. (i)
Rather than calculate the rate of daytime dark respiration (of the top leaf) from foliage temperature and
a foliage nitrogen factor (Eqn. 26 of Friend, 1995), the simpler approach of relating respiration directly
to the maximum rate of carboxylation, as suggested by Collatz ef al. (1991), is used:

Ri=0.015-V . 4:6.
where R, is the mean rate of dark respiration and V. is the maximum rate of carboxylation by
Rubisco (Eqn. 22 of Friend, 1995), of the uppermost leaf. Because V; .. is dependent on temperature
and Rubisco content (which in turn is dependent on foliage nitrogen, see below), this approach
maintains the temperature and foliage nitrogen dependencies of the original PGEN v2.0 formulation.
(ii) The radiative "resistance" to heat loss is assumed to be fixed at 213.21sm™ in Eqn. 50 of Friend
(1995). (iii) Leaf thickness is assumed to be 300x10° m in the calculation of the resistance to CO,
transfer from the leaf surface to outside the mesophyll liquid phase (Eqn. 31 of Friend 1995). (iv) the
slope of the saturation vapour concentration versus temperature is calculated between air temperature
and air temperature plus 0.1 K, rather than between air and foliage temperature (Eqn. 53 of Friend).
This last approximation is necessary because no iteration to solve the energy balance is used, yet this
slope needs to be known to calculate foliage temperature.

In the model, the rate of carboxylation-limited net photosynthesis is a linear function of foliage
nitrogen. Thus, this rate per unit of foliage nitrogen need be calculated only once, on each day, for
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each tree type. This value can then be scaled with the foliage nitrogen content of the top leaf to get the
rates for each individual, resulting in substantial savings in execution time. However, RuBP-
regeneration limited net photosynthesis is a saturating function of both foliage nitrogen and PAR, and
must therefore be calculated for each individual each day, although the shared parameters between all
individuals of the same species need be calculated only once.

As a consequence of the assumptions that foliage nitrogen is allocated optimally within each crown
(see above), and photosynthetic capacity is a linear function of foliage nitrogen (Friend, 1995), it
follows that the nitrogen content of each leaf must be directly proportional to the time-averaged PAR
absorbed by that leaf relative to the whole crown. Therefore, the nitrogen content of the uppermost
leaf of each individual tree is:

N=Bew .y 7 47,

PAR

where N is the nitrogen content of the uppermost leaf and N; is the total foliage nitrogen of the
individual crowns. Calculation of N; is described below. During initial application of Eqn. 8 within
Hybrid it was found that, under high leaf area conditions, unrealistically high top-leaf nitrogen
contents were obtained. To overcome this, the observed approximate maximum limit of 4x10° kg m™
(see Evans, 1989, Fig. 1) has been imposed on N. It is undesirable to require such a limit, but previous
model simulations demonstrated its necessity. The need for this limit suggests that the optimisation
theory is either incorrect, or that the relationship between nitrogen, photosynthesis, and respiration is
not fixed down through the canopy. There is clearly a need for experimental work to help understand
the relationships between radiation, foliage nitrogen, photosynthesis, and respiration in canopies.
Nevertheless, without overwhelming information to the contrary, it is sensible (and often
computationally efficient) to assume that plants make optimal use of their resources.

4.4 Maintenance respiration

The daily maintenance respiration fluxes from each living tissue compartment are important
components of a plant's daily carbon balance. The term "maintenance respiration” refers to the CO,
evolution from a plant that is principally the result of protein repair and replacement and the
respiratory processes that provide energy for the maintenance of ion gradients across cell membranes
(Penning De Vries, 1975).

The mean nighttime foliage maintenance respiration rate of each tree is assumed to be a linear function
of the total foliage nitrogen contents and exponential functions of air temperature (after Ryan, 1991):

_ —6595/T, .
FC,f,n - Uc,f,n “Nr-e / ) 4:8.

where Fc, is night-time foliage maintenance respiration (subscript n denotes night-time), 7¢, is a
constant, and 7, is mean night-time air temperature. The value of the constant 7)., was estimated
from Ryan (1991) to be 42.6x10° kg C kg N s, and this value is used for all tree types. Total
nitrogen, rather than V .x (Eqn 6), is used in Eqn. 8 because night-time respiration is related to the
total metabolic activity of the foliage rather than to potential photosynthetic pathway activity. The
temperature term in Eqn. 8 is the same as that used by Friend (1995), the constant 6595 K being the
activation energy (J mol") divided by the gas constant, and is equivalent to a Qo of 2.1. This
temperature dependence is used in both Hybrid and HyPAR for all non-growth respiration rates.

Mean fine root maintenance respiration over each 24-hour period (Fc,) is calculated from fine root
nitrogen content (V;), and mean 24-hour soil temperature (75), using the same formulation as for F¢ s,
(Eqn. 8). Separate values of F, for the daytime and night-time are not calculated because soil
temperature is not expected to change greatly over any given 24-hour period.
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In nature, tree sapwood respiration is required to maintain the living sapwood parenchyma cells, which
are present in the sapwood. Tree sapwood respiration is clearly a carbon cost, but is balanced by
certain advantages resulting from possessing living sapwood in the model as in nature (see below).
Sapwood maintenance respiration rates are assumed to be linear functions of living carbon mass, and
exponential functions of air temperature (after Ryan, 1990):

Few=1cyCy e, 4:9.

where Fc,, is wood maintenance respiration, 7jc,, is a constant, C, is the mass of living carbon, and T
is air temperature. The constant in Eqn. 9 is calculated from the measurements of Ryan (1990) to be
83.14 kg C kg C' s, and this value is used for all tree types. Two mean daily fluxes of sapwood
respiration are calculated, one for the daytime and one for the night-time (Fcwq and Fcy, using Ty
(daytime air temperature) and 7, respectively in Eqn. 9).

4.5 Total daily tree carbon balance

Each day, the individual tree carbon stores are incremented by their daily net carbon balances. The
daily change in the carbon store of all tree types (AC,) is given by:

AC, = ta'(Fcra—Fewa)—(86400—¢, )-( Fepnt Fewn)—86400- Fc,, 4:10.

where C, is the carbon store, Fcrq (Eqn 5) and Fc, (Eqn. 8) are the respective mean daytime and
night-time fluxes of carbon between the foliage and the atmosphere, Fc 4 and Fc, , are the respective
mean daytime and night-time fluxes of carbon from the living wood, or structure (Eqn. 9), Fc,is the
mean daily flux of carbon from the fine roots, ¢, is the daylength, and the constant 86400 is the number
of seconds in 24 hours.

For trees in Hybrid, if the carbon store is positive at the end of the year (after allowing for any
additional carbon required to support foliage or fine root turnover that occurred during the year), this
carbon is allocated to new growth and growth respiration (see below). C, may become negative, and
this is allowed for at the end of the year in the allocation routine. In HyPAR v3.0, available carbon is
allocated to new growth and growth respiration daily rather than annually.

4.5.1 Carbon balance of the lowest foliage layer

The carbon balance of the lowest foliage layer of each tree is calculated daily. If, at the end of the year
(Hybrid) or month (HyPAR) the accumulated carbon balance of an individual is negative, its foliage
area is reduced by the amount present in the layer. This results in the foliage area being optimised on a
daily timestep. It is assumed that foliage physiological properties fall down through each crown at the
same rate as time-averaged PAR (see above), thus it follows that the rates of photosynthesis and
respiration of any layer in the crown are linear functions of the rate of the top leaf, and indeed of the
whole crown (assuming that the relative proportion of radiation reaching each leaf is the same as the
time-mean relative proportion, as is the case in this model). Consequently, the carbon balance of the
lowest foliage layer is a linear function of the whole crown rates of daytime photosynthesis and
nighttime respiration:

dC, _ fPAR,H,,Al

SR (4 Fepa— (86400 =1, ) Fegn)s 411.
dt fPAR

where C, is the carbon balance of the lowest Im foliage layer in the tree crown, and fpar pbr1 1S the
fraction of radiation incident on the uppermost layer of the individual that is absorbed by its lowest
crown layer (indexed by the height to the base of the crown, H,, plus 1 m).
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4.6 Stomatal conductance

Stomatal conductance controls the flux of CO, into, and water out of, the leaves of higher plants. CO,
is required for photosynthesis and as transpiration depletes soil water; transpiration is also an
important determinant of leaf temperature. These effects are all treated in Hybrid v3.0 and HyPAR.
The mean daytime stomatal conductance of the uppermost leaf of each individual tree is calculated for
each day. This is achieved using empirical relationships between stomatal conductance and irradiance
(lpar,o), soil water potential, above-canopy air temperature, above-canopy water vapour pressure
deficit (vpd), and above-canopy CO, concentration. Stewart (1988) found that a multiplicative model
based on the model of Jarvis (1976) using non-linear functions of solar radiation, specific humidity
deficit, air temperature, and soil moisture deficit, could explain 73.3 % of the variance in surface
conductance (calculated from water flux measurements) over 90 days in a pine forest near Thetford,
England. The Stewart/Jarvis model is used here, and with the same parameterisation for the functions
(though not the maximum stomatal conductance, see below) as used by Stewart (1988) in his non-
linear version, except for the soil water response function. This function is replaced by a function
which effects a linear closing response between soil water potentials of -0.2 MPa and -1.5 MPa, as is
typically observed (e.g. Turner ef al., 1985). A linear closing response to increasing atmospheric CO,
concentration, in which the stomata close by 40 % for a doubling of atmospheric CO,, with no further
closure above an atmospheric CO, partial pressure of 80 Pa, has been added. This degree of closure is,
again, typically observed (e.g. Friend and Leith, In press). The use of empirically derived relationships
with air parameters, rather than foliage parameters (such as leaf temperature), results in large savings
in execution time by avoiding the need for iteration. Nevertheless, it should be noted that the
Stewart/Jarvis model has six free parameters, and thus might be expected to fit any single dataset with
a high degree of success.

The maximum stomatal conductance to water (gm.x) is required by the stomatal conductance sub-
model. In order to make the stomatal conductance function more realistic and dynamic than in its
original conception, g, is assumed to vary with foliage photosynthetic capacity. It is widely observed
that stomatal conductance and photosynthesis are correlated with one another (Farquhar and Wong,
1984), presumably because of their functional relationship. Korner (1994) collated 73 field
observations of maximum stomatal conductance and net photosynthesis (Am.x) pairs in 11 major
vegetation types, and found that the slope of the relationship differs between types. His values of
maximum stomatal conductance are not the same as g« used here. g..x is a hypothetical parameter
that is unlikely ever to be reached, whereas the parameter quoted by Korner is measured in the field at
the leaf level.

The values of g used in Hybrid v3.0 (and recommended for HyPAR) for different tree types and
photosynthetic capacities were calculated from the maximum stomatal conductance values of Korner
by assuming that these were measured under the following favourable, environmental conditions: an
air temperature of 25 °C, a PAR flux of 1500 umol m™ s™', a relative humidity of 70 %, an atmospheric
CO, concentration of 350 pmol mol”, and no soil water limitation. Putting these values into the
appropriate functions (Stewart, 1988; plus the CO, response given here) yields a total factor of 0.37.
Dividing the values given by Korner by this factor gives the ratios between gy, and A, required for
each tree type. Because A, is not used directly in the model, g,.x is actually calculated from the
amount of foliage nitrogen bound in Rubisco; a reasonable surrogate for A,,,, within vegetation types
(Field and Mooney, 1986). Consequently, g...« is re-calculated each time foliage nitrogen changes (i.e.
daily).

A relationship between g... and Rubisco is required. Evans (1989) presented the results of
photosynthetic measurements across a range of species and foliage nitrogen contents. He found that at
a foliage nitrogen content of 1.4x 107 kg m'z, the greatest value of 4,,,, was about 28 umol CO, ms™,
Using the mean g.x/Amax ratio of Korner (1994) for herbaceous graminoid species (the maximum
photosynthetic rates of Evans were measured in wheat) gives gma equal to 0.375 mol m™ s™ for this
nitrogen content. Then, assuming that the fraction of foliage nitrogen bound in Rubisco is 0.23 (a
typical value: Evans, 1989), the ratio between gn.x and the amount of foliage nitrogen bound in
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Rubisco (Ngmax) 18 1359 mol m”s" / (kg (Rubisco N) m™). This ratio is scaled using the data of Kérner
to give ratios of 1672 mol m~s™ / (kg (Rubisco N) m™) for cold deciduous broadleaved trees and 2223
mol m”s™ / (kg (Rubisco N) m™) for evergreen needleleaved trees.

Bulk soil water potential is used to calculate stomatal conductance. An additional effect of water
potential on stomatal conductance is assumed to occur due to tree height (Friend, 1993). This effect is
represented as a reduction in the effective soil water potential for stomatal conductance by 0.015 MPa
for each 1 m of mean canopy height (Friend, 1993), on an individual tree basis. If the mean 24-hour
air temperature is below zero, soil water potential is set to -1.5 MPa because the soil is
assumed to be frozen.

4.7 Foliage energy balance and transpiration

The daytime canopy energy balance must be solved each day in order to calculate the foliage
temperature and rate of transpiration of each plot. Transpiration influences soil water content and
foliage temperature influences net photosynthesis and dark respiration. The mean daytime canopy
temperature of the entire field (7% is calculated following the methods described by Friend (1995,
Eqns. 41-53, but with changes as detailed above) prior to the physiological calculations. Total canopy
conductance is calculated as the sum of all the individual-based conductances. These are each
calculated on a ground area basis by scaling the predicted stomatal conductance of the uppermost leaf
of each crown (see above), vertically to the whole crown, using fpar and Kpar as for net photosynthesis
(Egn. 5). Boundary layer conductance is calculated following Friend (Eqn. 41 of Friend, with the leaf
characteristic dimension, d,, set to 0.04 m), and added to the individual stomatal conductances. The
isothermal net radiation of the entire canopy is calculated on a ground area basis by summing the
absorbed shortwave radiation across individuals (reflection is subtracted from each individual as in
Eqn. 4). This value is then used to replace the first term of the calculation of isothermal net radiation
in Friend (Eqn. 45 of Friend; the remaining terms allow for longwave radiation absorptance and
emmittance). Incident shortwave radiation on each individual is calculated from total plot radiation by
multiplying mean daytime shortwave plot irradiance by the fraction of plot irradiance incident on the
top of the individual (fsw.x; Eqn. 4) and fsw. Total transpiration is calculated from the canopy-to-air
vapour density deficit and total resistance (the inverse of conductance) to water flux as in Friend (Eqn.
19 of Friend), but with the saturation density of water at leaf temperature calculated using the slightly
different treatment given by Jones (1992, Appendix 4, p. 359).

The transpiration value calculated using the method in Hybrid as described above is used as the
demand for water by the trees in HyPAR. This value is compared with the crop demand for water and
with the available soil water. Actual uptake may be modified by competition if water is limited (see
Section 6.6). The effect of competition for water is through changes to soil water potential experienced
on the subsequent timestep.

4.8 Nitrogen uptake

Uptake of mineral nitrogen by each tree occurs each day. This uptake is accumulated in a store (V,) for
allocation at the end of each day.

4.8.1 Hybrid method

In Hybrid v3.0, the daily uptake of nitrogen is positively related to fine root mass, soil mineral N
content, and the C:N ratio of the entire plant (excluding the C and N bound in the heartwood):
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where Fy, is the daily uptake of nitrogen from the soil by the, 77, is a constant, f7 is a factor to allow
for the effect of soil temperature (given by Eqn. la of Thornley, 1991, with his constants), C; is the
fine root carbon mass, Ny, is the soil mineral nitrogen content, Cy is the non-heartwood plant carbon
mass, and Ny is the non-heartwood plant nitrogen mass. Eqn. 12 includes control of nitrogen uptake by
soil nitrogen supply (Nuin), demand by the plant (Cy/Ny), and the ability of the plant to access nitrogen
in the soil (C,). It is assumed that the tree does not take up any nitrogen if Cy/Ny is lower than 10 kg C
kg N and/or N (the nitrogen content of the top leaf, Eqn. 7) is greater than (or equal to) 4x10~ kg m™.
7. 1is set at 0.036 m* kg C"' d”' (ignoring C:N units) for all trees (calculated from Thornley, 1991).

4.8.2 HyPAR v3.0 method

The method described above was used in early versions of HyPAR but has been replaced in v3.0. The
daily uptake of nitrogen is related to fine root mass, soil mineral N content, and the C:N ratio of the
entire plant (excluding the C and N bound in the heartwood) but modified by competition with the
crop and taking into account the root distribution of the trees across many plots (see Section 4.11).

The maximum nitrogen uptake is set by the sum of the demands of the individual trees. An estimate of
demand of each tree is the nitrogen uptake required to maintain the tree at optimum C:N ratios. This is
calculated by comparing the current C:N ratio in the foliage, wood (except heartwood) and fine roots
with a theoretical optimum, as given by the input parameter, ny, for the foliage, while maintaining the
relative ratios set by e and Xenap) (see Section 4.10.2). Nitrogen in excess of 1.25 times the
optimum in any compartment is moved to the N store, N,, and this store is used up before any extra N
is taken from the soil. Thus the total N demand for each tree is the N deficit for the whole tree
assuming optimum allocation between compartments. The demand is apportioned to each soil layer, or
soil cell, proportional to the root density distribution (Section 4.11) and summed over all trees to give
a total per cell.

Within each soil cell, the nitrogen demand by the trees is added to the demand by the crop, if present,
and the total compared with the available soil mineral nitrogen in that cell. If N is limited, uptake
competition occurs as described in Section 7.6.

It is assumed that there is no leaching of nitrogen from the plant, nor any direct input of nitrogen into
the leaves from the atmosphere.

4.9 Tree litter production

Tree carbon and nitrogen litter production is also calculated daily using a largely empirical approach.
4.9.1 Carbon litter and related equations

The annual flux of carbon from trees to the soil, through non-individual mortality (i.e. normal litter
production), is calculated as follows. The annual total wood plus bark litter carbon is assumed to be
linearly proportional to wood carbon mass:

LC,W = fL,w. Cw > 4:13.

where Lc,, is annual wood plus bark litter carbon (including heartwood), f . is the fraction of wood
that goes to litter each year, and C,, is the total wood plus bark carbon mass. It is assumed that an
equal proportion of the stored carbon also goes to litter (L ,; the production of wood plus bark litter is
assumed to be largely the result of damage, and so will include the storage compartment). f; ,, is given
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the nominal value of 0.01. The daily loss is estimated from this assuming a constant daily rate (1/365
of the annual figure).

Daily fine root litter carbon is calculated from the annual fine root turnover rate (fi,). If this rate is
greater than 1, then the additional carbon required is subtracted from the carbon store, C,, after
allowing for growth respiration (the assumption is made that the carbon store was used during the year
to support fine root turnover). If C, is then negative, then in order to conserve carbon the fine root
litter carbon amount must be re-calculated based on the carbon available, hence:

Le=min(( £, C A CHCo (1 f o). 4:14.

where L., is annual fine root litter carbon and f, is the fraction of carbon used for growth which is lost
as growth respiration; this fraction is set to 0.25 (Ryan, 1991). In HyPAR v3.0 each tree has a known
distribution of fine and coarse roots. The litter loss is found for each soil layer and added to the
appropriate organic matter pools (see Section 7.2).

Fine root turnover is potentially a very important component of a tree's carbon budget, and indeed can
represent the largest flux of carbon to the soil (Cannell, 1989). Observations and estimates indicate
that fine roots turnover 2 to 5 times per year and it is known that fine root turnover is affected by the
availability of water and nutrients (Cannell, 1989), though these effects are not included in this version
of the model.

Following the production of wood plus bark and fine root litter, the storage carbon pool is updated by
AC,:

ACQZ_LC,a_maX(O;(LC,r_Cl’)/(l_ng )) 4:15.

This expression allows for storage litter carbon (Lc,) and the depletion of carbon from the store for
fine root turnover up to, but not exceeding, that which can be supported by the carbon available (C,) at
the end of the day. It also allows for any growth respiration resulting from this additional fine root
turnover. No feedback to plant performance is allowed if lack of stored carbon results in fine root
production being below that required.

If, at the end of a 30-day period (annually in Hybrid), the carbon balance of the lowest foliage layer of
an individual tree (Cy,; Eqn. 11) is below zero, then the foliage carbon in that layer enters the foliage
litter pool, and the sapwood that was supplying the foliage in this layer with water (and nutrients) is
transformed into heartwood. Thus, the heartwood area is increased by the amount required to maintain
a fixed foliage area to sapwood area (at breast height) ratio:

Zh‘.:Zh—i_st/ic > 4:16.

where Z;, is heartwood area, Zg,, is sapwood area at breast height, and i, is the number of layers in the
crown (H,, - Hy,). The height to the base of the crown (H,) is increased by 1m after this increase in
heartwood area. Annual foliage litter carbon is then calculated using the following expression, where
the first part gives the carbon mass of the foliage in the lowest layer, and the second part gives the
annual turnover of the remaining foliage:

C, Cy)
ch/':,_f—ka,/"(Cf_._f , 4:17.
le le

where Lcris annual foliage litter carbon and f; ¢ is the foliage turnover rate.

If the carbon balance of the lowest foliage layer was positive, foliage litter carbon is calculated as a
linear function of foliage carbon:
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LC,f:fo'Cf ) 4:18.

where f ¢ is assumed to be 1 (hence deciduous) for broadleaved and 0.33 (hence evergreen) for
needleleaved tree types .

4.9.2 Nitrogen litter

Daily tree wood plus bark litter nitrogen (Ly.y) is calculated in the same way as wood plus bark litter
carbon (Eqn 15) based on the annual expected rate:

LN,wsz‘W ‘N> 4:19.

where N, is the nitrogen mass in the wood plus bark (including heartwood). Daily and annual storage
litter nitrogen (Ly ,) is calculated in the same manner as storage litter carbon (see above).

It is thought that no fine root nitrogen is re-translocated into the tree prior to litter production (as is
consistent with some observations, e.g. Nambiar and Fife, 1991). However, some of the nitrogen may
become available to the tree through the action of mycorrhiza. This can be investigated in the model
by adjusting f; ,, the fraction of fine root nitrogen not returned to the plant from litter loss. Annual fine
root litter nitrogen (Ly,) is calculated as a linear function of fine root litter carbon after allowing a
fraction for re-use, f; ,. Fine root litter carbon can be greater than the total amount of fine root at any
one time (see above), fine root litter nitrogen might also be greater than fine root nitrogen.
Consequently, a check is made that sufficient nitrogen in the fine roots and store is available to support
the required annual fine root litter nitrogen (L)

Ly,=min((Z¢,-N,/C, ) (N, +N.)), 4:20.

Annual foliage litter nitrogen (Ly ) is assumed to follow foliage litter carbon, after allowing for any re-
translocation:

N.
LNf:f[y/LC,f_f, 421
Cy

where fr is the fraction of foliage nitrogen net re-translocated into the plant prior to litter loss.
Measurements (Boerner, 1984; Chapin III and Van Cleve, 1989; Nambiar and Fife, 1991) suggest a
mean value of about 0.5 for this fraction.

4.10 Allocation in trees

A number of different modelling approaches have been used to calculate the allocation of carbon and
nitrogen within trees. In Hybrid and HyPAR v3.0 the approach to carbon allocation is to use methods
that encapsulate the basic functional constraints between the different tree parts, with nitrogen
allocation following carbon allocation using mostly empirical principles.

In HyPAR tree carbon and nitrogen allocation is calculated within each individual, following litter
production, at the end of each day (see Figure 7). Allocation is carried out annually in Hybrid but
otherwise the method is the same. Three constraints are used to calculate carbon allocation. First, it is
assumed that there is a fixed allometric relationship between diameter at breast height and woody
carbon mass (Eqns. 27 and 28 below). Secondly, it is assumed that foliage area is linearly proportional
to the sapwood area at breast height (Eqn. 31) and that there is a fixed fraction of sapwood that is alive
(f.; see Eqn. 36 below). Thirdly, it is assumed that there is a fixed ratio between the foliage and fine
root carbon masses (Eqn. 32). These constraints can be parameterised differently for each tree type.
Following carbon allocation, nitrogen is partitioned so as to maintain constant relative C:N ratios
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between the sapwood plus bark, foliage, and fine root compartments. As heartwood grows, sapwood
carbon and nitrogen become locked up until released by soil decomposition.

Assuming a fixed relationship between sapwood area and foliage area enables stem respiration to be
predicted from foliage mass if the fraction of sapwood that is alive is known. The assumption that this
live fraction is fixed is at least as important as the assumption that the foliage area/sapwood area is
fixed. The latter hypothesis is taken from the "pipe model" theory of Huber (1928) and Shinozaki et al.
(1964).

There are a far greater number of published measurements of foliage area/sapwood area ratios than of
living sapwood fractions and it has emerged that observed within-species variation in the former could
be accounted for by climatic differences (Whitehead et al., 1984; Mencuccini and Grace, 1995).
Unfortunately, there are insufficient (published) measurements of the latter to enable a similar
assessment to be made. Whitehead er al. (1984) suggested a method for predicting the foliage
area/sapwood area ratio from tree permeability and hydrological variables. Hari ez al. (1985) found a
very strong linear relationship between the number of non-water conducting tree rings and the number
of whorls of dead branches in Scots pine (Pinus sylvestris), showing that heartwood formation is
linked to the death of foliage as assumed in Hybrid v3.0 (Eqn. 18). In addition to the functions of
foliage water supply and support, sapwood also performs the important function of carbohydrate and
nutrient storage, and this function is incorporated into Hybrid (see below).

4.10.1 Carbon allocation

HyPAR, like Hybrid, assumes that daily cambial expansion is limited by the residual supply of carbon,
after accounting for litterfall, respiration, a minimum diameter increment, and replenishment of
sapwood storage. This residual carbon is allocated dynamically using a pipe-model solution between
new leaf, fine-root and wood increment.

At the end of each day the net, positive, carbon balance of each tree (C,; including any stored carbon
from previous years) is available for growth. If C, is negative (which can occur due to unfavourable
climatic conditions), then to conserve carbon the required amount is subtracted from the wood and
bark (Cy). It is assumed that a minimum fraction (f, ,,) of any available carbon is always used for new
wood plus bark growth. Consequently, C,, is incremented by this minimum amount (A4C,,) prior to any
further allocation (an allowance is made for growth respiration):

AC,=f o Ca (L= fao): 4:22.

The carbon available is reduced by this minimum allocation to the wood plus bark, and then
partitioned between the foliage, wood plus bark, storage, and fine root carbon compartments. The total
changes in these compartments, at the end of each day, are given by the differences between their
daily increments (after allowing for growth respiration; C;;,.) and their daily litter losses:

=Cjinc— Lcj» 4:23.

where the subscript j refers to f (foliage), w (wood plus bark), a (store), or r (fine roots). Because
storage carbon is used for the foliage, wood plus bark, and fine roots increments, including their
growth respiration, it must be true that:

(Cf,inc + Cw,inc + Cr,inc) /(1 - ng)+ Ca,inc =0. 4:24.
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Figure 7 Flow chart showing the daily calculations for carbon allocation and tree
growth

These four values of Cj;,. are calculated by searching for a new stem diameter at breast height (D)
within the three constraints given above by simultaneously solving Eqns. 25 through 34 below.

As mentioned, an allometric relationship is used to calculate woody mass from diameter.Total tree
wood plus bark carbon mass (subscript w), non-storage inside-bark woody carbon mass (subscript i),
and heartwood carbon mass (subscript /), are all calculated using the following expression (after
Cannell, 1984):

C=W+f)neH; Z P, 4:25.

where fq is the below-ground fraction (see below), 75 is the tree form factor, /] is height to the apex of
the relevant compartment, Z; is the cross-sectional area at breast height of the relevant compartment,
P 18 the mean wood plus bark density, and the subscript j refers to w, i, or A. Thus it is assumed that
this relationship, which was derived for total tree mass, also holds for inside-bark mass and heartwood
mass separately.

The global dataset collated by Cannell (1984) was used to estimate mean form factors for cold
deciduous broadleaved and evergreen needleleaved trees of 0.60 and 0.56, respectively. Also, using
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this source (and assuming that carbon is 50 % of oven dry weight), mean wood densities were
estimated to be 305 and 205 kg C m™, respectively.

The height to the apex of each compartment from the ground is calculated as an exponential function
of the compartment's diameter at breast height:

— b .
H;=a-Dj, 4:26.

where a and b are tree species-specific constants. These height allometry constants, and the below-
ground fractions (fy), were calculated from regressions developed by Young et al. (1980) for tree
species in Maine, USA. Regressions for six broadleaved and 7 needleleaved species, 30 to 120 ¢cm in
height, were used. The mean below-ground fraction was calculated to be 0.220 for cold deciduous
broadleaved trees and 0.222 for evergreen needleleaved trees. Mean values of ¢ and b for cold
deciduous broadleaved trees were calculated to be 28.51 and 0.4667, respectively, and the mean values
for evergreen needleleaved trees were 32.95 and 0.5882, respectively.

The cross-sectional areas at breast height of each component are calculated from their respective
diameters:

_T 2 .

The inside-bark diameter at breast height is calculated by assuming that bark thickness is a constant
fraction (f;) of total diameter:

D=D,-(1-2-71,). 4:28.

This fraction was estimated from Elias (1980) to be 0.033 of for cold deciduous broadleaved trees and
0.01 for evergreen needleleaved trees. Heartwood diameter is derived from heartwood area (Eqn. 18)
by solving Eqn. 29 for D,

Foliage carbon is assumed to be linearly proportional to sapwood area at breast height, thus:

. ZSW

, 4:29.
sla

Cr=1,

where 7], is the foliage to sapwood area ratio, Z, is the sapwood area at breast height, and s/a is the
specific leaf area. Mean values of 7), for cold deciduous broadleaved and evergreen needleleaved types
were calculated from Young ef al. (1980) to be 4167 and 3333 m” m™, respectively. Mean specific leaf
areas for cold deciduous broadleaved and evergreen needleleaved types were calculated to be 36.0 and
12.0 m* kg C”', respectively, from data for 6 species of each type (Knox and Friend, in prep).

Fine root carbon is assumed to be linearly proportional to foliage carbon, thus:

C.=1,,-C, 4:30.

where 17, 1s the ratio between fine root carbon and foliage carbon, and is assumed to be 1 for all types
(calculated for lodgepole pine from Pearson et al., 1984; Table 4).

Sapwood area is the difference between the inside-bark and heartwood areas:

ZSW:Zi_Zh' 431
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The storage of carbohydrate and nutrients is an important function of sapwood (Ryan, 1990). These
reserves are used to build new leaves and roots as required (McLaughlin et a/., 1980), and if low make
trees more susceptible to death in a fluctuating environment. Storage also helps trees survive the
effects of herbivory (Waring and Pitman, 1985). If sufficient carbon is available following allocation
to foliage and fine roots, the sapwood storage compartment of each tree is completely filled. This takes
priority over any stem growth above the minimum (Eqn. 24). The maximum potential size of the
storage compartment is assumed to be:

Co=f o Sy Cons 4:32.

where f,  is the fraction of live sapwood that can be used as storage, f, is the fraction of sapwood that
is alive (see below), and Cy, is sapwood carbon . f, , is estimated to be 0.67 for all tree types. Sapwood
carbon is given by:

Csw:Ci_Ch . 4:33.

Any carbon remaining following increments to the foliage, store, and fine roots (if the storage
compartment can be filled completely) is added to the wood plus bark (and consequently inside-bark)
compartment. This results in an increase in the sapwood area, making iteration necessary to find the
new value of D,,.

The priority for carbon allocation, once a minimum has been added to the wood plus bark, is first
foliage and fine roots, second storage, and third sapwood plus bark. The wood increment (Cy i) 18
found to an accuracy of 0.001% by iteration of Eqns. 25 through 34.

Because the heartwood area remains constant during the search for the new value of D,,, the sapwood
area can only remain the same or increase. Consequently, it may become apparent (following
calculation of the minimum wood increment) that there is not enough carbon available to produce the
minimum foliage and fine root requirements based on the current sapwood area. In this case, the
heartwood area is increased to keep the foliage area/sapwood area ratio constant, with no allocation to
the carbon store or to the sapwood plus bark (above that given in Eqn. 24).

Once the new diameter at breast height (D,,), heartwood area (Z;), and stored carbon (C,) values have
been found, the tree state variables are all re-calculated. The amount of living sapwood is a crucial
factor in determining stem respiration (Eqn. 9). It is assumed to be:

C.=f, Cy- 4:34.

Deciduous trees tend to have higher fractions of living sapwood (parenchyma) than evergreen trees
(Panshin et al., 1964), presumably because of the larger requirements in the spring for new foliage and
fine root growth (McLaughlin et al., 1980). Values of f, for each tree type were calculated from the
data for a wide range of North American species presented by Panshin et al. (1964). The mean value
for cold deciduous broadleaved trees is 0.170, and that for evergreen needleleaved trees is 0.0708.

Foliage area (Zy) is also calculated following carbon allocation:
Zy=sla-Cy. 4:35.
Total individual growth respiration (Fc ) is given by:
Fcre :(Cf;inc +Clinc +Cr,inc)' ng/(l — J e ) . 4:36.
From the foregoing, it can be seen that the model explicitly represents the trade-offs associated with

sapwood: its role as a water transport medium (Eqn. 31), its role as a storage compartment (Eqn. 34)
and its contribution to maintenance respiration (Eqn. 9). The different values of f, and 7}, between
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different tree types determine their relative strategic balances between stress tolerance and growth rate
(c.f. Grime, 1979).

4.10.2 Nitrogen allocation

If the carbon balance of the lowest foliage layer of the individual, C, (Eqn. 11), is below zero, a
proportion of the sapwood is turned into heartwood (Eqn. 18). Heartwood is also formed if insufficient
carbon is available to produce the foliage and fine roots that could have been supported by the
sapwood. If there is an increase in heartwood area, the corresponding increase in heartwood carbon
mass is calculated using Eqns. 27-29. It is assumed that, in the process of heartwood formation, an
equal proportion of sapwood nitrogen is turned into heartwood nitrogen (N,), and thus made
unavailable for any subsequent re-translocation during the life of the tree:

Ny 4:37.
d

p

where Gy 1s the increase in heartwood carbon mass and N, and C, are the respective amounts of
nitrogen and carbon in the sapwood plus bark.

It is possible to calculate the amount of labile nitrogen within each tree available for allocation at the
end of the day. It is assumed that, after litter production and any heartwood formation, all of the
nitrogen in the plant, excluding that bound into heartwood, is available for allocation to the foliage,
sapwood plus bark, and fine root compartments. The total amount of labile nitrogen available for
allocation (NV,,) is therefore given by:

Nav:Na+Nj'+Np+Nr_LN, 438
where Ly is the total amount of litter nitrogen (Lnw + Ln, + Lna + Lng ( Eqns. 21-23)).

Nitrogen allocation is calculated empirically to maintain fixed relative C:N ratios between the three
compartments. Thus the C:N ratio of any one tissue will vary as a function of nitrogen uptake and loss,
but the relative ratios between tissues will not change. If the partitioning coefficients (i.e. fractions of
total nitrogen allocated) to the foliage, sapwood plus bark, and fine roots are ¢, d, and e respectively,
then it can be shown that:

c=— 1 , 4:39.
F(l + (ZCW(f/p) ) Cp T Xenr) C, ))
;
and:
d= Xengp) ' © CP/C i 4:40.
and:
€= Xenan ' ©° Cr/Cf > 44l

where Ycnep) and Yener are the relative C:N ratios between the foliage and sapwood plus bark, and
foliage and fine roots, respectively. The first ratio, Yc.nep), Was calculated to have a mean of 0.145
across 9 species, in data reported by Turner (1980) and Turner and Lambert (1981). This mean was
calculated by including a 13% weighting for bark (sapwood and bark nitrogen contents were given
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separately from sapwood nitrogen). The second ratio, Xcnr, Was calculated from the data of Nambiar
and Fife (1991) for Pinus radiata seedlings to be 0.86.

The new tree nitrogen compartment sizes are then given by:
Nf:C'Nav’Np:d'Nav’Nr:e'Nuv’ 442
and N, is set to zero.

For HyPAR, these nitrogen compartments are constrained to a maximum proportional to (2.5 times) the
individual tree input value for foliage nitrogen content, f,,. Excess nitrogen is stored (,) and re-
allocated on future days.

Foliage nitrogen (IVy) is further divided into three compartments: Rubisco-bound, chlorophyll-bound,
and "other" (Evans, 1989). This partitioning is important for calculating photosynthesis rates. For each
mole of nitrogen bound in chlorophyll, 12.5 moles are bound in the thylakoid complex (Evans, 1989),
thus:

fN,Rub +125 fN,chl+fN,U: 1, 4:43,

where furw, fuen, and fy, are the fractions of foliage nitrogen bound in Rubisco, chlorophyll, and
"other" compartments, respectively. This other fraction is required by foliage for structural, nuclear,
and cytoplasmic material; the rest being available for the thylakoids and Calvin cycle enzymes. It is
logical that these last two compartments should be given priority if foliage nitrogen increases;
consequently, the amount of nitrogen in the other fraction will remain constant if leaf structure does
not change (Evans, 1989). Therefore, in this model, it is assumed that fy, falls as foliage nitrogen
increases. Indeed, Evans (1989) reported that when foliage nitrogen in spinach increased from 1.05 g
m? to 2.80 g m> (on a leaf area basis), fn, fell from 0.595 to 0.470.

It is observed that, on a projected foliage area basis, evergreen species often have higher foliage
nitrogen contents, but lower maximum rates of photosynthesis, than deciduous species (Field and
Mooney, 1986). A possible explanation for this is that, because the foliage of evergreen species must
be displayed for more than one year, it makes evolutionary sense to invest relatively more resources,
including nitrogen, in antiherbivory compounds (Gulmon and Mooney, 1986) and so less nitrogen is
available for photosynthetic compounds such as Rubisco (Field and Mooney, 1986). This relationship
between foliage longevity and fy, is included in the model.

A guide to the relative investment of foliage nitrogen in photosynthesis between cold deciduous
broadleaved and evergreen needleleaved tree types can be obtained from a comparison of their relative
maximum rates of photosynthesis and specific leaf areas. Korner (1994) reported that the maximum
rate of photosynthesis in boreal conifer trees is about 29 % greater than that in temperate deciduous
trees (N.B. when expressed on a projected foliage area basis). If it is assumed: (i) that the foliage used
for these measurements had the s/a values given above; (ii) that these maximum rates of
photosynthetic are determined by Rubisco and chlorophyll contents; and (iii) that both types have the
same foliage C:N ratios, then, to account for the difference in the observed maximum rates of
photosynthesis between the two types, it is necessary for the deciduous trees to have allocated 50%
more foliage nitrogen to Rubisco and chlorophyll than the evergreen trees. This difference is included
in Hybrid and HyPAR by making the intercept (a,) in the relation between fy, and N (foliage nitrogen
content expressed on a leaf area basis: Eqn. 7), a species-specific parameter:

fno=a,—T14N, fy,201. 4:44,

The slope of this relationship was derived from Evans (1989) as explained above. With a, set to 0.67
for cold deciduous broadleaved trees and 0.83 for evergreen needleleaved trees, the difference in fy,
between the types is consistent with the observed maximum rates of photosynthesis. Comparison of
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the relative foliage nitrogen and photosynthesis measurements between non-evergreen and evergreen
species, reported by Field and Mooney (1986), yields similar values to those derived here.

The ratio of fyrw tO fuch (Xruven) TEpresents the relative investment in light harvesting and dark
reaction machinery, and so can be considered as an adaptation to different levels of irradiance. Evans
(1989) gives values of fy ru for a range of crop species, with a mean of approximately 0.21, and values
of fn.cn for a wider range of species, under conditions of both high and low irradiance, with a mean of
0.023. Thus, a reasonable value for Yrupch 1S 0.21/0.023 (= 9.13).

4.11 Root distribution

In Hybrid v3.0, each tree individual has a known mass of fine roots and belowground woody material
but their spatial distribution is not required for the model. A three-dimensional soil submodel has been
added to HyPAR v3.0 to account for tree/crop interaction in an agroforestry system, so it is necessary
to distribute the tree coarse and fine roots between horizontal plots and vertical soil layers.

The distribution of roots used in a given model run depends on the method of light interception. If the
aboveground canopy is assumed to be uniformly distributed then the belowground roots are similarly
assumed to be horizontally homogenous. If the canopy is disaggregated then the root distribution is
also spatially explicit and three-dimensional. In both cases, there is an exponential decline of root
length per unit soil with depth and a similar decline away from the tree in the disaggregated case.

4.11.1 Vertical distribution

The maximum depth, Ryp (mm), reached by the roots is estimated from tree height (m),
R,, =1000 f ,H 4:45,

where f;, is a species-specific parameter. Ryp is constrained by the maximum soil depth. For each tree,
the fraction of the total biomass of fine roots, F/;, found in each vertical layer of soil is

(_ di—l/thW (_ di/th}
F/ = 2 —2 - 4:46.
1- 2(_ RTD /th

where d; is the depth to the bottom of layer i, and R, is the depth at which the fine root length per unit
volume (RLV) has declined to half that at the surface. R,, is a function of the potential maximum
depth (unconstrained by the physical limit of the soil),

R, = iR 4:47.

The fraction of total coarse roots in each layer, F, is found similarly, but R,, is replaced by the 'half-
depth' for coarse roots (= 0.5R,,).

The length of fine (cm) in each layer i is thus

F'C
RLV =—— 4:48.
n
where C, is the total carbon in fine roots for the tree and 7 is the linear density of root material.

4.11.2 Spatially explicit distribution

The maximum distance (m) that roots reach away from the tree, Ry, is estimated from tree height
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R, = f.H 4:49.

and the diameter of the rooting zone is therefore 2Rzy. The fraction of root located below each plot
square (i.e. soil column) is found by calculating a weighting factor, RWF, for each plot, p, and
dividing by a normalising factor which is the sum of the RWF over all plots within the potential
rooting zone (ignoring the field boundaries),

2(_ (Wp - g)/RhwW _ 2(_ (Wp + g)/Rhw\

RWF] = , 4:50.

., RWF]
F p == 4:51.
RWF ;
P
where f denotes fine roots, w, is the distance from the tree base to the mid-point of plot p, g is 0.5xplot
size and R, is the distance at which the RLV has declined to half the value directly under the tree,

Rhw = fhwRTW 4:52.

The sum of the fractions across the field may therefore be less than one, accounting for roots that
extend out of the field area (a plot is considered to contain roots if the mid-point is within Rzm from
the tree). The distribution of coarse roots, F,°, is calculated the same way but replacing R, with the
value for coarse roots (0.5xR,,).

The length of fine root in each soil cell (plot p and layer i) is thus
s
n

RLV 4:53.

4.12 Phenology

The ability to sense when foliage display will yield carbon gains without undue risk of frost damage is
an important feature of all cold deciduous plant species. Cold temperate trees usually burst bud after a
threshold accumulated number of day-degrees, but there is also a progressive loss in the day-degree
requirement with more intense chilling (Cannell & Smith 1983).

Tree species in wettest tropical areas may have some leaf flushing in every month of the year, but
there are normally seasonal peaks (Longman & Jenik 1987). Peak bud-break often occurs just before
the onset of rains, though it may sometimes occur after the main rains (Whitmore 1975). The trigger
for flushing is therefore not solely soil water content, and many species appear to demonstrate a period
of dormancy when even heavy rains cannot stimulate bud-break. Additional factors like temperature
and photoperiod are likely to be involved (Longman 1969). Buds tend to be maintained in a ‘pre-
dormant’ state by inhibition from mature leaves (Wareing 1969), and out-of-season flushing can be
stimulated by defoliation caused by caterpillars (Germain & Evrard 1956). Bud dormancy and growth-
flushes are normal growth patterns for tropical tress, even in fairly constant climates, and many
species have dormant buds for 9-10 months in a year. Very fast growing species show little dormancy
(Coombe & Hadfield 1962), whereas other pioneers show marked dormancy, especially as they age
(Njoku 1963, Addicott 1982).

The physiological factors that induce a change from active shoot growth to terminal bud dormancy
appear to include both external and internal factors. Shortening day-length and cooler nights induce
dormancy in some species (Longman 1969, Singh and Nanda 1981), but other factors like the red/far-
red ratio of light, water stress and nutrient shortage will also be important. Internal conditions within
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the tree also control the onset of dormancy, with each shoot flush confined to those leaf and stem units
that are pre-formed in the bud. With rapidly growing young stems leaf production may deprive the
growing tip of sufficient photosynthate and, in many cases, stems can be induced to continue
extension growth if young expanding leaves are removed (Hallé & Martin 1968).

This model incorporates the interaction of chilling and bud dormancy in calculating the day-degrees
required for budburst in cold-deciduous species. In dry deciduous species, it assumes that buds are
burst as soon as soil water potentials rise above a given threshold (-1.5MPa). It may be necessary to
introduce a photoperiod parameter to simulate dormancy and bud-burst in tropical deciduous trees.

A parameter, ptype, defines the phenology type of each tree species in the model. The selected type
can be; evergreen (leaves present all year), cold deciduous (leaves only in summer, summer defined by
degree-day requirement) or dry deciduous (leaves lost if soil below a critical water potential). HyPAR
allows for two additional options. The first is similar to dry deciduous but rather than lose the leaves
as soon as the soil water potential reaches the threshold, the leaves slowly decline over a period of 10
days (and take 10 days to be re-established after rain). The second option simulates the action of a
species grown in some agroforestry systems where the tree loses its leaves at the start of the cropping
season.

4.13 Tree Management

4.13.1 Pruning

Lower-branch pruning is always assumed, at a user-supplied percentage of canopy height.
Regeneration takes place from stored carbon in sapwood, with the pipe-model attempting to restore
the optimum live sapwood area/ foliage area at a speed controlled by the reserve mobilisation factor
(fn) which is the maximum proportion of total tree carbon which can be extracted each day from
reserves.

4.13.2 Coppicing

Coppicing is specified via the tree management dialogue and entails the removal of all aboveground
wood and foliage. This is either removed from the site or applied to the surface. Regeneration takes
place from stored carbon in sapwood, controlled by the reserve mobilisation factor (f,,,), which is the
maximum proportion of total tree carbon that can be extracted each day from reserves.

4.13.3 Thinning

The above ground parts of named trees are removed at a time specified by the user. Wood and foliage
can optionally, and separately, be applied to the soil or removed from the site.
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4.14 Parameter Summary

Parameter | Code name Short description See section
Kpir kpar PAR extinction coefficient 4.2
Koy ksw SW extinction coefficient 4.2
Olpr rhop PAR reflection coefficient 4.2
sy rhos SW reflection coefficient 4.2
frr fturn turnover rate of foliage 4.9.1
frw wturn turnover rate of wood 4.9.1
fir reurn turnover rate of fine roots 4.9.1
sla sla specific leaf area 4.10.1
1 bark ratio of dbh to bark thickness 4.10.1
1y lasa ratio between leaf area and sapwood area (m2 m-2) 4.10.1
a ah allometry parameter for dbh (m) to height (m) 4.10.1
b bh allometry parameter for dbh (m) to height (m) 4.10.1
Ch ch allometry parameter for crown diameter (m) Chapter 5
Jst stf proportion of woody biomass below ground 4.10.1
Ny rlratio biomass ratio between fine roots and foliage 4.10.1
for freoeff foliage nitrogen retranslocation coefficient 4.9.2
for rrcoeff fine root nitrogen retranslocation coefficient 4.9.2
fom rmf reserve mobilisation factor 4.13.1,4.13.2
P woodd mean wood and bark specific gravity 4.10.1
Nr formf tree form factor 4.10.1
XCNEp) Jsr ratio between C:N ratios of foliage and sapwood + bark | 4.10.2
XN frr ratio between C:N ratios of foliage and fine roots 4.10.2
v live proportion of sapwood alive 4.10.1
Jost storef maximum proportion of live sapwood used as C storage | 4.10.1
. nupc N uptake parameter (not used in v3.0) 4.8
Nomax ngr factor for maximum leaf conductance to CO, 4.6
Donin gmin minimum cuticular conductance to CO, 4.3
IN.Rub pruba proportion of foliage nitrogen bound in Rubisco 4.10.2
Y Rub/chl nrc ratio of fNrub tO fN.chi 4.10.2
iear d leaf leaf characteristic dimension 4.7
ptype ptype potential species vegetation type 4.12
Jre ref factor to allow for growth respiration 4.9.1
JFrom wmf factor for calculating minimum wood mass increment 4.10.1
n TreeRWL root weight per unit length 4.11.1
fra roothd factor for root distribution half depth 4.11.1
Jra rootdf factor for rooting depth from height 4.11.1
fiw roothw factor for root distribution half width 4.11.2
Frw rootwf factor for rooting width 4.11.2
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5. Canopy Disaggregation

A numerical model of light interception in an agroforestry setting has been developed for HyPAR v3.0
and is provided as an option in the model. Light models frequently fall into two categories: either (a)
assuming continuous canopy cover, or (b) modelling each individual tree in detail. The former causes
problems because there is no part of the undergrowth that receives unobscured irradiation, and the
latter is too computationally expensive for most situations.

This new model borrows techniques from signal processing to reduce the computation, yet retains the
idea of individual trees. A two dimensional digital filter is calculated for each individual, and is
applied to a plan of Kronecker delta functions, representing the tree locations. The computation time
scales very favourably as the number of individuals is increased.

A standard overcast sky model determines the incident light. The algorithm is not limited to this sky
model, but any direct light component would require the filters to be recalculated for different sun
positions.

5.1 Tree Representation

5.1.1 Geometry

A tree crown is represented by a three-dimensional ellipsoid (or optionally an upper hemi-ellipsoid,
but this option is not enabled in HyPAR v3.0). The three semi-axes, r, r, and r., define the size of the
tree crown, and three spatial co-ordinates, X ,Y,,Z,, fix the location of the centre of the ellipsoid.
Figure 8 illustrates a typical example. The advantage of a three dimensional ellipsoid is that it can

approximate to a variety of shapes, from a tall narrow crown, as for many species of conifer, through
to horizontally elongated "cigar" shaped hedges.

Figure 8 Typical dimensions of trees in HyPAR v3.0
5.1.2 Tree Locations

The size of the field used for simulations in HyPAR v3.0 is given by two dimensions (x and y) in
metres. The origin is assumed to be the lower left corner.
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The field is subdivided into plots by specifying the required dimension of the plots. The plots are
assumed to be square, and the number of plots in each direction is determined internally by HyPAR
using the input field size and plot size. If necessary, the right and top edges of the field are ignored. A
maximum of 20 divisions is allowed per side (i.e. 400 plots maximum). If there are many plots, the
shade pattern will be more accurate but the simulation will take much longer to run. Within HyPAR,
and in the output files, the plots are numbered one to n as shown in Figure 9.

A
2112223 [24]25
16]17[18 [19 J20 ®
m 11]12]13 14 [15 ®
6| 7[8]9]10
v 1]2]3]4]s
< > —_—
—

Xm

Figure 9 Numbering system for representing trees in field (maximum of one tree per plot)

The position of the trees is given in metres away from the reference point. In HyPAR v3.0, the
positions are adjusted automatically so that each tree is placed on the nearest plot centre. This may
mean that two trees are placed on the same point particularly if the gridsquares are large - if this
happens the program will stop and the input tree positions must be adjusted or the gridsquare size
reduced. The three radii, extinction coefficient and leaf volume index are then known for that grid
square.

Light interception by a particular crown volume is treated as though it were the only individual in the
plot, so careful consideration must be made when specifying densely spaced canopies. Rows of trees
could be approximated by specifying a single individual with a particularly elongated crown radius in
one dimension rather than many individual trees.

Each tree is assumed to grow across the whole field; each tree may shade the whole field and the roots
from any tree can reach into any gridsquare (crop is grown independently in each gridsquare).

5.2 Light Incident under the Canopy

5.2.1 Canopy Light Interception Properties

As aray of light passes through the ellipsoid, its intensity is reduced according to Beer's law,

_ _kL .
Lavsorved = Lincident e 5 5:1

where £ is the species dependent extinction coefficient (i.e. how opaque the leaves are), and L is the
leaf area index traversed by the ray.

Ignoring reflections, as we do in this model, the transmitted intensity is given by the incident minus
the absorbed, or

— kL .
Itmnsmitted - Iincident (] - e ) 5:2

In order to calculate the transmitted intensity therefore, two unknowns must first be found; ;. izens 18
the brightness of the sky in that direction, and L, which is directly proportional on the path length
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through the crown. Each individual tree has a fixed total leaf area, and a "Leaf Volume Index", D is
defined as the leaf area density, or

LeafA4
p = LedArea 53
Volume
The volume of the crown is given by
2
V= ?nﬂ' X abc 5:4

where n=1 for a hemi-ellipsoid and #»=2 for a full ellipsoid.

The leaf volume index, D, will only lead to an accurate leaf area index, L, if we assume that the crown
is not composed of leaves, but is a homogeneous, isotropic absorbing medium.

5.2.2 The Unobscured Sky

In the first instance, a general method for calculating the incident energy on the ground surface is
developed. This is then extended, to calculate the energy absorbed by the crown, which would have
otherwise fallen upon the same ground position.

It is well known that the light intensity falling on horizontal plane is given by integrating the
brightness over the whole hemisphere of the sky, thus:

2r w2
1,= Bo( 6,0 )cos@sin@db do 5:5

0 0
where By (6,¢) is the brightness function for the sky model.

HyPAR assumes a Standard Overcast Sky model, as described by Steven & Unsworth (1980),
normalised to the overhead brightness,

(1+bcos@)
1+b

By(0.9)= 5:6

where b is set to 1.23, as found by Steven & Unsworth in the above paper. Equation 6 is independent
of azimuth, ¢, assumes a diffuse source with no direct component and the brightest direction being
directly overhead. This precludes the consideration of the Sun's position in the sky, and is therefore
independent of the time of day, or season.

5.2.3 Locating the Obscured Sky

The solid angle of sky that the tree crown obscures varies, depending on the relative displacement of
the viewer from the tree. If the tree is seen to be at a great distance, then only a minute proportion of
the sky will be obscured and thus will be detracting very little from the incident radiation at the point.
However, as one approaches the tree, the proportion of obscured sky increases, until a maximum is
reached directly under the tree. If the crown is defined to be an upper hemi-ellipsoid with its centre on
the ground, then the entire sky is hidden. This fact is exploited in order to calculate numerically the
unshaded incident light intensity.

Figure 10 shows how the cuboid enclosing the crown imposes an upper bound on the obscured solid
angle. The projection of Figure 10 onto the XY horizontal plane allows the maximum A¢ to be
calculated by elementary trigonometry. The same Figure, projected onto a vertical plane with azimuth
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normal to the line of sight to the centre of the crown, results in the maximum A¢. We now have the
limits of our integral defined, which can be written as:

Ia= 4 2o Ba(0,0)cosOsin®db do 5:7

Note that /, and B, are now used, instead of /, and B, in Equation 5, because the problem is to find the
amount of light absorbed by the crown within these limits of azimuth and zenith, hence the subscript
a.
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Figure 10 Cuboid representing the solid angles of space obscured by a tree for a point (x.y)
on the ground

5.2.4 Path Length Through the Canopy

The brightness of the ray falling on the ground is modulated by its path length through the crown, as
well as its original brightness on the hemisphere of the sky. The attenuation in the crown is given by
Beer's Law (Equation 1) which requires the path length through the absorbing medium. This section
develops the algorithm for calculating this path length. An ellipsoid in three dimensions with its
centre at (xg, Vg, zp) is to be defined by the equation:

(=), 0=2)", (=2) _,

> 5:8
r, r, v,
If we let x'=x—x,,y'=y—y,x" and z'=z -z, then we can rewrite Equation 8 as
2 2 2
XLV LT
Tt 3= 5:9
roonon

The general line segment AB has a direction vector (x;-X,, V»-Va, Zp-z) and parametric equations:

xZXa+t(Xb_Xa)
Y=y, (v, —y,) 5:10
z2=z, (2= z.)
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Substituting Equation 10 into Equation 9, letting X=x,-X,, Y=yy-y. and Z=z,-z, leads to:

2 2Xx 24+ 32
Xt2+ ¢+ Xa X0
2 2 2

rx rx rx

+...=1 5:11

and similarly for y and z.
Since Equation 11 is a quadratic of the form at’ + 2bt + ¢ = 0, it can be solved analytically, thus:

_ btAp’ 4ac

t, Py 5:12

The two solutions, £, and f,, represent the ray's entry and exit points on the surface of the ellipsoid

respectively. The line segment, S, between these two points is the path through the ellipsoid and has

length
|S|=\xi+y. +2 5:13

where x, = X(t, —t,), etc.

If the crown is an upper hemi-ellipsoid, then the intersection of S and the horizontal plane z =z,

gives a third point along the line. The distance between this point and the entry point on the surface of
the ellipsoid is then used as the path length.

Beer's Law can now be applied to the incident ray to calculate the energy absorbed by the crown from
that part of the sky, completing the integrand. The integral can now be performed numerically, using a
two-dimensional Gaussian quadrature algorithm.

5.2.5 Two Dimensional Convolution
Following the procedure outlined in the preceding Sections generates a map of incident light intensity

on the ground surrounding the tree. Shadow is obviously most intense directly under the tree and
decreases away from the trunk.

Single tree "Filter"
Two trees

A

Figure 11 One-dimensional convolution of shadow around adjacent trees
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Shadow over the whole plot is tackled by applying two-dimensional convolution. Figure 11 shows a
simple one-dimensional filter, input series and output series.

The filter's job is to make a copy of itself, scaled by the input as the input series is fed through it. This
process can be represented as

J

where z is the output series, x is the input series and f'is the filter. The input series in Figure 11 is
simply the sum of three Kronecker delta functions, f'= 0,(i,) + 04(1;) + i(1;), such that it is zero

everywhere except 7,, i, and i,, where it has the value of one.

The particular algorithm developed was based on one dimensional code Claerbout (1985), but
extended to two dimensions, and given the ability to Apick out non-zero integers, and set them to one.
This latter ability is important to allow more than one shape of crown to be present in the plot, in that
the same input can be convolved with different filters, without having to have separate inputs for each
shape of crown. However, within HyPAR v3.0, the trees grow and change crown size on a daily basis.
This means that a separate filter is required for each tree, not tree class as originally designed.

Each time a convolution takes place, the resulting map of absorption by that particular shape of crown
is subtracted from the unobscured incident light map. It is important to bear in mind, however, that
each filter is calculated based on an otherwise unobscured sky. There is no interaction between crowns
of differing shape.

5.3 Shadow output

5.3.1 Shadows Between Trees

In an attempt to verify the validity of the filter and convolution method, two distinct models were run.
Both had hemi-ellipsoidal trees (Table 1) arranged on a ten metre regularly spaced grid.

ZO rx ry rz d LA

1.0 1.976 1.976 4.0 0.5 50.0

Table 1: Standard Tree showing dimensions (Figure 8 & leaf area LA)

The first consisted of four standard trees forming a square, and the second had the surrounding twelve
trees included in the plan (Figure 12).

The actual area of interest is limited to the ten metre square bounded by the four innermost trees, as
this is the basic building block for a regular square pattern of planting. Any differences in the light
intensity pattern in this square must be due to inaccuracies in the model, caused by insufficient
interaction between trees.

Figure 13 show the distribution of light around sixteen trees. This is very similar to that around four
trees. The differences between the two models are very low indeed, remaining below 2% virtually
everywhere.

Figure 14 shows that around 80% of the surface area of a field with 5m tall Fucalyptus receives
between 90 and 100% of full diffuse light, and pruning makes little difference.
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Figure 13: Percentage difference between sixteen and four trees.
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Figure 14: Distribution of shadow cast by different pruned trees. Basic trees are 8m high, hemi-
ellipsoidal, K = 0.5, LAI - 25, and 5m apart. Pruning has removed the crown below four metres (tree
one), three metres (tree two), two metres (tree three) and one metre (tree four).



Figure 15 shows the importance of tree spacing, with 60% of the area receiving 40% or less of
incident radiation at a 2m tree spacing.
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Figure 15: Distribution of shadow cast by same basic trees as in Figure 14, but planted at 4
different spacings.

With identical trees planted at regular spacings, the filter convolution method described here can
provide a rapid estimate of shadow pattern and intensity across a field. However, HyPAR v3.0 allows
the user complete flexibility to specify the starting location, dbh, height, crown shape, leaf areca
density, light absorbivity, pruning method etc, and each tree grows independently thereafter. This
means that filters must be calculated for each individual tree rather than a 'class' of tree, and
potentially involves a significant computing overhead were such calculations to be made daily for each
tree. Thus, the model currently only recalculates shadow filters when an individual tree has increased
or decreased its Leaf Volume Index by 3% or more. Photosynthesis, respiration and carbon
partitioning calculations continue to be conducted daily as described in Chapter 4.

The shadow convolution technique is acceptably accurate given the standard overcast sky assumption.
Overlapping crowns, or sky-brightness models assuming anisotropic radiation and low-sun angles,

would greatly increase computation time and possible errors.

Techniques described in this Chapter predict daily light penetration to crops growing below trees.
Light interception and photosynthesis of trees is as described in Chapter 4.
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6. Water Cycle

‘In many temperate Northern Hemisphere environments, the crop water supply can often be assumed
to commence with a full soil water profile in spring, thus escaping any early water entry constraint. At
this time evaporation is also low, and rainfall generally reliable. By contrast, in semi-arid tropical and
subtropical regions, water related physical conditions early in the crop's history are particularly
precarious, with a high probability that one or more of the processes of water entry, redistribution,
extraction, evaporation and drainage will constrain the performance of the crop. It follows that realistic
simulation of crop performance in these regions requires a model for water supply that treats, in a
rigorous way, all components of the water balance’ (Williams et al/, 1991).

A multi-layer water balance simulation is a key component of the HyPAR model. This simulates
rainfall interception, evaporation from foliage, soil evaporation, infiltration, vertical redistribution of
soil water and drainage.

6.1 Soil Profile Specification

The soil profile is divided into a number of discrete layers (maximum 15) in conventional fashion (e.g.
Jones & Kiniry 1986), with narrower layers near the surface where changes that are more dynamic
occur, and wider layers at depth. A reasonable approach has been found to be to use nine theoretical
soil layers for a 1.5m profile, with widths increasing from 10mm at the surface to 500mm at depth.
Evett & Lascano (1993) suggest that a surface layer as narrow as 2mm may be needed for accurate
simulation of evaporation using an energy balance approach. This would be impractical in the
simulation, as narrow surface layers require significantly more computation during rainfall events.

Each soil layer may have different soil type as defined by the sand, silt and clay content and the bulk
density.

6.2 Aboveground Water

The Hybrid model was designed for global application and HyPAR retains some features not usually
found in tropical agroforestry models! For example, there can be a snow pack and, if the minimum
night-time temperature is below 0°C, the precipitation is assumed to fall as snow and is added to the
snow pack. The snow melts gradually and is added to the surface soil water pool when the temperature
rises.

Precipitation is intercepted first by the tree canopy then by the crop canopy, when both are present.
Rain intercepted by the tree canopy is calculated as a linear function of leaf area index as in the
FOREST-BGC model (i.e. 0.0005 m LAI" day™: Running and Coughlan, 1988). Potential evaporation
is calculated using the Penman-Monteith equation (Monteith and Unsworth, 1990, Eqn. 11.26a, p.187-
separately for day and night) and any excess tree-canopy interception compared to potential
evaporation is assumed to pass through the canopy (throughfall) to the crop or soil. The same
interception and evaporation method is applied to the crop canopy (allowing for patches of bare soil if
crop cover is less than one). Throughfall is added temporarily to a soil surface pool (the ‘puddle’).

Each day, some water in the ‘puddle’ is lost by evaporation and some infiltrates into the surface layer
of the soil. Excess water is lost as runoff. Water in the soil moves between vertical layers where it may
be taken up by plants or may eventually be lost to the system as drainage.
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6.3 Water Movement

In the case of soil water movement and storage there are at least three approaches to modelling the
basic processes and a range of formulae for generating the necessary parameters from more basic and
readily available data. Adopting one set of equations rather than another may significantly affect the
performance of the model, or it may not. However, it cannot be assumed in advance that the choice is
irrelevant. Bypass flow in cracks may also be important, and information on cracking patterns is
scarce.

HyPAR v3.0 offers alternative submodels for the soil water processes. In addition to the water
submodel from PARCH (Crout et al. 1997), the user may also select a soil water movement model
(SWM) that offers a menu with a range of 13 different combinations of water transport and
pedotransfer functions (q.v.). These are listed in Table 2 and fully described in the following Sections.

Transport model
‘SWM’
‘PARCH’
Tipping bucket | Brooks-Corey | van Genuchten
. E Campbell ( )
? & Rawls
g3
S ¥ Mishra
S =
A & Tomasella &
Hodnett

Table 2: The thirteen combinations for soil hydrology within HyPAR v3.0

Where no information is available to narrow that range, the HyPAR menu should be explored. For any
given site, local knowledge is invaluable in evaluating which choices should be made. Details of the
simulated soil hydrology are sensitive to that choice; system-level properties may be less so.
Nevertheless, caution is advised when applying ecosystem models to environments for which they
have not been calibrated and for which parameters have to be obtained indirectly.

Although no measured data are available for comparison, it is safe to conclude that the tipping bucket
model underestimates transport to depth. This is because simulated flow occurs only when the upper
layers are nearly saturated, which is clearly unlikely. One of the other two transport models should be
used instead. Most ecosystem models employ some version of the Brooks-Corey model because it is
superficially simpler than van Genuchten and because the majority of published pedotransfer functions
(PTFs) provide Brooks-Corey rather than van Genuchten parameters. Neither of these factors provides
conclusive grounds for the choice of model; both may be implemented in a few lines of code, and
Brooks-Corey and van Genuchten parameters are interconvertible. That being the case, the greater
internal consistency of the van Genuchten model (which cannot produce k values in excess of ki:
Arah, 1996) suggests that van Genuchten should be the default option.

Whatever the choice of transport model, its implementation depends on a number of parameters that
must be derived from more readily available soil physical data. The formulae employed are the
pedotransfer functions. SWM currently offers four options, one (Campbell 1974) purporting to be
based on theoretical considerations, one (Rawls ef al 1991) the result of direct regression of fitted
parameters on physical data and two (Mishra et a/ 1989, Tomasella & Hodnett 1996) obtained
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indirectly by regressing points on 0-y-k curves against physical data and subsequent fitting of these
regressed points to the equations of the Brooks-Corey model.

Although they cover a wide range of soil textural classes, none of the PTFs offered by SWM is
universally applicable: they have usually been developed from limited datasets, and generally only
from temperate regions. The Tomasella-Hodnett scheme is unique in this respect, having been derived
using data from tropical Brazilian soils. More work is required to develop reliable, and, if possible,
generally applicable PTFs. At present, the user of SWM (and by extension, of HyPAR) must select the
most appropriate PTF for him/herself.

It should also be noted that even the rudimentary soil physical data required by these PTFs is rarely
available for depths greater than 1-2 m. Water retention in such layers may play an important role in
semi-arid regions, where trees may obtain a large proportion of their water from deep roots.

6.4 PARCH soil water model option

The hydrology approach in the PARCH model has been retained as an alternative to calculate:
evaporation, infiltration, redistribution by Darcy’s law, drainage and macropore (crack or preferential)
flow.

Solving Darcy's equation, particularly in dry soils, can be a numerical problem of some size (ten
Berge, 1992) and thus some compromises are necessary if the simulation is to run within a reasonable
time. One approach that was examined was that used by Campbell (1985), involving a separation of
variables and Matric Flux Potential (MFP). This was found to give reasonable results, but had the
disadvantages of low speed and difficulty in identifying elements that could be modified to simulate
management interventions, and was unable to simulate adjacent layers of different soil types. It was
decided that the simpler and faster finite difference form of Darcy’s equation would be used, as
outlined by Hillel (1977).

A number of empirical relationships have been taken from Campbell (1985), which describes soil
characteristics in terms of fractions of clay, sand, silt and bulk density. In the simplest case, the user
can enter values for these and the program will calculate the various parameters used by the water
balance sub-models.

The minimum soil-specific inputs are: fraction clay, fraction silt, fraction sand and bulk density. From
these the model can estimate: permanent wilting point, field capacity, saturated water content and
saturated conductivity. This allows the model to be run with data found in most rudimentary soil
surveys, but also allows for greater accuracy if more detailed experimental data are available, as all
values can also be input manually.

6.4.1 Parameters
The relationships used for estimation of the above parameters are as follows.

6.4.1.1 Saturated water content

The total saturated capacity g, - (cm3 cm3) for a given soil (total porosity) is calculated as

BD
0 =] - — 6:1.
SAT 26

where: BD is the bulk density in g cm3.
Inclusion of the bulk density parameter is useful, as it enables the effects of tillage and compaction on

hydraulic properties and moisture retention to be calculated (Campbell, 1985), and thus allows for the
simulation of management interventions.
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The approach described below makes calculations based on 'field saturation' (FCsat - cm3 cm-3) rather
than total pore saturation (calculated above), which is given as

FCsat=0.86,,, 6:2.

6.4.1.2 Field capacity

'Field capacity' (FC - cm3 cm3), for the purposes of the simulation is defined as the water content of
soil which has been wetted and left for 1 to 3 days initial redistribution (van Laar et al., 1992), and is
calculated as

FC=0.5%x6,,, 6:3.

6.4.1.3 Permanent wilt point

The permanent wilt point is the minimum plant available water where plants do not recover turgor
overnight (MinAW - cm3 cm3) as defined by van Laar et al. (1992). It is usually around a soil matric
potential of 160 m, but can be approximated as

MinAW = % 6:4.

6.4.1.4 Hydraulic conductivity

K, the saturated conductivity (kg s m-) is calculated from soil texture using the method outlined by
Campbell (1985)

13 13b (695.-377.)
Keyr=4x1073] = exp' e s 6:5.
SAT | BD P

where: f, and f; are the mass fractions of clay and silt entered by the user.

Unsaturated conductivity is then

| 6:6.

where: m = 2b+3 (as derived by Campbell, 1974), q is percentage water content, q,,, 1S percentage
water content at field saturation, and b is a parameter whose derivation is outlined below.

6.4.1.5 Matric potential

The matric potential (y,,) is defined as the amount of work, per unit mass of water, required to
transport an infinitesimal quantity of soil solution from the soil matrix to a reference pool of the same
soil solution at the same elevation, pressure and temperature (Campbell, 1985). Many methods of
estimating this potential from soil moisture content exist, but most are data intensive, requiring several
paired measurements of water content and potential. Although providing a more accurate solution,
these methods are not acceptable for the model described in this thesis, as the data requirements are
prohibitively complex for most users.

Two methods of estimating y,, from water content that have a less stringent data requirement have
been examined for use with this model.

The first, which is fully described by Campbell (1985), is as follows. The soil matric potential, y,, is
calculated from
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6:7.

Vi = V.l

where: b is a constant derived below, and W, is the air entry potential.

These terms are obtained by first calculating the air entry potential at a standard bulk density of 1.3 g
Cm-3’ yes

0.5

Wo = - —— 6:8.
Vg

b= -2y, + 020, 6:9.

where: d, is the geometric mean particle diameter (mm), and,G, is the geometric standard deviation.

These are calculated from the soil mass fractions of clay and silt, using standard diameter values
(Shirazi & Boersma, 1984). Finally y, is given by

0.67b

BD| . 6:10.

V., = Wes'ﬁ

The second method is taken from the approach of Gregson et al. (1987). Here, a B parameter is first
calculated from the water content and potential at field capacity.

B= —ln(l//FC)_p 6:11.

In(6pc)+q

where: p and g are parameters given by Gregson et al. (1987) as -7.89 and -4.02 respectively, Y is
the negative of matric potential at field capacity, given as 0.005MPa, and 0 is percentage water
content at field capacity.

This can then be used to estimate the potential (y - MPa) at any given water content, using
B
y=-cP(c’0) 6:12.

where: q is percentage water content, and B is defined above.

Both of the methods outlined above have minimal data requirements. The Campbell method has the
advantage of relating particle size distribution to matric potential, which is likely to give results that
are more realistic over a range of soils. The Gregson approach has one obvious shortfall when used as
outlined above i.e. potential at any water content is linked to a reference potential at field capacity, and
this is in turn derived from bulk density. Therefore, the entire moisture release curve is modified only
by bulk density, if the user has not supplied an actual measurement of field capacity.
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Figure 16: Comparison of moisture release curves derived from the method of Gregson et
al. (1987) and that of Campbell (1985)

Figure 16 shows the moisture release curves produced by both methods, using parameters derived
from a clay, a silt, and a sandy soil, all with constant bulk density. It can be seen that the curve derived
by the Gregson method is calculated as being the same for each soil type. This is because bulk density
is assumed constant and field capacity is estimated from this. If field capacity was specifically
measured for each soil and the p and g parameters correctly derived, the results may have been more
realistic. However, the object of this exercise is to find a simple yet robust method of estimating
potential that does not require further input by the user.

Due to the above considerations, it was decided to adopt the Campbell method for calculation of
potential in this model option.

6.4.1.6 Finite Difference Approach to Darcy's Equation

Darcy's law describes the flux of a Newtonian fluid through a porous material and shows this flux to
be directly proportional to, and in the direction of the potential gradient or driving force (Baveye &
Sposito, 1984)

Flux =-k d—l// 6:13.

dz

Hillel (1977) states that the rate of water movement between theoretical soil compartments obeys
Darcy’s law in finite difference form, and that the wetness of one compartment at any moment in time
determines the compartment’s matric potential and hydraulic conductivity.

For this simulation, the flow between layers, F, is calculated using a modification of the model
outlined by Hillel (1977).

F=fk Y= Vi p 6:14.

Ziv] ~ %

where: At is a timestep, y and z are the potentials and depths for the two layers, and £ is the hydraulic
conductivity appropriately averaged.
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The keyword here is ‘appropriate’, because the choice of layer widths is arbitrary and leads to
arbitrary averaging of the hydraulic conductivity. A standard formula for £ given by Hillel (1977) is

Ki + Ky
2

k = 6:15.

where: K; and K; | are the hydraulic conductivities for layers 7 and i+1 respectively.

This is simple to implement but leads to major problems in circumstances where one layer is much
wetter than the other. For instance, consider infiltration into a dry soil. The surface layer is saturated,
the layer below it air-dry. The averaging of hydraulic conductivity in such a case is almost completely
arbitrary unless the layer thickness and timestep are very small. This is prohibitively expensive in
terms of computer time, unless some redistribution occurs by other methods. Nevertheless, the
approach appears quite satisfactory when K; and K, are of a similar magnitude, or when significant

primary redistribution occurs by macropore flow as outlined below. Ten Berge ef al. (1992) discuss
this problem, and suggest that a matric flux potential approach is likely to provide a more accurate
weighting for k.

Simplified permutations of the above approach are utilised by many crop models, for example the
following which were discussed in chapter two; SUCROS (van Laar et al, 1992), SORKAM
(Rosenthal et al., 1989) and CERES (Jones et al., 1986) to provide a rapid estimate of soil water
balance processes. In the light of uncertainties from meteorological and soil data supplied to a model,
this type of approach will usually provide a simulation of reasonable accuracy, without the need for
excessive complexity (Whisler et al., 1986).

In addition to Darcian flow and redistribution between layers, several other processes are also
considered.

6.4.2 Infiltration

Infiltration is the process by which liquid water enters the soil. This water then redistributes itself
during and for a period after infiltration has stopped. Both infiltration and redistribution profoundly
affect soil water balance (Campbell, 1985).

The rate of infiltration into a soil is a function of soil porosity and structure (which relate to saturated
and unsaturated conductivity), as well as antecedent moisture conditions. When the soil is dry,
although the potential gradient at the wet:dry interface is large, the conductivity is very small. This
results in slow initial infiltration. As the soil is wetted, the gradient is reduced but conductivity is
greatly increased, this results in infiltration rates approximating to saturated conductivity. This rate can
only continue until subsequent layers are saturated. At that point, infiltration rate will be limited by
redistribution from the saturated zone, and ponding may occur.

There are many numerical methods of simulating infiltration, and Williams et al. (1991) summarise
the general methodology. The most notable of these are the Green & Ampt (1911) equation and
numerical solutions of the Richards’ (1931) equation. Each method requires considerable
paramaterisation and makes assumptions about the intensity and duration of rainfall events (which are
rarely available in historical meteorological records). Unless further simplifying assumptions are
employed, they are also computationally intensive.

The numerical solution of infiltration processes necessitates small timesteps. This is due to steep
gradients in potential and conductivity, in addition to the intrinsic link between infiltration,
evaporation and runoff. If a finite difference approach is used with a narrow surface layer, this will
become saturated within a small timestep, and a redistribution, runoff and evaporation step will be
necessary to 'realistically' represent these events. Within HyPAR the timestep, df, is varied
automatically to maximise program efficiency without significantly sacrificing accuracy.
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Rainfall events are considered to form an initial puddle from which infiltration occurs. The rate is
controlled by the potential and conductivity of the surface layer, in addition to the depth of the
'puddle’, the water holding capacity of the surface layer and an infiltration rate parameter. This
parameter is controlled by the user and linearly reduces the infiltration rate of the surface, and can be
used to represent compaction and panning. Water from the 'puddle' can be lost through runoff and this
is described below (in 6.4.5).

The width of surface layers during infiltration events has a major bearing on the number of timesteps
needed, but also on accuracy when high evaporation or runoff rates are to be considered. Thus, a
compromise must be made and a surface layer width of around 10mm has been found to be
reasonable.

6.4.3 Macropore flow

It is widely recognised that macropores (e.g. cracks, fissures, channels formed by soil fauna or plant
roots) allow a rapid non-equilibrium flow of water through the profile, this being termed by-passing,
short-circuiting or channeling (Jarvis, 1991a). Radulovich ef al. (1992) propose that bypass flow can
occur in many soils, even under unsaturated conditions. They cite results that suggest that bypass flow
will occur in non-capillary interpedal pore space whenever the application rate exceeds the infiltration
rate of individual microaggregates.

The pores through which bypass flow occurs are defined as non-capillary pores, which drain at
tensions ranging from nominal to that corresponding to field capacity. These large pores account for
the difference between water content of a soil at saturation and water content at field capacity
(Radulovich et al., 1989).

Macropore flow is rarely considered within simple crop growth simulations, being mainly restricted to
solute leaching models, as described by Addiscott & Wagenet (1985). Campbell (1985) though, warns
that models of simple Darcian flow are unlikely to give accurate predictions of saturated hydraulic
conductivity in any soil where macropores occur. To date, only a few models have been developed
that can account for macropore flow processes. Most of these rely on the two-domain assumption: that
is, the total soil porosity is divided into two regions containing mobile and immobile (or slowly
moving) water (Jarvis et al., 1991).

Although often neglected within crop models, evidence from pesticide leaching experiments points to
the fact that bypass flow will be of considerable importance to dryland farming systems, particularly
during infiltration. Using a chloride tracer, Jarvis ef al. (1991b) found that 80% of water outflow from
a field soil was via macropores, and reference was made to the rapid breakthrough of surface-applied
solutes to the unsaturated zone.

This has great significance when considering the infiltration of large rainfall events on a dry profile.
Such a situation will frequently arise at the start of the 'rainy season' in arid areas, and may be repeated
during the season. If Darcian flow alone is considered, infiltration rates at the wet:dry boundary will
be infinitely slow, as the hydraulic conductivity of a linear boundary with dry soil is minimal. In
reality, the boundary is not linear, but has a greatly extended surface area due to liquid water flowing
beyond the Darcian 'wetting front'. This has the effect of pre-wetting the microaggregates, allowing
the actual wetting front to extend far more quickly than would be predicted.

Macropores of larger diameter and depth may also play a major role in water conservation. In the
semi-arid tropics, potential evaporation is usually far higher than the corresponding rainfall, even
during the rainy season (Sivakumar et al., 1984). It follows then, that any water that lies close to the
soil surface has a high probability of being lost as evaporation during the season. Rapid flow of
rainfall to deeper layers is likely to render it less susceptible to such direct loss through evaporation.
Assuming that it has not passed beyond the root zone, it will then be more available for plant growth.
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e As stated above, no standard methods exist for modelling macropore flow, although the most
common is reported to be the two-domain assumption (Jarvis et al., 1991a). A simplified version of
this has been incorporated in PARCH, and as little knowledge of soils is expected of the user, the
aim has been to involve a minimum number of parameters. Thus, only two parameters must be
specified: The first is a crack depth parameter. This defines an exponential function which is used
to redistribute water flowing via macropores. The value entered by the user can be thought of as a
'half depth' for the cracks (i.e. the number of cracks has fallen by 50% at this depth) and is usually
between 100 and 500mm. This is shown schematically in Figure 17.

e The second parameter is a zero to unity crack fraction which defines the proportion of rainfall
which flows via cracks, and is thereby initially redistributed according to the exponential function,
rather than by Darcian flow. As noted below, even with the crack fraction set to 1.0 there will still
be significant Darcian flow in most soils, as all soil processes occur simultaneously within a small
timestep.

Redistribution Occuring Via Macropores

crack

depth = 150

depth = 300

1000 mm

Figure 17: Calculation of water distribution by macropores. The user-defined depth
parameter determines the 'half-depth’' for water distribution through the pores.

Macropore flow is assumed to occur only during the short period after rainfall or irrigation, when the
top layer of the soil is at or near saturation. These are the conditions under which preferential flow is
most likely to occur. The meteorological input for this model includes only the size of rainfall events,
so the assumption is made that these occur as large single events. The rate at which these drain away
from the surface ‘puddle’ will then depend on soil type and antecedent moisture. Therefore, a damp
sand will drain away ponded water almost as fast as it arrives, whereas a heavy clay may pond this
water for tens of minutes after rainfall has ceased, increasing the proportion of macropore relative to
Darcian flow into the soil.

6.4.4 Evaporation

As water is being redistributed in the soil, it is also evaporating from the soil surface. The amount of
water that evaporates depends on soil properties and environmental conditions. Under some
circumstances, most of the precipitation received at the soil surface may be lost by evaporation
(Campbell, 1985). Under annual field crops, the soil surface normally remains bare through the
periods of tillage, planting, germination and early seedling growth. During this time, evaporation can
deplete the moisture of the surface soil and thus affect the growth of young plants during their most
vulnerable stage (Hillel, 1977). To avoid the complexities of data input necessary for Penman-type
evaporation calculations, Class A Pan evaporation has been chosen as the standard for this model, as it
is available at most sites in Africa where rainfall is measured. Ritchie (1991) discusses the relative
merits and drawbacks of estimating evaporative demand, and states that ‘pan evaporation, with all its
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problems appears to be no less reliable than some of the meteorological equations which have, in
common with pan estimates, a requirement for local calibration’.

At the soil surface, a driving force for evaporation can be estimated from pan evaporation, vegetation
cover and a surface dryness reduction factor. This is a refinement of the method used by Jones et al.
(1986), allowing for crop fractional light interception (f;) rather than leaf area index. As PARCH can
simulate areas of bare ground between expanding circles of crop, total soil potential evaporation is
found by dividing the soil area into shaded and unshaded zones, then summing these. Class A pan
evaporation is multiplied by 0.9 as it is assumed that even fully wetted soil will have a lower
evaporation rate than an open water surface. This approach is similar to that used by Monteith et al.
(1989).

ShadedEvaporation = 0.9 PanE (1 - fl) cover 6:16.

BareSoilEvaporation= 0.9 PanE (] - cover) 6:17.
DailyPE = (ShadedEvaporation + BareSoilEvaporation) Reduction 6:18.

where:

0-0,.
Reduction = ——4irdy (0 < Reduction < 1) 6:19.
FC ™ eaim’ry

and: PanE is Class A Pan evaporation (mm per day), cover is fractional ground shading by the crop, 6
is fractional soil water content, O is the water content at field capacity, and eairdry is the air dry

water content.

The assumption made above is that shaded and unshaded soil will have the same moisture content (and
therefore the same Reduction factor). This assumption should be reasonably accurate as long as the
root systems of the surrounding plants have exploited all of the surface soil. It is known (e.g. Doggett,
1988) that sorghum roots quickly extend up to 1.5m laterally from the stem, and are therefore likely to
exploit any moisture-rich surface soil in all but the lowest populations.

Two factors affect the above assumption. If potential evaporation is low and the plant is well
established, its uptake rate may be greater than the rate of evaporation, leading to drier soils below the
plant. Conversely, if a plant is stressed and has closed its stomata it will provide shading for the
ground below it and thus the soil at a distance from the plant may be drier. Simmonds & Williams
(1989) examined the water use of groundnut plants in relation to population and studied the soil
evaporation rate with distance from the plant. They found that only in the lowest population of 0.5 m
plant spacing did the soil evaporation rate equal the amount of water extracted by the plant from the
surface layers. They also reported that groundnut exhibited significant root axial resistance,
preferentially extracting water closest to the plant despite the extensive lateral root system.

Although this is a simplistic approach, accuracy is improved by the fact that supply of water via matric
and vapour flow is usually the rate-limiting factor, rather than demand. Only when the soil is wet
directly following rainfall or irrigation will evaporation proceed at its potential rate (i.e. nearing that of
aclass A pan).

Evaporative demand is first satisfied by any ponded water that may be on the surface. Following this,
the surface layer becomes progressively drier and 'capillary rise' determines supply rate. This semi-
mechanistic approach is similar to that developed by Rowse (1975), and allows for more flexibility
than the two stage model of Ritchie (1972). As discussed earlier, the assumption is made that rainfall
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occurs in large ‘events’ that consequently result in a transient ‘puddle’ within the model. Depending
on the actual intensity of the rainfall, this puddle may be a reality or an artefact. When studying a
small area e.g. a tied furrow the puddle will cover the whole surface and may persist for a period of
hours. The usual situation, though, is that parts of a field may pond water while the higher regions are
relatively dry, the majority of the ponded water being within the surface roughness of the soil. As
evaporative demand and infiltration rate are usually high, the duration of these puddles as simulated
are usually of the order of minutes, leading to relatively small errors when assuming an evaporative
demand of 0.9 x Class A pan.

At very low water potentials, liquid-phase transport becomes negligible, and most water movement is
via isothermal and non-isothermal vapour flow. The non-isothermal component will become
increasingly more important as soil irradiation increases (Cass et al., 1984). Isothermal vapour flow
has been incorporated into the model (derived from Campbell, 1985) to enable realistic simulation of
the evaporation drying front in the surface layers. This is of particular interest as seedling
establishment is an area of great importance in arid agriculture and is sensitive to such drying fronts.
Preliminary attempts have been made to simulate population reduction following early droughts, but
no suitable validation data is available to continue this work at present. The importance of vapour flow
is illustrated in Figure 18 (reproduced from p. 104: Campbell, 1985).
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Figure 18: Simulated water content profiles during evaporation, with and without vapour
transport in the soil

To simulate non-isothermal vapour flow (or thermally-induced vapour transport) in a satisfactory
manner, a full energy balance approach is necessary (Hillel, 1977). This adds significantly to the
processing time, and models of surface evaporation that use this approach e.g. ENWATBAL (Evett &
Lascano, 1993) report run-times of up to 5 h for a 100 day simulation. This is obviously unacceptable
for a model such as PARCH, where all other components have a run-time of around 10 s for a similar
100 day simulation. The SWEAT model of Daamen and Simmonds (1995) uses the Newton-Raphson
method for calculating soil water balance, which is reportedly less restrictive on length of calculation
timesteps than the finite difference method used in ENWATBAL, and may provide a faster simulation.

6.4.5 Surface flow (runoff)

The soil surface is assumed to have a limited storage capacity for ponding water. Depending on
conditions of slope and vegetation cover, as well as considerations of scale, any water exceeding this
storage capacity can be expected to runoff and be lost to the system.

An empirical relationship is used to correlate the size of daily rainfall events to the amount of runoff.
The user defines a surface water holding capacity for the soil, which represents the largest rainfall
event that will not generate runoff. This is likely to be a function of slope, surface roughness and
saturated conductivity. The assumption is made that all rainfall events occur over a short time period
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as rain ‘storms’, rather than being spread over a longer period as light rain or ‘drizzle’. Any rainfall
above this waterholding capacity can then potentially move as runoff.

6.4.6 Drainage

Drainage is a complex process to simulate. The definition of drainage used in this model is that of
water which descends below the fully expanded root zone and is effectively lost to the system (i.e.
does not become part of a rising water table).

Because of the difficulties of describing and parameterising drainage in any given system, arbitrary
assumptions must invariably be made. These will relate to the wetness at which the lowest layer will
begin to drain and to the rate at which this drainage will occur. These in turn will be controlled by the
composition and structure of the soil, and the permeability of the sub-strata.

Simplistic approaches to drainage have been described by many workers, including van Laar et al.
(1992) and Whisler et al. (1986). In most cases, water in the lowest layer is considered to be available
for drainage if above field capacity. A maximum daily drainage rate is given and excess water causes
progressive waterlogging.

A similar, although slightly more complex approach has been adopted for PARCH. Drainage rate is
related to the saturated conductivity of the lowest layer, this being modified by soil wetness and an
arbitrary factor, DrainRate, which has a value between zero and one. A value of zero assumes an
impervious sub-stratum; whereas a value of one will represent freely draining sand, i.e. the soil when
saturated will lose water across its lower boundary at a rate equal to its saturated conductivity. Due to
the difficulties highlighted above, this factor must be either estimated from experimental data or
knowledge of the soil characteristics.

6.5 SWM option

The SWM submodel operates on a variable timestep, depending on the quantity of water in the surface
puddle (the maximum timestep is one hour). On each timestep, the processes of infiltration,
redistribution, drainage and evaporation are modelled. The water in each soil layer may be in the
matrix or in pore space.

6.5.1 Transport model

Three basic flow equation options are offered. The simplest is the tipping-bucket model (7B), in which
water in excess of a volumetric fraction, 6 (the field capacity) simply moves down to the next layer
provided there is room for it. The 7B model requires two parameters, 6, and 6. The other two models,
BC (Brooks and Corey, 1964) and vG (van Genuchten, 1980), both assume that water movement is
governed by Darcy's Law:

do_, dy

“v_ 6:20.
dt dz

but utilise different schemes for relating the soil moisture content 6, the moisture potential y and the
hydraulic conductivity & (¢ is time, z depth).

The BC model assumes:

g (ﬂ} _ [ﬂv 6:21.

0, -0, v
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6:22.

where 0, is a residual moisture content, 6y, \, and k; the saturated moisture content, moisture potential
and hydraulic conductivity, and A is an exponent to be optimised by curve-fitting. The vG model has:

_1 9-6- | _ Y(=m)| ™" .
S_|e s |—[1+(0c\y) ] 6:23.

N r
1|’”2

k=kS' 1—‘1—5 m

‘ 6:24.

where 0,, 0, and &, have the same meanings as above, o is functionally equivalent to 1/y;, and m is
another optimisable exponent.

Lenhard et a/ (1989) showed how to convert the vG parameters o and m to their BC equivalents y; and
A by equating the formulae for the midpoints of the two 8-y curves. Arah (1996) presented formulae
for performing, somewhat indirectly, the reverse operation.

6.5.2 Pedotransfer functions

Ideally, the hydrology parameters should be obtained by curve-fitting the relevant equations to
extensive Y-0 and k-0 datasets. However, in practice, such information is rarely available and the
parameters have to be derived by indirect means from more basic data (e.g. soil texture) using PTFs.
Most PTFs calculate the BC parameters 0,, 0;, V;, k; and A. As explained above, these and their vG
equivalents are interconvertible. SWM currently offers four options taken from the literature.

The first option 'C' (Campbell, 1985) is loosely based on physical theory. It seeks to express 6,, 6;, W,
ks and A as functions of the soil physical parameters f. (clay fraction), f; (sand fraction) and p, (bulk
density). The C formulae are reprised in Arah (1996).

The second scheme, R (Rawls et al, 1991), represents a class of pedotransfer function in which raw 0-
Y-k data are fitted to Eqs [2]-[3] to derive the parameters 0,, 0, \, k; and A and these fitted parameters
are then regressed against soil physical data. The R formulae are detailed in Rawls et a/ (1991).

Mishra et al (1989) and Tomasella and Hodnett (1997a, b) adopt an alternative approach: individual
points on the 0-y and 0-k curves are regressed against soil physical properties; the regressed points are
then fitted to Eqs [2]-[3] to arrive at formulae for 0,, 6, W, k, and A. The M scheme (Mishra et al,
1989) calculates three 6-y and 0-k points, the 7 scheme (Tomasella and Hodnett, 1997a, b) seven.
Relevant formulae may be found in the original references.

Further information on PTFs are contained in Annex 1, at the end of this chapter.

6.5.3 Infiltration

The rate of infiltration into a soil is a function of soil porosity and structure. Water enters the soil from
the surface ‘puddle’ if there is space in the top layer of soil. If the surface matrix is saturated then
water also fills up the soil cracks from the lower layers upwards. Water from the puddle can be lost
through runoff or by evaporation.
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6.5.4 Crack flow routine

All three transport models (7B, BC, vG) assume an horizontally homogeneous medium with no large
macropores or cracks. This may grossly oversimplify the situation in some soils, particularly those
with shrink/swell properties that may have cracks extending to a depth of 1 m or more. Such cracks
may profoundly affect short-term water movement, especially during heavy rain. Any soil water
movement model must take account of this possibility by providing a routine to represent crack flow.

SWM deals with crack flow simply and coherently as follows: (i) when rainfall is too intense to be
accommodated within the matrix, cracks fill from the bottom up; (ii) any excess runs off; (iii) water in
cracks moves preferentially during the next time step. Cracks are assumed to be included in field-
measured bulk density data; their volume is subtracted from total porosity before matrix properties are
calculated. They are assumed to decline exponentially with depth, with surface fraction and half-depth
specifiable at each time step (to allow for shrinking and swelling, and infill where relevant). The user
must specify initial value.

6.5.5 Evaporation

The total daily potential evaporation is estimated as described in Section 6.4.4, Equation 18, using pan
evaporation. This total is divided into equal parts (usually 24, depending on the timestep) and
extracted from the surface (puddle or soil) on each timestep if there is available water.

6.5.6 Surface flow

At the end of each simulated day, water may remain in the surface puddle if there was too much
rainfall to be infiltrated or lost by evaporation. If the soil is sloping, then the excess water is lost as
runoff otherwise it will remain on the surface.

6.5.7 Drainage

When the lowest soil layer is above field capacity, the excess water is lost from the system.

6.6 Water Uptake

The soil is divided into vertical layers and may be further divided into horizontal plots, depending on
the chosen light interception submodel (See Chapter 5). Initial demand for water is distributed
between the soil cells according to relative root densities for tree and crop separately.

6.6.1 Uptake

The original tree and crop models incorporated into HyPAR both calculate water uptake as if the roots
of the other plant are not present. HyPAR treats these figures as a maximum transpiration demand (see
Figure 19). The total demand is then compared with the available water in the soil. If there is
sufficient, then the full amount is removed from the soil and there is no competition.

If the sum of the demands for uptake in any soil cell is greater than the available water, or the
combined extraction exceeds a maximum rate, then competition must take place (see Figure 19).

6.6.2 Competition

Starting at the soil surface layer (in each plot independently), the combined demand is compared with
the available water. If the supply is limited then all of the available water is removed from the soil. In
HyPAR v3.0, any unfulfilled demand is passed down to the next soil layer enabling the tree to extract
more water from depth. If competition for water occurs, then the crop suffers stress (although this is
not the only source of stress). The tree responds the following day through the change in soil water
potential.
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6.7 Annex 1 Derivation of Pedo Transfer Functions (PTFs) for the prediction
of the water release curve of tropical soils.

Introduction

Parameters to represent the hydraulic properties of different soils are essential for a wide range of
modelling studies, such as those to predict crop growth and yield and evaluate agroforestry systems,
and those which represent the link between the soil, the vegetation and the atmosphere (SVAT
models). On a plot scale, soil hydraulic properties can be measured, but it is a time consuming process
and not possible for larger areas. For the latter case, the most widely used method (and indeed the only
method) to obtain these properties is the application of Pedo Transfer Functions (Bouma and van
Lanen, 1987). These are generally empirical relationships which allow the hydraulic properties of a
given soil to be predicted from more widely available data, usually texture (% sand, silt and clay), bulk
density and organic carbon (OC), or from textural class alone.

Some PTFs have been developed to predict single values of a hydraulic property, for example, the
saturated hydraulic conductivity, the water content at particular matric potentials, or available water
capacity (AWC). Others have been developed to predict the parameters of an equation which describes
the whole of the water release and/or conductivity characteristic. The equations of Brooks and Corey
(1964), and van Genuchten (1980) are examples.

Many PTFs have been developed using extensive databases of soils data from temperate regions.
However, as they are empirical, these PTFs may give erroneous, or even completely absurd
predictions when used outside the range of soils from whose data they were derived. As an example,
the PTF of Rawls and Brakensiek (1989) is limited in its use to clay contents between 5% and 60%
and sand contents between 5% and 70%. In the database of tropical soils used in this study, 19% of the
horizons had clay contents above 60% and 16% had sand contents above 70%, so that more than 35%
of the soils were “out of range”. The data in the database do not indicate the area under the various soil
types world-wide, so these figures only serve as a rough guide to the proportion of tropical soils which
may be outside the range of this PTF.

If PTFs are used outside their range of validity (which is not always clearly stated), they may, for
example, predict that the water content at “field capacity” is higher than the water content at
saturation. This has been shown to be the case for many tropical soils, particularly oxisols, which have
a high clay content. They may contain 70% - 90% clay, implying, from a temperate soils viewpoint,
that they are “heavy” clays, with a low permeability and a moderate to high available water capacity
(AWCQ). In actual fact, many have a very low bulk density (0.9 - 1.1 gm cm™), are highly permeable
because of their micro-aggregated structure, and have a low, or very low, AWC.

For predicting the success or failure of agroforestry systems using models, the hydraulic properties, or
the parameters used to derive them, must be sound. As an example, a 100% overestimation of AWC
(predicted for some tropical soils using some temperate soil derived PTFs), might lead to an indication
that a particular agroforestry system would be very successful, when in fact it might fail disastrously.

Types of PTF

There are 2 main types of PTF, “class” and “continuous”. A class PTF is used to predict the hydraulic
properties of a textural class, for example silty clay loam, or sandy clay. Wosten et al. (1995) describe
them as “cheap and easy to use” because only the textural class has to be determined. However they
have limitations “because the approach only provides one, average hydraulic characteristic for each
texture class”, even though there may be a considerable range of characteristics within a single
textural class.

A continuous PTF (possibly better described as a “universal” PTF) is one which is used to predict the
soil hydraulic characteristics using the measured textural data, soil OC etc. As these, and class PTFs
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are derived empirically, it is unwise to apply them outside the range of data from which they have
been derived. An example of the results of doing this have been illustrated above, where continuous
PTFs derived using the data for temperate soils do not work for some tropical soils whose properties
are very different. Wosten et al. (1995) have noted that the indirect methods (ie PTFs) cannot exist
without the direct methods (ie field sampling/lab measurements), “because only direct measurements
create the database from which indirect methods are derived”. This is a strong argument for the
development of more physically based, rather than empirical, methods to derive soil hydraulic
properties on a large scale. However, these are, as yet, at an early stage of development.

As the overall range of soil properties world-wide is so great, it is possible that a reliable “universal”
PTF cannot be developed. An additional challenge is that both structure and soil mineralogy can have
a significant effect on soil water retention and neither of these factors are taken into account in most
PTFs. Structure is particularly important: oxisols and vertisols, for example, often show little textural
variation with depth, but show major differences in soil hydraulic properties as a result of variation of
structure with depth. As a totally “universal” PTF may prove to be difficult to develop, a third
possible type of PTF is suggested; a “soil type” PTF, derived for major soil types. These may prove
more successful as, within a major soil type, or group, the range of structure, mineralogy and texture
should be much narrower than for soils as a whole. However, there is still the problem that some soils,
particularly cambisols, may have marked changes of texture with depth.

Aims

The aim of this study is to attempt, within a limited time frame, to develop an improved means of
predicting the water release curves specifically for the soils of the tropics. Textural and soil water
release data for tropical soils is to be extracted from two major databases. Neither of these databases
contain hydraulic conductivity data and it should be noted that the study has therefore had to been
limited to the prediction of the water release curve alone. The lack of hydraulic conductivity data is a
very serious limitation for modelling which must be addressed.

Here, “class” and “soil type” PTFs will be derived to determine the parameters of the van Genuchten
(1980) formula for describing the water release characteristics of tropical soils. A further aim is to
begin to develop a continuous (universal) PTF and a further refinement may be to develop a hybrid
“soil type specific, continuous” PTF. The value of these approaches needs to be evaluated. A “look-
up table” of van Genuchten parameters is to be produced, so that if the soil type and the textural data
for a soil in a given area are known, the parameters for the most similar soil profile in the database can
be identified and selected. For smaller areas, this may have significant advantages over the PTF
approach.

Methods

Two databases, WISE and IGBP-DIS, were obtained from ISRIC in Wageningen. WISE contains
fairly comprehensive data from 6837 soil horizons from 69 countries. For this study, the data for non-
tropical regions was excluded, although the definition of the tropics was relaxed slightly, with data
taken from between approximately 25°N and 25°S. The question of soils within the tropics but in
temperate climates due to altitude was ignored as there were few examples in the database.

Table 1. “Tropical” soils data from the IGBP-DIS database, by country.

COUNTRY CODE | SOILS | HORIZONS
BRAZIL BR 29 90
IVORY COAST Cl 7 15
CHINA CN 24 74
COLOMBIA CO 9 35
COSTA RICA CR 8 24
CUBA CU 15 44
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ECUADOR EC 18 50
GABON GA 4 14
INDONESIA ID 34 105
JAMAICA JM 1 2

KENYA KE 26 75
SRI LANKA LK 4 17
MALI ML 8 18
MALAYSIA MY 8 18
MOZAMBIQUE MZ 7 19
NIGERIA NG 6 18
NICARAGUA NI 11 30
PERU PE 16 90
PHILLIPINES PH 6 20
RWANDA RW 1 )

ZAMBIA ZA 5 15
ZAIRE ZR 2 7

The IGBP-DIS database is much larger, containing data from 131472 horizons, but most are in the
continental US. There are data from 4156 horizons outside the US, but the majority are from non-
tropical areas (relaxed definition). During the sorting and collation of the data it was noted that there
was a significant overlap between the two databases. The identification of the overlap was
complicated by the fact that they do not share a common coding, although WISE fortunately has a
cross-reference file which also contains the co-ordinates of the sampling locations. The IGBP-DIS
database has more detailed textural data, 5 sand fractions, 2 silt and one clay, compared to WISE
which has only % sand, silt and clay. For this reason, and because of the overlap between the two
databases (risk of including the same soils twice), effort was concentrated on the IGBP-DIS data.

After the initial selection of “tropical” soils, the data for those soil horizons with sufficient water
release data were extracted. In most cases, 8 points, including saturation and “wilting point”, were
available to describe the water release curve (0, -1, -3, -10, -20, -50, -250 and -1500 kPa). In some
cases there were only 3 points, but these data could not be used as they are insufficient to define
adequately the shape of the water release curve. After this sorting, the data available were reduced to
just 785 horizons from 249 soil profiles in 22 countries. Details of the data extracted are shown in
Table 1 by country and in Table 2 by soil type.

Table 2. “Tropical” soil types represented in the IGBP-DIS database.

Soil type . . Sub-types
(FAO 1992) | C°de | Soil | Horizons (& numbers of each)
Acrisols AC 34 106 ACf(12), ACg(6), ACh (11), ACp(3), ACu(2)
Alisols AL 6 19 ALf(3), ALh(3)
Andosols AN 27 83 AN(7), ANm(4), ANu(10), ANz(6)
Chernozems CH 2 13 CHKk(2)
Cambisols CM 36 121 CM-(2), CMc(4), CMd(3), CMe(5), CMo(17)
Fluvisols FL 6 23 FLc(2), FLe(3), FLt(1)
Ferralsols FR 44 136 FRg(8), FRh(8), FRr(9), FRu(7), FRx(12)
Gleysols GL 8 27 GLd(4), GLe(3), GLt(1)
Kastanozems KS 1 3 KSk(1)
Luvisols LV 11 30 LVa(1), LV{(3), LVh(1), LVj(1), LVv(2), LVx(3)
Lixisols LX 6 18 LXf (1), LXh(5)
Nitosols NT 6 18 NTh(4), NTr(1), NTu(1)
Phaeozems PH 13 49 PHc(3), PHh(5), PHI(5)
Planosols PL 4 7 PL-(3), PLe(1)
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Plinthosols PT 1 3 PTu(1)

Podzols PZ 3 9 PZg(1), PZh(2)

Regosols RG 4 13 RGd(3), RGe(1)

Solonchaks SC 2 6 SC-(1), SCk(1)

Solonetz SN 2 5 SNh(2)

Vertisols VR 9 25 VR-(3),VRe(4), VRh(1),VRK(1)

Xerosols X 3 9 NB 1974 classification - since reclassified
Unclassified - 11 30

The van Genuchten (1980) model is one of the most widely used to describe the water release curve of
soils:

eS _el’

P Gfon)

(1]

where 6; is the saturated water content, 6, is the residual water content, / is the matric potential, and o
and n are parameters describing the shape of the curve.

The residual water content, 0,, is the water content at which the gradient of the water release curve
(d0/dh) is zero and is effectively the water content at a very large negative value of 4. The amount of
water retained by soils at negative heads greater than -1500 kPa (as determined by drying at 105°C)
increases with clay content because of the increase in the amount of “bound” water. Residual water
content has clearly some physical basis. However, as its value is obtained by curve fitting, certain
curve shapes can result in very low values of 6, which are not physically realistic for clay soils in
particular. This may lead to problems in predicting the value of 6, using PTFs.

The parameter o is approximately equal to the inverse of the value of /4 at the point where the curve is
steepest, and defines the extent of the first, almost flat, part of the curve from saturation. Small o
values indicate a large plateau in the curve with no change of water content as h becomes more
negative: this is generally more likely in fine grained, and unstructured soils. Large values of o
indicate a very short plateau, with some pores emptying under very small negative heads: this is
generally more typical of sands or well-structured soils. In structureless soils, o is determined by
texture, but where there is structure that is not texturally related, it may be, to some extent,
independent of texture.

The parameter » is dimensionless and determines the steepness of the water release curve. If the value
of n is large (eg 3), the curve is steep, with a rapid decrease in water content as /# becomes more
negative. If the value of n is low (eg 1.1), the change in water content is more gradual.

The parameters 6, 0,, o and n were obtained by fitting the equation to the observed water release data
using a non-linear least squares fitting routine developed by Javier Tomasella, and reported in
Tomasella and Hodnett (1997). In general, the fits were very good, and poor fits were often an
effective means of identifying errors in the database. Where these were encountered, the water release
data were checked, edited as necessary and the fitting procedure re-run. In many cases, typing errors
(eg 5.11 instead of 0.511) were the source of the problem. This process removed some “noise” from
the results but was very time consuming. Some of the poorer fits resulted because the form of the
curve defined by some sets of measurements was not altogether sigmoidal. These either had “steps” in
the curve (which may be real, and not caused by measurement errors), or a slow change in water
content until -250kPa and then an abrupt decrease. Van Genuchten (1980) noted that “it seems that
much of the poor predictions can be traced to the inability of Eq (1) to match the experimental soil
water retention data”.

Comparisons of saturated water content and porosity (calculated from bulk density and particle
density) also revealed some errors in the database which were subsequently corrected.
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The soils were then classified into textural classes, based on the USDA textural triangle. The most
well represented classes were clay (36.2%), sandy clay loam (12.2%), sandy loam (13.2%), and clay
loam (8.5%). There were no silts and very few sands or silt loams. The distribution of soil textures are
shown by country in the textural triangle in Figure 1. The database was divided into subsets based on
these classes and class PTFs were determined for each class. The database was also divided on the
basis of major soil groupings (FAO) 1992). Five soil groups, Acrisols (AC), Andosols (AN),
Cambisols (CM), Ferralsols (FR) and Phacozems had an adequate number of data points to derive
“type” PTFs. These 5 soil types accounted for 65% of the data in the database.

A “cut down” form of the IGBP database, stored as an MS “Access” (.mdb) file was produced. This
includes the soil types (FAO and US), depth, horizon, textural data, OC, CEC, bulk density, the fitted
parameters, and the observed values for saturation, “field capacity” (taken as -10 kPa) and wilting
point (-1500kPa). This is intended to be used as a “look up” table: If the soil type and texture for an
example profile at a site of interest are known, the parameters for the most closely matching soil can
be selected. If carried out with care, this procedure may well yield more reliable estimates of van
Genuchten parameters for plot and field scale studies than the application of either class, or continuous
PTFs. However, this will depend on whether the particular soil type is represented in the database. At
the larger (eg regional) scale, working from soil mapping units, either class or continuous PTFs will be
the means of choice.

Results and Discussion
Class PTFs

The results of the class PTFs are presented in Table 3. In the case of o, the mean was also calculated
using natural log (In) transformed data. The arithmetic mean value of the untransformed o values
ranged from 0.215 for silty loam to 0.897 for sandy clay loam. The In transformed data are more
representative of the mean where there were many very low values of o.. These soils show a very slow
change of water content from saturation, implying that there are few large (usually structural) pores.
Soils with high o values have a very rapid decrease in water content from saturation. It is of note that
in the whole database, 125 soils (15.9%) had o values of less than 0.1. These tended to be in the siltier
classes, particularly silty clay loams and silty clays, although these classes also had many horizons
with very high o values. The clay class spans a very wide range of texture, but it was of note that the
clays with a silt content >30% also showed a marked peak of low & values, in common with the silty
clay textural class. However, the clays with <10% silt did not show this peak. Typically these are
micro-aggregated kaolinitic clays whose structure drains rapidly. Although the mean values for the
textural classes do show notable differences, there can be very large variations within classes. This
“within class” variation cannot be predicted using class PTFs.

On examination of the data in terms of clay mineralogy, it was noted that 55% and 73% of the
montmorillonitic soils in the database had o values of less than 0.05 and 0.1 respectively, compared to
only 5% of kaolinitic soils with an a value of less than 0.1. Kaolinitic clays are non-swelling, in
contrast to montmorillonitic clays. It was also notable that only 35% the clays defined as
montmorillonitic (calc.) had o values of less than 0.1. A knowledge of the clay mineral type is clearly
very important; if the textural class and the clay type are known (in the case of the more clayey
classes), a more appropriate value of o can be selected than if only the textural class is known.

Table 3. van Genuchten parameters for USDA textural classes

vG Parameter o n Os O,

Mean | se In* [Mean| se |Mean| se |[Mean | se

Textural Class

SAND 0.371{0.042] 0.306/ 2.303| 0.197) 0.431| 0.020{ 0.032| 0.005
LOAMY SAND 0.777(0.267| 0.387| 1.870{ 0.119] 0.449| 0.015] 0.052| 0.010
SANDY LOAM 0.596/0.053| 0.418| 1.473| 0.035| 0.471| 0.011] 0.072] 0.007

75




LOAM 0.486/0.083) 0.292*| 1.302| 0.025| 0.533| 0.014] 0.115| 0.014
SILTY LOAM 0.215(0.037)0.162* 1.445[ 0.050| 0.599| 0.023| 0.151] 0.031
SANDY CLAY LOAM 0.897(0.132) 0.551| 1.400{ 0.047) 0.421| 0.007| 0.118| 0.006
CLAY LOAM 0.894(0.127) 0.431| 1.292| 0.032) 0.503| 0.016] 0.180| 0.010
SILTY CLAY LOAM 0.429(0.086| 0.206*| 1.301| 0.043| 0.577| 0.019] 0.186| 0.017
SANDY CLAY 0.821(0.121] 0.607( 1.289( 0.037) 0.450| 0.015] 0.173| 0.011
SILTY CLAY 0.489(0.092)0.276*| 1.293| 0.039] 0.582| 0.018] 0.226| 0.019
CLAY 0.722(0.050| 0.363| 1.303| 0.012] 0.552| 0.005] 0.229]| 0.006

*mean of natural log transformed values. Those marked * are recommended as the distributions of o
tend to be lognormal.

Note: there were no silt soils represented in the database.

Except for the sandier textural classes and silt loams, the mean value of # is close to 1.3 and varies
little. All textural classes apart from sand have a peak at about 1.3 in the distribution of n. Sand has the
highest mean n value of 2.3, with a wide spread of values from 1.3 to 4.65 with no peaks. Loamy sand
and sandy loam both have a scatter of higher (sand-like) » values. Silty loam has a peak at 1.3 and a
secondary peak around 1.7. As n varies so little between textural classes, the assumption of a value of
n of 1.35 for any soil would only lead to significant errors for sands and loamy sands.

0, is strongly related to dry bulk density. For all of the data, the relationship between 6, and porosity
(calculated from the bulk density, using a particle density of 2.48 and passing through the origin) had
an R? of 0.81. The soils which generally have very high values of 6, are the Andosols whose bulk
density is generally very low (mean 0.75 gm cm™). These tend to be loamy in texture, with 62% being
sandy loams, loams or silt loams. 6, is highest for the silty classes and clays, and lowest for the soils
with a high sand content. The latter tend to have a narrower spread of values compared to the silty
soils.

In general, 6, increases with clay content. Sandy soils have the lowest values, close to zero, with little
scatter. The distributions of 6, tend to spread with increasing silt and clay content. As discussed
earlier, the best fit curves for some clayey soils result in very low or zero values for 6, which appear
not to be physically realistic. This is because the form of the curve defined by a particular set of
measurements is not altogether sigmoidal and requires a very low value of 6, to obtain the best fit.

The water release curves resulting from the mean van Genuchten parameters for each textural class are
shown in Figure 2. Although there are marked differences between the curves, there can be a very
large range of curves within each textural class. The influence of the parameter o is particularly
strong. This is illustrated in Figure 3 where the mean curve for clay is shown, with some examples of
the range of clay curves.

These results show that the use of the class PTFs may lead to significant errors because of the
variation within a given textural class. Clearly, if only the textural class is known for a given site, there
is no other option but to use these data. However, it can be seen that the selection of appropriate Van
Genuchten parameters from the look-up table/database could give considerably better results.

Type PTFs

The mean van Genuchten parameter values for the major soil groupings (type PTFs) are shown in
Table 4.

Table 4.

vG Parameter o n 0s O,

Mean se In* Mean se Mean se | Mean se

Major Soil Group
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(FAO)
ACRISOLS 0.869] 0.124] 0.509] 1.300/ 0.019] 0.456/ 0.008| 0.159 0.010
ANDOSOLS 0.687| 0.160] 0.303*| 1.360| 0.026/ 0.639] 0.014] 0.209| 0.016
CAMBISOLS 0.790] 0.089] 0.414*| 1.344/ 0.033] 0.511] 0.010] 0.141] 0.009
FERRALSOLS 0.783/0.059] 0.558| 1.430] 0.029] 0.537| 0.007| 0.181] 0.008
PHAEOZEMS 0.640| 0.105] 0.297*| 1.275| 0.016] 0.529] 0.015 0.164| 0.016

*mean of natural log transformed values. Those marked * are recommended as the distributions of o
tend to be lognormal.

Overall, the differences between the mean van Genuchten parameters for the main soil types were very
small, although the range within the types was often large. The most marked differences in mean
values were in 8, which ranged from 0.639 for Andosols (mean bulk density = 0.75 gm cm™) to 0.456
for Acrisols. 0, showed a narrower range, but in all cases had a more dispersed distribution, often with
a double peak. In these cases there were often a large number of cases where 0, was close to zero.

The arithmetic mean values of o are very similar, with a range from 0.64 for Phacozems to 0.87 for
Acrisols. However, the In transformed values are lower in all cases, and show a wider range, from
0.297 to 0.558, mainly because in many cases there are some very low values (less than 0.05).
However, these are often balanced by a few high values, eg above 3.

The arithmetic mean values of n showed a narrow range, from 1.275 for Phaecozems, to 1.43 for
Ferralsols. All showed a very marked peak in the frequency distribution between 1.2 and 1.4, with
very few values below 1.1. There tended to be a skewed distribution with a tail of higher values which
caused most of the difference between the means. The median values were lower than the means and
very similar, ranging from 1.23 to 1.27.

It appears that the use of “type” PTFs has few advantages over the use of textural class PTFs
Discussion and Conclusions

It is anticipated that HYPAR users will have access to soil descriptions and analyses for the areas for
which model simulations are to be carried out. In this instance, the approach of choice will be to select
the most similar soil profile from the database and enter the parameters into HYPAR manually. The
profiles can be matched on the basis of soil type names (FAO and US), and on texture (% sand silt and
clay); other data, such as OC content, bulk density and CEC can also be taken into account in the
matching process. It is advisable to attempt to match whole profiles, rather than individual horizons. If
it is clear that the soil type/profile at the site cannot be adequately matched in the database, it will be
necessary to utilise the class PTFs. Depending on the model selected, either van Genuchten
parameters, or the water contents at saturation field capacity (FC) and permanent wilting point can be
extracted.

A further important function of the database will be to assist in determining how the soil layers and
soil types should be defined in the soils pull-down menu in the GUE of HYPAR. The main soil
horizons (as sampled) are shown in the database, with their properties.

In the absence of detailed soils data for a site, the class PTFs should be utilised, although these still
require textural data to identify the textural class. If just the main soil group name is known, the “type”
PTFs can be applied (only for 5 of the most well represented soil types), but this approach is very
much a “last resort”

In the dataset used to derive the class PTFs, the distribution of the data with respect to depth is
strongly biased towards near surface samples: 54%, 83.5% and 98.5% of the samples were from
above 0.5 m, 1.0 m and 1.5 m depth respectively. It can be seen that the proportion of samples from
below 1.5 m is very small and hence the ability to predict the properties of soils below this depth is
severely limited. In semi-arid areas, or humid areas with a strong dry season, water use from below 1.5
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m depth may be a significant proportion of the annual total and it is important to be able to obtain
sound estimates of hydraulic properties (particularly AWC) for this zone.

As mentioned earlier, the complete lack of hydraulic conductivity data in the database is a very serious
limitation for modelling which must be addressed.
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7. Soil Nitrogen Model

The soil nitrogen submodel is based largely upon that used within PARCH. The influence of soil
nitrogen supply on plant growth can be simulated. Nitrate is distributed vertically between the soil
profile layers from where it is available for both leaching and plant uptake. The mineralisation and
immobilisation of nitrogen by soil organic matter is modelled using approaches derived from the
CERES models (Jones & Kiniry, 1986). These account for the influence of soil moisture, temperature,
and C:N ratio. Uptake is controlled by nitrogen availability within the soil, root distribution and plant
nitrogen content.

The model allows for the addition of nitrogen, either in the form of mineral fertiliser, or as organic
manure.

7.1 Vertical Distribution of Nitrogen and Organic Matter

The model assumes that any mineral fertiliser applied before the crop is planted (or on the day the crop
is planted) is uniformly distributed within the plough layer. Fertiliser applied during the growing
season is initially distributed into the upper soil layer. Any additions of organic fertilisers (i.e. manure)
must take place before the crop is planted. This material is assumed to be distributed uniformly within
the plough layer.

The initial soil humus, mineral nitrogen and soil organic matter (e.g. crop residues) are assumed to be
uniformly distributed within the plough layer, and exponentially below this, as shown in Figure 20.
The exponential distribution parameter is set such that 1% of the nitrogen is below a depth of
ploughlayer+50cm.

z z,+50

N,dz+ N, exp(—k(z—z,)dz =099 7:1.

top

0 z,

top

Where N,,, is the concentration of soil mineral nitrogen in the plough layer (defined by the user), Z, is
the plough layer depth (defined by the user). In HyPAR v3.0, the soil profile can be very deep so it was
necessary to add a further modification; the initial soil mineral nitrogen has a minimum of 1 mg/kg in
all layers. In future versions of the model, the initial soil nitrogen will be an input in the same way as
initial water content.

top

depth

Zp +3 {

Figure 20: Uniform then exponential distribution with depth of mineral and organic
nitrogen
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7.2 Soil Organic Matter

Soil organic matter is divided into five pools, plus humus. These pools are used to simulate oxidation
of organic matter such that each of the five fractions has a different potential rate of decomposition.
These are expressed in Table 3 as half-lives. When setting up the model it is necessary to specify the
fraction of the soil organic matter, or manure addition, in each of these pools.

Within each soil layer the processes of soil organic matter decomposition, mineralisation of organic
nitrogen and the immobilisation of mineral nitrogen are simulated as daily incremental transfers.

The rate of change of available mineral nitrogen of layer i, NO3', is given by

dNO3' i o
o =U=F, )M, + M, ~1 7:2.

hum

where: F},,, is the fraction of nitrogen mineralised from fresh organic matter which is transferred to the
soil humus pool (0.3). M,,, is the rate of mineralisation of nitrogen from the fresh soil organic matter
(kg ha™ layer) M, is the rate of mineralisation of nitrogen from the soil humus (kg ha™ layer™). I is
the rate of nitrogen immobilisation (kg ha™ layer™).

Pool
1 2 3 4 5 Humus
| Half-Life (d) 1.5 20 105 400 1825 (5 yr) 16425 (45 yr)

Table 3: Potential decomposition half-lives for the soil organic matter pools.

The rate of mineralisation is calculated from the summation of the decomposition rates for the five
pools (p=1,5) of fresh organic matter.

M., = D,F F. F\N 7:3,

Temp ™ mois
P

where N, is the amount of nitrogen in pool p (kg ha™ layer™), D, is the potential decomposition rate for
pool p (see Table 3), Fremy Fuois, and Fey are zero to unity factors representing the limitation to
decomposition due to temperature, soil moisture and C:N ratio respectively. The calculation of these
factors is defined below.

The rate of mineralisation from the humus pool is calculated in a similar fashion to that of the fresh
organic matter.

M, =D, F, F N,

hum hum™ Temp™ mois ™" hum

7:4.

where Ny, is the amount of nitrogen in the humus pool (kg ha'! layer'l), Dy, 1s the potential
decomposition rate for the humus pool.

The rate of immobilisation of mineral nitrogen, /, is given by,
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I' = Rate of Organic Matter Decomposition X [0.02- min( g]\]\;‘ ,0.021}

Temp ™ mois

o A i )
=\ D,F., F FC‘NOM‘) 0.02-min| 2V ‘,0.02)
, oM’

where ON' is the amount of fresh organic nitrogen in layer i (kg ha' layer™) and OM' is the amount of
fresh organic matter (kg ha™ layer™).
This relationship implies that immobilisation will occur if the C:N ratio of the fresh organic matter is
greater than 20 (taking the proportion of carbon in organic matter as 40%).

7.3 Temperature Limitation

Soil temperature affects the rate of decomposition through the relationship Fr.,,, shown in Figure 21.

120 1

0 5 10 15 20 25 30 35 40
Temperature (C)

Figure 21: Relationship between the soil temperature decomposition limitation factor,
Frgyp, and soil temperature

7.4 Moisture Limitation

The rate of decomposition is limited when the soil is both very dry and very wet. The relationship used
in the model for F,,.; is shown in Figure 22.

Fmois

1.0

0.25FC FC Fou

Figure 22 Relationship between the soil moisture decomposition limitation factor, F,,,;,
and soil water content.
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7.5 C:N Limitation

The rate of decomposition is affected by the C:N ratio of the substrate which is calculated for each
layer as

04 x OM’

N = ON T NOF

7:6.

where ON' is the amount of fresh organic nitrogen in layer i (kg ha” layer), OM' is the amount of
fresh organic matter (kg ha” layer™) and NO3' is the amount of mineral nitrogen (kg ha™ layer™).

The model assumes that above a C:N ratio of 25 the rate of decomposition is reduced exponentially
with increasing C:N ratio as shown in Figure 23.The relationship is

F., = exp(— 0.693 %\ 7:7.

1.20 +
1.00 +
0.80 -+
5060
0.40 +

0.20 +

0.00 } } } } } {
0 20 40 60 80 100 120
C:N Ratio of System

Figure 23 : The relationship between the CN decomposition limitation factor and the C:N
ratio of the system.

7.6 Nitrogen uptake by trees and crops

7.6.1 Uptake

The soil is divided into vertical layers and may be further divided into horizontal plots, depending on
the chosen light interception submodel (See Chapter 5). Initial demand for nitrogen is distributed
between the soil cells according to relative root densities for tree and crop separately.

The maximum daily uptake of nitrogen by trees is related to fine root mass, soil mineral N content,
and the C:N ratio of the entire plant (excluding the C and N bound in the heartwood), taking into
account the root distribution of the trees across many plots (Section 4.8.2). Maximum nitrogen uptake
by crop roots is calculated for each soil layer within each plot and is dependent upon the concentration
of nitrate within the layer, the root density, the water content and the nutrient stress of the crop
(Section 3.5.1).
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If the sum of the demands for uptake in any soil cell is greater than the available soil nitrogen, or the
combined extraction exceeds a maximum rate, then competition must take place.

7.6.2 Competition

The combined demand is first modified depending on the concentration of nitrate within the layer, the
root density and the water content. For each soil cell the nitrogen demand, Dy, is given by,

Dy =0.07((1 - exp(=0.09[N*]), |- Lrec ¥

0'25pmax 051 / an-c

where: [N'] is the nitrate concentration in the cell i, p; .c1s the total root length density, O, is the

7:8.

maximum root length density, aw’ is the available water and awy. 1s the available water when the soil is
at field capacity. The tree and crop demands are reduced in proportion to the initial demand if
necessary.

Starting at the soil surface layer (in each plot independently), the combined demand is compared with
the available N. If there is sufficient, then the full amount is removed from the soil and added to the
tree and crop pools. If the supply is limited then all of the available N is removed from the soil and
apportioned to tree and crop in proportion to their relative root densities. In HyPAR v3.0, any
unfulfilled demand is added to that of the next soil layer down. The total tree uptake is re-allocated to
individual trees according to their initial demand (Figure 24).

o limited
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demand
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TREE
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Figure 24: Nitrogen Competition between trees and crops where supply from each cell
(plot x layer) is allocated to individual trees or crops depending on their comparative
‘optimum N-demand' and root length ratios
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8. Model Output

8.1 Output file format

The results from HyPAR are presented as a series of comma separated variable (csv) files. These files
are designed to be read into a spreadsheet package, such as Microsoft Excel, or graphing package such
as SigmaPlot.

Writing output files during a simulation run slows down the program, and printing all possible output
variables uses up disk space. The HyPAR user interface therefore has a section to allow the user to
select and limit the type of output created. There are six output file categories - Environment, Crop,
Tree, Soil, Water and Field. Each of these has up to three options specifying the time step - Daily,
Annual and Summary. Daily outputs are stored as one row per day; annual as one row per year, and
summary as the average over the whole run. The latter file is particularly useful because climate
variation makes it often preferable to present 20 or 30-year averages of crop yields etc. A global
interval can be set for all daily files which prints out data every ‘n’ days, saving disk space.

o Environment files: three file types are produced -- daily (envm0000.csv, where 0000 represents
the year), annual (envmann.csv), and summary (envmsum.csv).

o Crop files: daily (crop0000.csv), annual (cropannl.csv) and summary (cropsum.csv) files are
produced for the field. In addition, if the ‘disaggregated’ tree canopy is selected then individual
daily and annual crop output files can be produced for each plot within the field.

o Tree files: some of the tree output files are for individual trees (free*.csv), and others for the field
as a whole (site*.csv). Again, daily, annual and summary files are produced.

e Soil files: field scale soil files are the average of all plots on a daily (s0i/*0000.csv), annual
(soilann.csv) and summary (soilsum.csv) basis. Variables are repeated for each layer in the profile.
Individual files can also be requested for individual soil columns under each plot daily (but take
care as this can generate a massive amount of output).

o Water files: the daily water balance is recorded (watr0000.csv) at plot or field scale, for each soil
layer.

o Field files: there are two extra files created if the tree canopy is disaggregated (field0000a.csv and
field0000b.csv).

All files have a comment in the first column after the data, giving a brief summary of the file including
a note of the climate file used, and the hydrology model if appropriate

8.2 Graphical Output

A set of Microsoft Excel macros is provided (with the standard HyPAR installation) to create some
graphs from the csv output files. These macros within the file HyPAR.xls are not exhaustive - once the
HyPAR output files have been read into Excel (or other package) the user is free to generate any plot or
modify the standard graphs as required.

When HyPAR.xls is opened (with macros enabled), a large button is visible on the first worksheet
labelled “Click here for HyPAR output control”. This button launches the control dialogue.

After the directory containing the required HyPAR output has been selected (usually
C:\HyPAR\output), the tabs and the left-hand column of the control window become active. On each
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tab, a list of files is given in the left-hand column
- clicking on a button opens all files in the chosen
directory that match the name on the button.

HyPAR Qutput Control

Once a file is open, the Plot button to the right
becomes active. The Plot button runs the macros
to create the standard plots. Each chart is created
on a separate sheet within the output file (note:
some macros are slow, please be patient!).
Macros are not available for all files and the
standard plots display only a sample of the total
output.

A description of the output variables and the currently available standard graphs is given below.

8.3 Environment

There are three output files available containing data relating to the climate and site-specific data
(related to latitude).

8.3.1 Daily

Daily data are displayed in a file with the selected year in the file name (e.g. envm1999.csv). Daily
output can be further refined by setting the interval of days to output (e.g. an interval of 3 would
output days 3, 6, 9, etc). The data in this file is the same for all plots.

File name: envim0000.csv (where 0000 is the year).

Standard plots: none.
Colufnn Units Notes
heading
Date -
Jul - Julian day number
DAS - Days after sowing of crop
Sunrise hour Time of sunrise
Sunset hour Time of sunset
Daylength seconds Day length
Declination | radians Solar declination
T max °C maximum 24-hour air temperature
T min °C minimum 24-hour air temperature
Therm t days accumulated thermal time (for crop)
cd, dd days chilling days (for tree)
Precip mm Incoming rainfall (above the tree canopy)
S rad MJ/m’ Solar radiation
VapourP k Pa vapour pressure
VPD k Pa vapour pressure deficit
8.3.2 Annual

File name: envmann.csv
Standard plots: none.
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Column

heading Units Notes

Year -

CO, Pa Atmospheric carbon dioxide concentration

Rain-tot mm Total annual rainfall

Rain-pre mm Rainfall between January 1st and start of crop season
Rain-dur mm Rainfall during the crop season

Rain-post mm Rainfall between end of crop season and December 31st

Mean daily temperature
Mean daily temperature range (maximum - minimum daily)

Tempmean | °C
Temprange | °C

VPD kPa Mean daily vapour pressure deficit

Windsp m/s Mean daily wind speed (not used in HyPAR v3.0)
Radiatn W/m® Mean daily solar radiation

Radiatn MJ/m*/day | Mean daily solar radiation

Radiatn MJ/m*/year | Annual solar radiation

8.3.3 Summary

This file has the monthly and daily weather variables, averaged over the whole simulation run, for
example if the run was over five years then this files shows the average weather for January, February,
etc at this location.

File name: envmsum.csv
Standard plots: (1) Daily - Precip, meanT, SolRadl and VP. (2) Precip, meanT, SolRadl and VP.

Colufnn Units Notes

heading

Month

Precip mm Monthly total rainfall

MeanT °C Mean daily temperature for month

TRange °C Mean daily temperature range for month

SolRad1 MJ/m*/day | Mean daily solar radiation for month

SolRad2 W/m? Mean daily solar radiation for month

VP kPa Mean daily vapour pressure for month

Day Julian day

Precip mm Daily total rainfall

MeanT °C Mean daily temperature for this day

TRange °C Mean daily temperature range for this day

SolRad1 MJ/m*/day | Mean daily solar radiation for this day

SolRad2 W/m? Mean daily solar radiation for this day

VP kPa Mean daily vapour pressure for this day
8.4 Crop

If the tree canopy is disaggregated then there can be a number of independent 'plots' across the field
within which the crop can grow. The crop output files are divided into those for separate plots or for
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whole-field totals. With a uniform tree canopy there is only one plot, so only the field-scale files are
produced. The digits in the file name represent the year and the plot number.

8.4.1 Daily

Plot scale Field scale
Daily crop00_p000.csv crop0000.csv
Annual cropann2.csv cropannl.csv
Summary - cropsum.csv

File name: Crop00 p000.csv (e.g. crop98 p002).
Standard plots: (1) WtRoot, WtLeaves, WtStem, WtHaulm, WtGrain, LAI for each plot.

Colufnn Units Notes

heading

Day

Plot

Stg Growth stage

Lim Limiting factor for growth (W= water, L=light, N=nutrient)
PlantLA m’ Leaf area

Leafnum number of leaves per plant
Cover cover, 0-1

LAI Leaf Area Index

Intercept MJ/m’ Intercepted radiation

DM inc g/m’ Dry matter increment

FBG Fraction of carbon allocated below ground
WtRoot g/m’ Weight of root

WtLeaves g/m’ Weight of leaves

WitStem g/m’ Weight of stem

WtHaulm g/m’ Weight of haulm

WtGrain g/m’ Weight of grain

TotDWt g/m’ Total dry weight

RD m Rooting depth

N_uptake kg/m’ Uptake of nitrogen

W _uptake mm Uptake of water

N_stress (0-1) Index of nitrogen stress

W _stress (0-1) Index of water stress

T stress (0-1) Index of temperature stress
Stress (0-1) Overall index for stress

File name: crop0000.csv
Standard plots: (1) Chart0000 - WtRoot, WtLeaves, WtStem, WtHaulm, WtGrain, LAI

Colu{nn Units Notes
heading

Day

PlantLA m’ Leaf area
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Leafnum number of leaves per plant

Cover cover, 0-1

LAI Leaf Area Index

Intercept MJ/m* Intercepted radiation

DM inc g/m’ Dry matter increment

FBG Fraction of carbon allocated below ground

WtRoot g/m’ Weight of root

WtLeaves g/m’ Weight of leaves

WitStem g/m’ Weight of stem

WtHaulm g/m’ Weight of haulm

WtGrain g/m’ Weight of grain

TotDWt g/m’ Total dry weight

RD m Rooting depth

N_uptake kg/m’ Uptake of nitrogen

W _uptake mm Uptake of water

Stress (0-1) Stress index

Nstress (0-1) Index of nitrogen stress
8.4.2 Annual

File name: cropann2.csv
Standard plots: none.

Colu{nn Units Notes

heading

Year

Plot# Plot number - every plot in the field is represented by a row
X m The x co-ordinate of the plot centre (from field edge)

Y m The y co-ordinate of the plot centre (from field edge)
Sown day Julian day the crop was sown

GSlend day end of growth stage 1

GS2end day end of growth stage 2

Harvest day day of harvest (end of crop season)

Grain number/m’ number of grains produced in each plot

Yield t/ha Grain yield for plot

ADW t/ha Above ground dry weight at harvest

Max LAI m2/m2 Maximum Leaf Area Index reached during season
Max_LAI day the day of the maximum LAI

Water mm Total water uptake by the crop

Light MJ/m2 Total light interception over the season

Nutrients kg/ha Total nutrient uptake over the season

ResDW t/ha Residue dry weight removed - (will be zero if residue left on soil)
ResN t/ha N cont. of residue removed - (will be zero if residue left on soil)

File name: cropannl.csv
Standard plots: none.
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Colu{nn Units Notes

heading

Year

Sown day Julian day of year when crop was sown

Harvest day Date of harvest

Pop plants/m’ Number of crop established plants (an input variable)

Grain num/m’ number of grains produced

Yield t/ha Crop grain yield

ADW t/ha Above ground dry weight

H Index Harvest Index

Max_ LAI m*/m’ Maximum LAI reached for the field

Water mm Total water uptake by the crop

Light MJ/m* Total light interception over the season

Nutrients kg/ha Total nutrient uptake over the season

ResDW t/ha Residue dry weight removed - (will be zero if residue left on soil)
ResN t/ha Nitrogen content of residue removed - (will be zero if residue left on soil)

8.4.3 Summary

File name: cropsum.csv
Standard plots: All variables as bar chart summary.

Colufnn Units Notes

heading

Grain vyield | t/ha Total grain vield, average over all years of the run

ADW t/ha Above ground dry weight

Grain_# num/m’ Number of grains produced

Sown day Planting date (Julian day)

Harvest day Harvest date

Transp mm Total water uptake over the season

Light MJ/m2 Total light intercepted over season

Nutrients kg/ha Total nutrients taken up during the season
8.5 Tree

HyPAR can have a number of individual trees growing in a single field. Some output files are for
separate trees (free*.csv) and some are for the whole canopy across the field (site*.csv).

Individual scale Field scale
Daily tree0000.csv site0000.csv
Annual treeann.csv siteann.csv
Summary sitesum.csv
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8.5.1 Daily

File name: trec0000.csv
Standard plots: none.

This file has output for each tree, identified by the tree reference name in row three (a user-defined
name entered in the tree individual editor). The current version of Microsoft Excel has a limit of 255
columns so as there are 19 variables per tree, the output is restricted to 13 trees.

Colu{nn Units Notes

heading

Day Julian day of year (given in file name)
Precip mm Rainfall (useful for graphs!)

Sp. Species mnemonic

ht m Height of tree

hbce m Height to base of crown

Crndiam m Crown diameter (assumed to be an ellipse)
Rootdiam m Maximum diameter of rooting zone around tree
DBH cm Diameter of stem at breast height

Leaf area m’ Total leaf area

Chwood kg Carbon in heart wood (total for tree)
Cswood kg Carbon in sapwood (includes coarse roots)
Cbark kg Carbon in bark

Cfroots kg Carbon in fine roots (1mm diameter or less)
Cfoliage kg Carbon in foliage

Cstore kg Carbon in storage

H area cm’ Heartwood areca

Sap area cm’ Sapwood area

Nfol kg Nitrogen in foliage

Nwood kg Nitrogen in wood (includes coarse roots)
Nfroots kg Nitrogen in fine roots

Nfolp %DW Proportion of nitrogen in foliage

File name: site0000.csv
Standard plots: (1) C1 0000 - NetPhs, M_resp, G _resp, Litter. (2) C2 0000 - Biomass, Store.

This file contains the daily carbon balance for all the trees in the field.

Colufnn Units Notes

heading

kday Julian day of vear (given in file name.
Biomass kg C Carbon biomass

Store kg C Carbon in storage

NetPhs kg C Net photosynthesis

M resp kg C maintenance respiration

G _resp kg C Growth respiration

Litter kg C litter (foliage and wood)
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8.5.2 Annual

File name: trecann.csv
Standard plots: none.

This file shows the data for each tree as it stands on December 31% of each year of the run.

Colufnn Units Notes

heading

Year

name Tree individual code name (e.g. t001)

Sp. Species mnemonic (e.g. EGLO)

ht m Height of tree

hbc m Height to base of crown

Crndiam m Crown diameter (assumed to be an ellipse)
Rootdiam m Maximum diameter of rooting zone around tree
DBH cm Diameter of stem at breast height

Leaf area m2 Total leaf area

Chwood kg Carbon in heart wood (total for tree)
Cswood kg Carbon in sapwood (includes coarse roots)
Cbark kg Carbon in bark

Cfroots kg Carbon in fine roots (1mm diameter or less)
Cfoliage kg Carbon in foliage

Cstore kg Carbon in storage

Nfol kg Nitrogen in foliage

Nwood kg Nitrogen in wood (includes coarse roots)
Nfroots kg Nitrogen in fine roots

Nfolp %DW Proportion of nitrogen in foliage

File name: siteann.csv
Standard plots: none.

Colu{nn Units Notes

heading

Year

Trees /field number of trees modelled

Trees /ha equivalent number of trees per hectare
Total LA m’ total leaf area

LAI Leaf area index

Biomass kg biomass

mean DBH | cm mean diameter at breast height
Foliage C kg Foliage carbon

Foliage N kg Foliage nitrogen

N %DW N concentration in foliage

GPP kgC/m*/yr | Gross primary productivity

NPP kgC/m?/yr | Net primary productivity

Total abs MJ/m? Total intercepted radiation by tree canopy
Litter-folC kg/m* Carbon in removed foliage litter '
Litter-wdC kg/m’ Carbon in removed wood litter '
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Litter-folN
Litter-wdN
dd flag

kg/m”
kg/m*

Nitrogen in removed foliage litter '
Nitrogen in removed wood litter '
flag to indicate conditions were suitable for dry deciduous trees

8.5.3 Summary

File name: sitesum.csv
Standard plots: (1) PP_1 - mGPP, mNPP, mLAI (2) PP_2 - dGPP, dNPP, dLAI

- this figure will be zero if the litter was left on the soil (a user-defined input option)

Column heading | Units

Notes

Month
mGPP
mNPP
mLAI

Day

dGPP
dNPP
dLAI

kgC/ha
kgC/ha

kgC/ha
kgC/ha

Gross primary productivity total for

- as above for NPP
- mean LAI for this month

as above for year day

8.6 Soil

The soil files are complicated by the fact there can be output at field scale or plot scale as well as layer
by layer. The 'profile' means all layers combined. The region of soil in one plot in one layer is referred

to as a cell.
Plot scale Field scale
Layer Profile Layer Profile
s0iln00 _p000.csv 50iln0000.csv
Daily soilr00_p000.csv s0ilr0000.csv s0ilt0000.csv
(watr00_p000.csv)’ (watr0000.csv)’

Annual soilann.csv
Summary soilsum.csv

1 N
see next section for water files

8.6.1 Daily

For the following three files, the fiecld-scale output files have the same content, but averaged over all

plots. Plot scale files are only created if the 'field only' box is not checked on the output tab.

File name: soiln0000.csv or soiln00 p000.csv (new file created for each selected plot)
Standard plots: none.

These variables are repeated for every soil layer -
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Column

heading Units Notes

Day

Plot

Wat-Cont mm Water content of layer

FreshOM kg/ha fresh organic matter

FreshON kg/ha fresh organic nitrogen

Humus kg/ha humus content of layer

HumusN kg/ha nitrogen in humus

NO3 mg/kg soil mineral nitrogen in layer
NO3 kg/ha soil mineral nitrogen in layer
NO3net kg/ha Net mineralisation and immobilisation
NO3flux kg/ha Net amount of nitrogen leached
(last column) kg/ha Nitrogen lost with drainage water

File name: soilr0000.csv or soilr00_p000.csv (new file created for each selected plot)

Standard plots: (1) C1 - Wupt-tree. (2) C2 - Wupt-crop. (3) C3 - Roots-tree. (4) C4 - Roots-crop. (5)
CS5 - NO3upt-tree. (6) C6 - NO3upt-crop.

Colu{nn Units Notes

heading

Day

Plot

Wat-Cont mm Water content of layer

Wat-flux mm net movement of water into/out of layer
Roots-tree cm/cm’ Tree root density (all trees in field)
Wupt-tree mm Water uptake by tree roots (all trees in field)
NO3upt-tree kg/ha Nutrient uptake by tree roots
Roots-crop cm/cm’ Crop root density

Wupt-crop mm Water uptake by crop roots
NO3upt-crop kg/ha Nutrient uptake by crop roots

File name: soilt0000.csv
Standard plots: none.

This file gives a field-scale summary of the water and nitrogen balance in the soil.
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Colufnn Units Notes
heading
Day Julian day
Temp °C temperature
WatCont mm water content of the profile
AW mm water available for uptake by plants
Top40 mm water content of top 40cm
Swpot MPa soil water potential
Wat-in mm Water entering the soil (rainfall minus interception by leaves)
Wat-out mm Water leaving the soil (uptake, drainage, soil evaporation)
Nut-conc kg/ha NO; total content
Nut-in kg/ha Mineral N entering soil (mineralisation)
Nut-out kg/ha Mineral N leaving soil (immobilisation, uptake)
Nut-loss kg/ha Mineral N lost with drainage water
8.6.2 Annual

File name: soilann.csv
Standard plots: none.

Colu{nn Units Notes

heading

Year

Rainfall mm Rainfall

TreeTrn mm Tree water uptake

CropTrn mm Crop water uptake

TreeEvap mm Evaporation losses following interception by tree leaves

CropEvap mm Evaporation losses following interception by crop leaves

SoilEvap mm Evaporation losses from soil surface

Runoff mm Water lost as run off

Drainage mm Water lost from the system as drainage

Water change mm Difference between water content on December 31% and the

netNO3 Net change in mineral N due to mineralisation and immobilisation

NO3leach kg/ha Mineral N lost with drainage water

TreeNup kg/ha N uptake by the tree

CropNup kg/ha N uptake by the crop

Nutrient change | kg/ha Difference between mineral N content on December 31% and the
previous January 1%,

8.6.3 Summary

There are 13 possible combinations of hydrology model and pedotransfer functions. Each of these
options may result in a different set of conditions defining wilt point, field capacity and saturated
capacity for the given soil types. These will not change during the run.

File name: soilsum.csv

Standard plots: (1) SW_1 - Sat., F.Cap., PWP . (2) SW_2 - Sat mm., F.Cap mm, PWP_mm (3)
SW_3 - Initial mm, Final mm
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Column heading | Units Notes
Laver Laver in soil profile (1 = surface)
Depth mm Depth of layer mid-point below soil surface
Width mm thickness of layer
Type soil type in layer (user-defined)
PWP mm Permanent wilt point
F.Cap. mm Field capacity
Sat. mm Saturated capacity
MaxAW mm maximum available water for plants
Initial mm initial water content (user defined)
Final mm water content at end of simulation
PWP_ mm mm/mm As above, but expressed per mm rather than layer total
F.Cap_ mm mm/mm "
Sat mm mm/mm "
MaxAW_mm mm/mm "
Initial mm mm/mm "
Final mm mm/mm "

8.7 Water

8.7.1 Daily

File name: watr0000.csv or watr00_p000.csv
Standard plots: (1) C1 - Tree evap, Crop evap, Soil evap (2) C2 - Precipn, WatCont... (3) C3
TreeTrn, CropTrn, Precipn.

This file shows the daily water balance.

Colufnn Units Notes

heading

Day

(Plot) (plot number, only in watrO0_p000)

Precipn mm Rainfall

Tree evap mm Evaporation from tree canopy

Crop_evap mm Evaporation from crop canopy

Soil _evap mm Soil evaporation

TreeTrn mm Tree transpiration

CropTm mm Crop transpiration

Drainage mm Water lost as drainage

RunOff mm Run off total for the day

Puddle mm Surface water remaining at end of day

WatCont... mm Water content of all layers, one per column
8.8 Field

There are two additional output files created when the tree canopy is disaggregated.
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File name: field0000a.csv

Standard plots: none

This file gives the layout of the field. It shows the plot numbers, the tree positions and the fraction of
light reaching each plot on the (Julian) day that the crop is sown.

File name: 1ield0000b.csv

Standard plots: none.

This file gives the layout of the field. It shows the plot numbers, the tree positions, the fraction of light
reaching each plot on the (Julian) day that the crop is harvested and the crop yield per plot.
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