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ABSTRACT
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FUSSIM2 is a two-dimensional simulation model for describing movement of water, solute
transport and root uptake of water and nutrients in partially saturated porous media. It has
been documented in 1998 (Heinen and de Willigen, QASA Report 20, AB-DLO & PE,
Wageningen, The Netherlands). Since then new features have been included that are described
in the current report. The new features include: extension to the van Genuchten — Mualem
description of the physical properties of the porous medium, reduction of evaporation of water
at the soil surface, runoff, the Vimoke drain concept, P-adsorption and P-fixation, non-zero
sink nutrient uptake, root growth described as a diffusion process, nitrification and
denitrification, soil temperature. Furthermore, a version in cylindrical coordinates is available,
FUSSIM2 is coupled with the organic matter model MOTOR, and a expo-lineair growth and
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Preface

This report was written within project 10198 (“Verbetering en toetsing FUSSIM2’) as
part of the research program 317 (‘Dynamiek en beheer van nutriénten’) It was financed
by “Dienst Wetenschap en Kennisoverdracht” (DWK) of the Dutch Ministry of
Agriculture, Fisheries and Nature Management (LNV). It is an update of a previous
description of FUSSIMZ2, a two-dimensional simulation model for describing water
movement, solute transport and root uptake of water and nutrients in partially
saturated porous media (Heinen and de Willigen, 1998. Quantitative Approaches in
Systems Analysis No. 20, AB-DLO and PE, Wageningen, The Netherlands). The last
chapter is a user’s guide for the model.

At each chapter it is indicated who the responsible authors are. Authors who

contributed are: M. Heinen, P. de Willigen, F.B.T. Assinck, J.A. de Vos (all Alterra),
and J.G. Conijn (Plant Research International).
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Summary

FUSSIM2 is a two-dimensional simulation model for describing water movement,
solute transport and root uptake of water and nutrients in partially saturated porous
media. It was documented by Heinen and de Willigen in 1998 (Quantitative
Approaches in Systems Analysis No. 20, AB-DLO and PE, Wageningen, The
Netherlands). Since then there have been additions to FUSSIMZ2, which are described
in this report. Also the user’s guide needed to be updated due to these additions, and
forms the last chapter of this report.

The new features include: extension to the van Genuchten — Mualem description of
the physical properties of the porous medium, reduction of evaporation of water at
the soil surface, runoff, the Vimoke drain concept, P-adsorption and P-fixation, non-
zero sink nutrient uptake, root growth described as a diffusion process, nitrification
and denitrification, soil temperature. Furthermore, a version in cylindrical
coordinates is available, FUSSIM2 is coupled with the organic matter model
MOTOR, and a expo-lineair growth and demand module is included in FUSSIM2
for special situations.
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1 Introduction

FUSSIM2 is a two-dimensional simulation model for describing water movement,
solute transport and root uptake of water and nutrients in partially saturated porous
media. It has been documented by Heinen and de Willigen (1998). Since then, several
additions have been implemented in the code, and we feel obliged to describe them
in this report. We have decided to describe each feature in a separate chapter. The
responsible author(s) for each chapter are given at the beginning of each chapter.

In this report the following chapters are present

2 FUSSIM2 for 1-dimensional cases

3 Cylindrical coordinates: FUSSIMR

4 Extension to the van Genuchten-Mualem description of the hydraulic

properties in FUSSIM2

5 From potential to actual evaporation of water at the soil surface

6 Infiltration and runoff of water at the soil surface

7 Drain according to the Vimoke concept in FUSSIM2

8 P-adsorption and P-fixation in FUSSIM2

9 Non-zero sink nutrient uptake

10 Expo-linear growth and demand

11 Root growth described as a diffusion process

12 Nitrification and denitrification module NITDEN

13 Soil temperature (1-D)

14 Coupling with MOTOR

15 User’s guide

The last chapter is the update of the user’s guide as given by Heinen and de Willigen
(1998). Each chapter can be considered as separate units. They have their own usage
of symbols and their own list of references.

In general, since the previous description of FUSSIM2 (Heinen and de Willigen,
1998) the model has been used extensively. In most cases it was coupled with plant
growth models. For this purpose use was made of the FSE4 shell (Rappoldt, 2001)
software, which was specifically made for coupling existing models. As such,
FUSSIM2 is no longer a stand-alone model, as it has to run under FSE4 (or any
other synchronization main program or shell). Under FSE4, FUSSIM2 can be run as
a single model. However, the user needs to take care of any required plant data in
that case. For this situation the user can choose to use the build-in expo-linear crop
model (chapter 10).

1.1 References
Heinen M. and P. de Willigen, 1998. FUSSIM2 A two-dimensional simulation model

for water flow, solute transport and root water and root nutrient uptake in
unsaturated and partly unsaturated porous media. Quantitative Approaches in

Alterra-rapport 363 11



Systems Analysis No. 20, DLO Research Institute for Agrobiology and Soil
Fertility and the C.T. de Wit Graduate School for Production Ecology,
Wageningen, The Netherlands, 140 p.

Rappoldt C, 2001. Description of the FSE4 shell. Internal Report, Alterra,
Wageningen, in preparation.
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2 FUSSIM2 for 1-dimensional cases

Marius Heinen

2.1 Introduction

FUSSIM2 can easily be used for 1-dimensional studies by setting the input parameter
NC equal to one. The code of FUSSIM2 has been adapted such that this case can be
handled correctly. For the 1-D case, the matrix problem (Eq. [114] of Heinen and de
Willigen, 1998) consists of a tri-diagonal coefficient matrix A, which can be easily
solved (e.g. Press et al., 1992). The main diagonal contains the coefficients of the
central CV’s, and the upper and lower diagonals contain the coefficients referring to
the northern and southern neighbors.

It is also possible to consider several columns as independent 1-dimensional
columns, i.e. there will be no flow between the columns. Setting up the equations for
all columns again yields a tri-diagonal system which can be solved as described
above. This option can be achieved by setting ISOLVE < 0 (see chapter 15). This
option was implemented for a special case study, but it is still available for the future.

2.2 References

Heinen M. and P. de Willigen, 1998. FUSSIM2 A two-dimensional simulation model
for water flow, solute transport and root water and root nutrient uptake in
unsaturated and partly unsaturated porous media. Quantitative Approaches in
Systems Analysis No. 20, DLO Research Institute for Agrobiology and Soil
Fertility and the C.T. de Wit Graduate School for Production Ecology,
Wageningen, The Netherlands, 140 p.

Press W.H., B.P. Flannery, S.A. Teukolsky and W.T. Vetterling, 1992. Numerical
recipes in Fortran 77. Second edition. The art of scientific computing. Cambridge
University Press, Cambridge.
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3 Cylindrical coordinates: FUSSIMR

Peter de Willigen and Marius Heinen

In this chapter we describe how water movement in cylindrical coordinates is
implemented in the code FUSSIMR. We use the same notation convention as in
Heinen and de Willigen (1998).

3.1  Discretization in cylindrical coordinates.

The equivalent of Richard’s equation (multiplied by r for convenience) in cylindrical
coordinates reads

rﬂ_q:_irqr_ iqy 'irqz - rSW (3'1)
fit fir fy 1z

where
r the radial coordinate L
y the tangential coordinate L
z the vertical coordinate L
q volumetric water content L3
t time T
q water flux density L°*L*T*
S, sink strength for water LT

The Darcy fluxes in cylindrical coordinates (r,zy ) read

h Th Ky 1h
_-K_) :'K—+K, =2 3_2
T BT ey T Y T Ty (3-2)
where
K hydraulic conductivity LT
h pressure head ]

In order to discretize this equation we integrate it over the control volume. The grid
point in the control volume is indicated by the subscript P, its neighbors in the r-
direction are indicated by the indexes W(est) and E(ast), in the y -direction by L(eft)
and R(ight) and in the z-direction by S(outh) and N(orth). The interfaces between the
control volumes are indicated by lower case indexes, e.g. n denotes the interface
between control volume P and N.
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The integration of the first term of the right hand side of Eq. (3-1) yields
Y Zpt+Dt 1 ﬂ yan
00 0 & g drddzdy = oy [ra ]} Didzdy =-[ea., - ra, Joyoenx 39

Y Zg t My Y Zg

The fluxes g,, and g, are approximated by

hg - h hp - h
=-K,,E P q,6=-K ,2—W 3-4
Or e L ar, T (3-4)
Substitution of Eq. (3-4) in Eq. (3-3) yields
YiZat+Dit: he - h K, s = hy U
00 00 1rqrdrdtdzdy ge Ko (dE ) -1, “W(dp W)EDy DzDt  (3-5)
vz tor Ir re My a

Likewise the integration of the second term of the right hand side of Eq. (3-1) yields
re Znt"'Dtyr

000 O %qy dy dtdzdr 00 [qyk Dtdzdr = [qy'r - qy,|]DrDZDt (3-6)

Wzg t Yy, Ny Zs

The fluxes gy, and qy , are approximated by

g, _ Krhr-he qu:_MhP'hL (3-7)
! rr dyr ] rI dyl

Substitution of Eq. (3-7) in Eq. (3-6) yields

feZnt+DY o éK, g -h) K, (he -h )0

000 & —q, dydidzdr =- & () Ky (e - )HDrDth (3-8)

rwZs t oy ﬂy é rrdYr rIdyl u

Note thatr,=r,.
Integration of the third term of the right hand side of Eq. (3-1) eventually leads to

Yrlet+DX Zy Yrle Iy
0000 7, " dzdtdrdy =)¢y r[ar ];S Dtdrdy =- (qz,n - qzys) () & DyDtDz
Yily t Zg Yify Tw (3'9)
2.2
- rW
DyDtDz

=- (qz,n - qu)re
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The fluxes q,, and g, are approximated by

hp'h

iy - =-K S +K, (3-10)

qz,n :'Kz,nTnp-l_Kz,n' qz,n 7,8 dZS

Substitution of Eq. (3-10) in Eq. (3-9) yields

Yl t+Dtz, 1-[

00 O O =9, dzdtdrdy =

Yitw t Zg z (3_11)
&2-r2ee  hy-hp he - he® r2-r2 U

A - K P SI+ € W K _ K ” DtDZ

e? 2 g zZn dZn Z,5 dZs z 2 ( zZ.n z,s)HDy

Integration of the source term of the right hand side of Eq. (3-1) finally yields
- S, DVDt (3-12)

where DV is the volume of the control volume given by

2 2
- Ty

DV = = Dy Dz (3-13)

Integration of the storage term (the left hand side) of Eq. (3-1) yields
0
o - a2 pv (3-14)

but as before by using a truncated Taylor expansion around hr; it is replaced by

[ e - 02 )+ a7 - af Jove (3-15)
where
C differential moisture capacity Lt

Combining and rearranging one gets the discretized equivalent of Eq. (3-1)
AnD* = AL+ AChET + AL+ AT+ AR+ AhR ™t +h (3-16)
with

K, DDz

A, == 3-17
" rdy, (3-17)
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_K, DDz

(3-18)
- hdy,
A :M (3-19)
. dr,
K, Dy Dz
= _fww=? 7 3-20
Aw o, (3-20)
Kz nDy r2-r?
Ay =— o 3-21
R (3-21)
- Kz,sDy I'e2 - I'W2 (3-22)
> dz, 2
01,0 n 0 DVP re2 - I’\/\/2
b= Aphp - @P - QP) o (Kz,n - Kz,s) > Dy - SpDV5 (3-23)
A2 =Cj DVe (3-24)
A=Ay, +Az +A +FAG+HA + A+ A (3-25)

3.2 FUSSIMR in two dimensions

The code FUSSIMR is at present only available for two-dimensional r-z situations,
i.e. no gradients in the tangential direction exist. The above equations remain valid;
only the equations simplify and some coefficients vanish. In case of transport in

radial (r) and vertical (z) direction only the coefficients A_and A vanish and Dy
should be replaced by 2p..

For completeness, in case of transport in radial (r) and tangential /) direction the
coefficients Ay and A vanish, while Dz should be replaced by 1.

18 Alterra-rapport 363



3.3  Boundary conditions
3.3.1 Inr-direction
3.3.1.1 The outer radial boundary of the cylinder

Prescribed flux
The first term at the RHS of Eq. (3-3) be formulated as

YrZnt+Dtre Y iZn

N\ \ Y ﬂ N\
000 0O qu,drdtdzdy =00 [rq,][ew Dtdzdy
yizZsg t o1y YiZs (3-26)
> K hp - hy JU
:g_ reqr,e _ r,wrw( P W)EDy DzDt
é drw u

The flux q,, is the prescribed flux over the outer radial surface and r,Dy Dz is the
outer surface of the control volume, so the product of both is the volumetric flux out
or into the control volume. So the discretized equation for the boundary control

volumes is similar to Eq. (3-16), except that now Ag = 0, and the term r,Dy Dzq,,
after division by Dt, should be added to b.

Prescribed pressure head

The easiest way to handle this condition is to make all the coefficients, Ac, A, ,Ay
A Ag ,Arzero and substitute A = 1, and b = h,,where h,, is the prescribed pressure
head. But as explained earlier this leads to difficulties with one of the solution
methods used. So again the following procedure was followed: the normal
discretization equation Eq. (3-16) is used, but A and b are now given as

A=Q (3-27)
and
b=h,Q (3-28)

where Q is a number so large that the other terms are insignificant, this yields the
desired result.

3.3.1.2 The inner radial boundary of the cylinder

At the inner boundary - the longitudinal axis -, the condition is always that of zero-
flux, so here

A, =0 (3-29)

Alterra-rapport 363 19



the other terms being similar to those given before. If a hollow cylinder is
considered, the inner boundary can be of the same type as the outer boundary as
described in the previous sub-section.

3.3.2 In z-direction

The handling of boundary conditions at z = 0 and z = z is similar to that for the
radial boundary conditions. For prescribed flux at the top Ay =0, and to b a term
0.5(r.>- r,/)Dy q,, is added; at the bottom one sets A; = 0, and adds 0.5(r,>- r,’)Dy ¢,
to b. The boundary condition of prescribed pressure head is dealt with by setting as
before: A = Q (Eq. (3-27)) and b = h,,Q (Eq. (3-28)).

3.4  Geometry

The soil cylinder with radius R; is divided in NR rings and NL layers (and NPSI
segments). The radial coordinate of the grid points is located midway between the
boundaries of the control volumes. The first grid point lies in the center of the soll
cylinder ¢ = 0). For the outer control volume the grid point lies at the outer
boundary = R,). In a {,z) two-dimensional system the state variables pertain to
gridlines (circles) rather than to grid points.

In FUSSIMR the following variables are used:

R(I) coordinate of the radial outer boundary of CV |
RGRID(I) coordinate of grid point |
DR(I) radial thickness of CV |

DISTR(I) radial distance between grid point I and 1+1

At this time there are two options to divide the soil cylinder in NR rings. First, the
user can enter the thickness of each ring. Secondly, the user can enter the radius R,
of the cylinder and the number of rings NR. Then, the thickness of the rings are
computed such that the volumes of each of the control volumes are the same. In that
case

pr12 :p(r22 - rlz):p (r32 - rzz):--- =p (rl\le - rlis-l) (3-30)

From this it follows that

ro=ri (3-31)
and so

n/NR =R, (3-32)
or

20 Alterra-rapport 363



= 3-33
FTUNR (333)
Now all r, can be computed. Furthermore, any DR(I) can be computed as
DR(1) =1, (VT - VT~ 1) (3-34)

The sum of all DR(I) equals R,.

Surface areas

In computations of flux densities the surface areas perpendicular to the direction of

water movement are needed if volume fluxes (cm’d™) are required, e.g. to compute

amount of water that passed a certain boundary. In rectangular coordinates these

surface areas are simply DxDy = Dx.1 = Dx or DzDy = Dz.1 = Dz In cylindrical

coordinates, however, we have:

for flow in z direction (assuming only flow in (r,zZ) domain, i.e. noy dimensioning)
SURFZ(I) =p (R(I)*- R(1-1))) = p DR(I) (R(I) + R(I-1))

for flow in r direction (assuming only flow in (r,z) domain, i.e. no y dimensioning)
SURFR(1,J) = 2p R(l) DZ(J)

3.5  Verification

A transient (,z) analytical solution for heat transfer in a finite cylinder with unit initial
temperature, zero surface temperature and constant conductivity is used to verify the
numerical simulation model. The cylinder is represented by -Z2/2<z<272/2,0<r <R,
The analytical solution is given by Carslaw and Jaeger (1959; their Eq. (5) on page 225)
u(r,z)=c(r,R,(z,272) (3-35)

The two functions are given by (Carslaw and Jaeger, 1959; their Eq. (1) on page 225)

Jo(ra,)
expl- Ka’t)]— =0l - (3-36)
1 ( " )an‘]l(Rlan)

Qo

2
C(r’Rl):R_
1

n
where a, are the positive roots of
Jo(Ra)=0 (3-37)

and (Carslaw and Jaeger, 1959; their Eq. (6) on page 173)

O+K

48 (1) (2n 1)°p 29 aeé2n 1)ozo (3-38)

z(z,Z/2)=pn=0(2n+1ep‘é TBC g 2(272)

respectively.
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This verification is analogous to the verification in sections 6.1 and 6.3 of Heinen
and de Willigen (1998), so we do not describe the details of how the simulation is
carried out. The comparison between numerical and analytical solutions is very good
for both water movement and solute transport (Figure 3-1).

1 , b
analytic
0.8 o water t=5d
0.6 - A solute
= = 04 k2 =4.75cm
0.2 1
0+

Figure 3-1. Comparison between numerical (Symbols) and analytical (lines) solutions for both water movement (?)
and solute (? ) transport.

3.6 References

Carslaw H.S. and J.C. Jaeger. 1959. Conduction of heat in solids, 2" ed. Macmillan,
New York.

Heinen M. and P. de Willigen, 1998. FUSSIM2 A two-dimensional simulation model
for water flow, solute transport and root water and root nutrient uptake in
unsaturated and partly unsaturated porous media. Quantitative Approaches in
Systems Analysis No. 20, DLO Research Institute for Agrobiology and Soil
Fertility and the C.T. de Wit Graduate School for Production Ecology,
Wageningen, The Netherlands, 140 p.
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4 Extension to the van Genuchten-Mualem description of the
hydraulic properties in FUSSIM2

Marius Heinen

4.1 Introduction

Movement of water through porous media is determined by the hydraulic properties
of the porous media. The hydraulic properties are given by the water retention and
hydraulic conductivity characteristics. These characteristics describe the relationships
between pressure head h [L], volumetric water content q [L’L®] and hydraulic
conductivity K [LT"]. For soils, but also for coarse porous media used as root zone
substrates in horticulture (e.g. Otten, 1994; Heinen, 1997), these relationships are
commonly described by the van Genuchten (1980) g(h) and Mualem (1976) K(q) (or
K(h)) relationships. These relationships are incorporated in the simulation model
FUSSIM2 (Heinen and de Willigen, 1998).

For some soils, especially clayey soils, it appears that the description of K(q) fails near
saturation. Vogel and Cislerova (1988) proposed an extension of the van Genuchten-
Mualem equations. These extensions have been included in the Hydrus_2D model of
Simunek et al. (1994) and have been successfully used by de Vos (1997) for describing
water flow and nutrient transport in layered silt loam soil.

It was decided to extend the van Genuchten-Mualem functions of the model
FUSSIM2. This chapter describes the new functions, and discusses how these have
been incorporated in FUSSIM2. Additionally, attention is paid to the matric flux
potential as it is used in the water uptake module in FUSSIM2.

42  Theory

Vogel and Cislerova (1988) presented the following descriptions for q(h) and K(h)
(Figure 4-1)

dn -9
[Oa t7— am h <h,
am) =t " [L+pnf) (@-1)
19, ha h,
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and

KK ((h) - k) h £
_I h'hk K 'Kk
K(h)={K : h, <h<h
() : k (hs'hk) k s
TK, h h

e aq _ q (.jl/m um
F)=¢&- gia T U
g Un - Ua @ H
m=1- 1, n>1
n
S = q-4d
s - Or
Sk —_ qk - ql‘
qs - qr
in which
o residual water content
o} water content at saturation
oR (extrapolated) fictitious q. g, £ q,
o (extrapolated) fictitious g g, ° q
h pressure head
h, air-entry value
h, pressure head above which K(h) becomes linear

K, hydraulic conductivity at saturation
Ky hydraulic conductivity at h,
a

curve shape parameter
n,m, | curve shape parameters

24

(4-4)

(4-5)

(4-6)

L
LL®
L
LL®

LT*
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L-l
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Figure 4-1. Schematic representation of the water retention characteristic q(h) and the hydraulic conductivity
characteristic K(h) as given by Eqs. (4-1) and (4-2), respectively. The following parameters were used: Gz = ¢ =
0.1cm3cm3, gs = 0.45 cm3cm3, a = 0.05emL, n=25m=0.6 K =50md? | =05, K« =25md

1 hk = -26 ¢m, hs=-10 ¢m, gn = 0.486 cm3c¢m=3 (computed from Eq. (4-1) with q = gs, h = k), and gk =
0.303 cm3cm-3 (computed from Eq. (4-1) with h = hy).

So far, in FUSSIM2 the air-entry value is not considered, i.e. h, = 0. In that case we
have g, = g, and g, = q. Egs. (4-1)-(4-4) are then written as (note: F(q) = 1)

q, + On - 9 h<0
ah) =1 [+ (4-8)
19, h20
KK, (h) h £h,
K=k, - O hk)EKS K, <n<o @-9)
'r )
iK, hso
] .2
K, &S 0 é1- F(q) U
K, =X 6—% a——4¢ (4-10)
K655 & Fl
é ) .1/m um
F(q)=€-‘l-?' 2 g =fi sl (4-11)
8 U; -dr g H
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respectively. Now, Eq. (4-8) is no longer different from the expression already used
in FUSSIM2. Only the description of K is different. In FUSSIM2 there are two

functions that can compute K: one based on known q (K(q)) and the other based on
known h (K(h)). The first is used for solving the water flow problem, and has the
advantage of not being influenced by hysteresis, the second is used in solving the
water uptake model (in which hysteresis is not considered). Equation (4-9) expresses
K as a function of both g and h. Since g and h are related through Eq. (4-8)
(disregarding hysteresis), it is possible the substitute either h or g in Eq. (4-9) to
obtain K(q) and K(h), respectively. The K(q) relationship reads

f'.K %S 0 é1- F(q) U

I Sk!ZJe1 F(Qk)ﬂ 950
%K E.E[ G( ):(K K) 6 <q<q, (4-12)
K, q=q;s
}
with
Gg)=- ai(s m_gfr (4-13)
G(qk)=-a1(8é“”‘ f” (4-14)

and the K(h) relationship reads (after some algebraic rearrangement)

‘| ) .2
T )

:::Kka (1+| " ) 7] h£h,
K(h):}Kk- (b b )ng Ki) he <h<0 (4-15)
i k
i Ky h30
I:I
t
where
c, = (1+| hk|n)m|+2) (4-16)

T - g
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For the case where one does not want to consider a linear part in the K curve near
saturation, we have (require) K, =K, h, = 0 and g, = g. In that case Egs. (4-12) and
(4-15) reduce to (note: S, =1, F(q,) =0, C,=0)

)=} -Gy aea (@-17)
K, q=q,
and
i m P
h 4 el ) - o0 .
K( =i (1+|ah|”)m(' ) (4-18)
K, N

respectively. Equations (4-17) and (4-18) are the ones that were originally used in
FUSSIM2 (Heinen and de Willigen, 1998; their Eqs. [184] and [187], respectively).

In Egs. (4-13) and (4-14) the a-parameter appears. For hysteretic cases, the model
FUSSIM2 assumes that for drying and wetting different a values have to be used.
Fortunately, in Eq. (4-12) Eq. (4-13) is divided by Eq. (4-14), so that the a-parameter
disappears.

4.3  Matric Flux potential
In the transpiration module of FUSSIM2 the matric flux potential is needed (see

description of this module in Heinen and de Willigen, 1998). The matric flux
potential represents the integral of the K(h) relationship and is given as

hH
f = K(h)dh (4-19)
hL
in which
f matric flux potential (< 0) LTt
hy higher integration limit L
h, lower integration limit L

In FUSSIM2 there is a subroutine (MFLP(D)) that computes f. Here the absolute
pressure head is used, denoted as P, with P = -h. Furthermore, we are only interested
in the unsaturated zone, so that we have to consider only the first two expressions in
the K(h) relationship (Eq. (4-15)). Combining Egs. (4-19) and (4-15) thus yields
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K Cy OF ) 2 P P3P
f ::' P (1+(aP) ) B (4-20)
Tp, .
: 0§<k + (Pk B P)(KS B Kk)gdp 0 < P < Pk
1 P '
I PL k g

For P, = 0 (no linear part in K curve) we require K, = K, and h, = 0, in which case
Eq. (4-20) reduces to

2
’ %H(aP)“)m - (apy18

Equation (4-21) is also obtained when the first term of Eq. (4-18) is substituted in
Eq. (4-19).

We have to consider the following four cases (note: P, < P,).

1. Both P, and P, are less than P, so that we have to consider the linear part of
K(h). The matric flux potential is given by the second term of Eq. (4-20) and is
given as

=k (- ) KK o) (422
k

2. Both P, and P, are larger than P, so that we have to consider the first term in
Eq. (4-20). In FUSSIM2 the integral in Eq. (4-21) is solved numerically. We can
still use this solution and multiply this result with K,C, (instead of multiplying it
with K)).

3. When P, is less than P, and P, is larger than P,, the matric flux potential is the

sum of both integrals in Eq. (4-20) with proper integral limits. For the linear part
(between P, and P) the result follows from Eq. (4-22) (substituting P, by P,)

f =K (Pe-P)- %(&2 - P¢) (4-23)
k

4. When P, =0, i.e. we do not consider a linear part in the K curve, the old solution
as used in FUSSIMZ, i.e. the solution of Eq. (4-21) remains valid.
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4.4  Implementation in FUSSIM?2

The functions COND, CONDD, CONDW and CONDWD have been changed so
that they compute K(h) according to Eq. (4-15) (single precision in COND, double
precision in CONDD) and K(q) according to Eq. (4-12) (single precision in
CONDW, double precision in CONDWD). These computations require additional
parameters, i.e. K, and g, or h,. It was decided that the user should supply both K,
and q,, and when necessary h, can be computed using the function PRES(D) (with
the a-parameter for the drying curve). The common block /VGEN/ is extended
with these two additional parameters. The routine GTSOIL is adapted such that the
two new variables are read from the soils database file. The model TRANSP required
some additional changes in order to take care for correct transfer of parameters to
several internal subroutines or functions (through common blocks /FFP1/ and
/FUNKHY/, and in argument lists of COMAS and ESTDPH).

After reading the parameters (using GTSOIL) it is checked whether K, and g, have
good values. In case g, > g, or g, b g we set g. = g and K, = K, in this way
FUSSIM2 will not consider a linear part in the K curve. Similarly, In case K, > K, or
K. b 0 we set K, = K and g, = q.. Other checks are not possible. It is assumed that
the user is well familiar with the extended van Genuchten-Mualem model, so that the
user supplies realistic values for K, and q.

The functions MFLP (single precision) and MFLPD (double precision) have been
changed according to Egs. (4-20)-(4-23).

In FUSSIM2 evaporation reduction is computed using available data from an input
file (typically with extension .EXT). This EXT-file is constructed with the program
EXTMAKE. In this program the functions CONDWD, CONDD and MFLPD are
used. EXTMAKE has been adapted such that proper argument lists in the calls to
these functions are used.

A simple program is made to transform the old SOILS.DB file into a new
SOILS.DB in which the two variables K, and g, are added. The values for these two
variables are K, = K, and g, = ¢,. The name of this program is CHANGEDB.
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5 From potential to actual evaporation of water at the soil
surface

Marius Heinen and Peter de Willigen

5.1 Introduction

Water vapor deficit in the atmosphere induces an evaporative demand from the soil
and the crop. There are several methods to compute the potential evapotranspiration
ET, (LT") demand, e.g. the Penman-Monteith equation. There are also ways to
divide ET, into potential transpiration by the crop T, (LT") and potential
evaporation of water from the soil surface E, (LT™), e.g. via the leaf area index.
Evaporation of water at the soil surface occurs through water transport across the
soil-atmosphere interface and through the vapor phase. Considering evaporation at
the soil surface would mean to consider vapor transport as well in a simulation
model, such as FUSSIM2 (Heinen and de Willigen, 1998). In this chapter we have
chosen to adopt an empirical approach to consider evaporation at the soil surface
using data from the literature. This chapter describes the implementation of this
method in FUSSIM2.

Itis assumed that E, is known at each time (see above). Based on the soil condition
near the surface it is checked if E, can be reached, or if not, what the actual
evaporation of water at the soil surface E, is. Van Keulen (1975) and van Keulen and
Seligman (1987) presented an empirical relationship between the ratio E,/E, and the
pressure head near the soil surface h, (L), i.c. at z, = 1 cm below the soil surface
(Figure 5-1). This relationship was obtained from their simulation model, in which
they used a 2 cm thick top layer. In general, in FUSSIM2 the node of the first layer
lies at the soil surface, i.e. z = 0 cm. The node of the second layer lies in the middle
of the second layer. Since the thickness of the layers may be variable, we do not
know the pressure head at 1 cm depth. Next we will explain how h, is obtained. The
only restriction is that the node of the second layer lies deeper than 1 cm.
Furthermore, we assume only vertical movement of water near the surface.
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Figure 5-1. The relationship Ea/Ep(ho) according to van Keulen (1975) and van Keulen and Seligman (1987).

In general the simulation model knows the pressure head at some depth z, (z, > z,)
close to the soil surface, denoted by h,. When the soil dries out, there is no linear
drop in h near the surface, due to the highly non-linear hydraulic properties of the
soil. We make use of a steady state approach. At steady state there is a constant flux
density between z, and z, which equals the evaporation E (< 0). According to
Darcy’s law we have

kg (5-1)
9z
where
E evaporation rate LT
K hydraulic conductivity (being a function of h) LT
h pressure head L
z vertical coordinate L

Since h is only dependent on z and no longer on time, we may replace the partial
derivatives in Eq. (5-1) by normal derivatives to yield

K_dh_, (5-2)
K-Edz
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Integrating Eq. (5-2) from z = z,, h="h, to z =z, h = h, gives

h(] Zy

K
Ogth = g =2,-2, (5-3)
hy B E 1

For a known K(h) relationship the left hand side of Eq. (5-3) can be computed to
give the steady state solution z(h). For known z,, z, and h,, the unknown h, can then
be computed. In FUSSIM2 the K(h) relationship of Mualem (1976) is used (see
chapter 4). Since we do not know the integral of this relationship, Eq. (5-3) cannot be
solved analytically. It is estimated by using the Romberg integration method (Press et
al., 1992). Since E is a function of h, (Figure 5-1), the solution of Eq. (5-3) is
obtained iteratively. For K we use K(h,). The solution procedure is described in the
Appendix at the end of this chapter.

The integration routine takes much computational time, especially when the soil
becomes drier. For this reason, and the fact that this procedure is an empirical one,
we have decided not to implement the computation in the simulation model
FUSSIM2 during the dynamic session of the computations. Instead, we make use of
pre-made two-way tables during initialization. For a given soil type and a given
position z,, a table file is constructed during initialization. For several values of E,
and several values of h; the values of h, are computed. The program FUSSIM2 then
searches in this table the four entries of this two-way table (the two nearest E, and
the two nearest h; values), and the estimate for h, is obtained through linear
interpolation. The corresponding required E, then simply follows from Figure 5-1.

52  Example

As an illustration of evaporation reduction we give an example of a clay soil column
that is exposed to an evaporative demand E, of 1 cm/d. Initially, h inside the 50 cm
long column is in equilibrium with h at the bottom equal to —1000 cm. Already after
the first day we see that the actual evaporation is smaller than the potential
evaporation, and this difference increases in time (Figure 5-2). The corresponding
changes in water content profile are given in Figure 5-3.
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54  Appendix
Step 1

Find two estimates for h, one for which the left hand side (LHS) of Eq. (5-3) is
larger than z,-z, and one for which the LHS is smaller than z,-z,.

Step 1.1

The initial estimate for h, comes from Eq. (5-2) by assuming dh = h,-h, and dz = z,-z,
K-E

ho =hy + K (zo- 24) (5-5)

Step 1.2

The estimate of h, obtained in step 1.1 is either to high or too low. Using a
bracketing method (Press et al., 1992) a second estimate of h, is obtained which is too
low or too high, respectively.

Step 2
In the interval of the two estimates of h, as obtained in Step 1, the true value of h, is
found by means of the method of false position (Press et al., 1992).

In all steps and computations E is adapted based on the current estimate of h,

according to Figure 5-1. The data points in Figure 5-1 are stored in a table, and for
intermediate values of h, the reduction value is obtained through linear interpolation.
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6 Infiltration and runoff of water at the soil surface

Marius Heinen and Peter de Willigen

6.1 Introduction

Infiltration of water at the soil surface is generally modeled as a flux density
boundary condition in simulation models. However, such flux boundary conditions
may be ill-posed. That is, it may be possible that the physically maximum possible
infiltration rate, as determined by the soil physical status at the soil surface, is less
than the rainfall or irrigation rate. In that case, only the maximum possible rate will
be achieved, and the water that does not enter the soil is left behind, known as
ponding. On sloping surfaces, this ponded water will move down slope (overland
flow). When (part) of this amount leaves the surface of interest it is called runoff.
Here we describe the treatment of water infiltration, ponding, overland flow and
runoff as implemented in FUSSIM2.

6.2 Overland flow and maximum infiltration rate

We start with describing the process of overland flow, which will give us an equation
to describe runoff on sloping soil surfaces. For the case of non-sloping surfaces, this
equation relates to ponding. We have chosen the approach of Hillel and Hornberger
(1979) and Hillel (1980).

The basic equation governing the rate of flow in a channel, here applied to overland
flow, is given as

Q =VA (6-1)
where Q is the flow rate, V is the average velocity, and A is the cross-sectional area
of flow. The governing conservation of matter (continuity) equation requires that the

change of water level y with time t is equal to the negative change of flow rate with
distance x corrected for the net change due to rainfall r and infiltration |

ﬂ+ﬂ:r-i (6-2)
[, [

Considering forces and shear stresses acting on the flowing water along the sloping
face it can be determined that V is related to y and the slope a according to

V = Cyl/Za 1/2 (6'3)
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where C is known as the Chezy coefficient. Experimentally it has been observed that
C is not constant, but depends on y and the surface roughness n as follows

1/6

_ Y
C=- (6-4)

Combining Egs. (6-3) and (6-4) yields the Manning’s equation

2/3,1/2
V :—y na (6'5)

Multiplying by y gives the discharge per unit width

_ y5/3al/2 y2a1/2

Q= » (6-6)

n n

In practice, the power 2 in Eq. (6-6), rather than the power 5/3, gave satisfactorily
results for overland flow, which will be adopted here as well. The surface roughness
n has been tabulated in the literature (e.g. Sellin, 1969). It ranges between 0.001 for
extremely smooth channels to 0.1 for flood plains with a growth of heavy timber.
For bare soil surfaces or soil surfaces with a cover of short grass, a value of n = 0.03
seems to be reasonable.

Combining Egs. (6-2) and (6-6) yields the following kinematic wave equation

ﬂ m-lﬂ_y: - -
'ﬂt+by ™ r-i (6-7)

where b = a"%/n, and m = 2 for the last term in Eq. (6-6). Equation (6-7) is solved
explicitly as follows (for uniform b)

N t. _ t
yt+|1 - yt _ 'I,byt yrlght YIeft _ (r _ I)yDt (6-8)
o Xiight = Xt b

where subscripts left and right refer to the respective neighbor nodes of the node
under consideration, and x is the horizontal position of the node.

Thus far, we have not considered the maximum possible infiltration rate. The
maximum infiltration rate I, follows simply from Darcy’s law. Consider the CV
method used in FUSSIM2. The node nearest to the soil surface is denoted by
subscript 1, and the node below it is denoted by subscript 2. The pressure head h, at
z, is the current value of the pressure head when there is no ponding, or is equal to
the ponding height y when there is ponding. 1, follows from
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__Khz'h1+K (6-9)
Z,-17;

For K we take the geometric average of K(h,) and K..

It now comes to decide what the true boundary condition will be at the soil surface.
If the rainfall rate minus the actual evaporation rate (denoted as r) is larger than 1,
then i = I,,. However, according to van Dam et al. (1997) r equals I, only when the
following two restrictions are met: r > I, AND r > K, where K is the hydraulic
conductivity at saturation of the soil at the surface. If not both restrictions are met, i
= r. This extended criterion is used here as well

if r>1|

i=1,
(6-10)

and r >K; then

m

else
i=r

Now all parameters appearing in Eq. (6-8) are known.

For the case b = 0 (no slope) or y' = 0 (no ponding) (or no x-gradient in y) Eq. (6-8)
reduces to

yE =yt (r- i)t (6-11)

Then y increases when r > i. In that case, since i is always smaller than or equal to r,
Eq. (6-11) does not result in lowering of y. From Eq. (6-8) it may result that y lowers
due to overland flow, but not due to net infiltration. We will treat lowering of y due
to infiltration as follows.

When ponding occurs, i.e. y > 0, the type of boundary condition at the soil surface is
no longer flux determined, but it will be pressure head determined. Thus a change of
boundary type condition must occur (from Dirichlet to Neumann). The prescribed
pressure head will be equal to the height of the ponded water layer, i.e. hg =y. After
solving the flow problem inside the soil, a new h distribution is obtained. Then the
resulting flux density across the soil surface q,,, providing the prescribed pressure
head condition, can be computed. However, q,, is a-priori unknown. We applied the
following strategy. When in Eq. (6-10) the second rule holds, we added a new
restriction: if Y > 0 AND r < I, then i = |. It appeared in a test case, that for not
too small values of Y indeed i = q,,. Thus Eq. (6-10) is now written as
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if r>1|
i =1

and r > K; then

m
m
else
if y>0 and r <1, then (6-12)
=1,
else
I =r

Now it is possible that r <i (middle condition in Eq. (6-12)), so that according to Eq.
(6-11) y reduces.

To prevent to large ponding heights under non-sloping conditions (but also under
sloping conditions) a maximum ponding height y, is introduced. Whenever y
becomes larger than vy, y is set to y,, and the remaining amount of water is
considered as (immediate) runoff. During computations, however, y can be larger
than y,,.

Of course, y can not become negative, it can only become zero at the time when
ponding disappears.

6.3  Implementation in FUSSIM2

Prior to the start of the iterations in FUSSIM2 to obtain new estimates for h at time
(t+Dt) the y distribution is computed using the old values for h, i.e. h'. When h"*™ is
obtained, the y distribution is computed now using the newest h values. If y has
changed, the top boundary condition is changed and new values for h are computed.
This iterative process continues until y is constant. Convergence in y is reached
whenever the condition

Y|'y<e

6-13
y+100 ' 6-13)

is reached (in analogy with convergence criteria used elsewhere in FUSSIM2, Heinen
and de Willigen, 1998), where y, is the previous value of y and g, is some small
number, i.c.e, = 10

6.4  Examples

641 Casel

Ponding in a one-dimensional case (surface area 30 cm?) was simulated for 4 days,
with rainfall rates of 1, 2, 20, and 0 cm/d, respectively. No evapotranspiration was
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considered. The profile depth was 100 cm, with h initially in equilibrium with h = 0
cm at the bottom. At the bottom h was kept at zero (constant ground water level at z
=100 cm). In Figure 6-1 the cumulative amounts of rain, actual infiltration (Qtop)
and runoff are given. Ponding started at t = 1.007 d (lines of rain and Qtop start to
deviate) and ended at t = 3.884 d (line for Qtop becomes horizontal). Runoff
occurred during the third day, when excessive rainfall occurred. The time course of
change of y is shown in Figure 6-2. In this case the maximum ponding height was y,
=1lcm.

700
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400 4 ——rain
—&—runoff
300 - —— Qtop+runoff
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Figure 6-1. Cumulative rain, simulated cumulative runoff and simulated cumulative sum of net entry into the soil
(Qtop) and runoff for a one-dimensional situation.
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Figure 6-2. Simulated ponding height y as a function of time for the one-dimensional situation.
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6.4.2 Case?2

In a second case a sloping surface is considered (two-dimensional case). A soil profile
of width 100 cmis at x = 0 cm 67.5 cm thick, and at the right (80 < x < 100 cm) it is
100 cm thick. The slope a from x = 0 cm to x = 80 cm is 0.5 cm/cm, and the
surface roughness n = 0.03. Simulation was carried out for 4 days with the same
rainfall rates and initial and bottom conditions as used in case 1. In Figure 6-3 the
cumulative amounts of rain, actual infiltration (Qtop) and runoff are given. Ponding
started at t = 1.0 d (lines of rain and Qtop start to deviate) and ended at t = 4.0 d
(line for Qtop becomes horizontal). Runoff occurred during the third day, when
excessive rainfall occurred. The time course of change of y for several positions X is
shown in Figure 6-4. In this case the maximum ponding height was y,, = 1 cm. There
are only small differences in y at the different positions x.

2500

2000 -

1500 - -
== rain

=& runoff
== Qtop+runoff

1000 ~

Rain, runoff, Qtop+runoff (ml)

500 -

Time (d)

Figure 6-3. Cumulative rain, simulated cumulative runoff and simulated cumulative sum of net entry into the soil
(Qtop) and runoff for a two-dimensional sloping situation.
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Figure 6-4. Simulated ponding height y as a function of time at four horizontal positions x for the two-dimensional
sloping situation.
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7 Drain according to the Vimoke concept in FUSSIM2

Marius Heinen, Falentijn Assinck, Bram de Vos

7.1 Introduction

Boundary condition have a large impact on water flow in soils. Drain tubes represent
a special boundary. In literature several approaches are described to incorporate a
drain in simulation models for water flow (e.g. Fipps et al., 1986). In this document
we describe how a drain is incorporated in the simulation model FUSSIM2 (Heinen
and de Willigen, 1998). We have chosen for the Vimoke concept (Vimoke and
Taylor, 1962; Vimoke et al., 1963), which is used in other simulation models as well
(e.g. Simunek et al., 1994; Nieber and Feddes, 1999).

This chapter describes how the Vimoke concept is incorporated in the FUSSIM2
simulation model of Heinen and de Willigen (1998). This chapter is not meant to
discuss and describe alternatives for representing drains as a boundary (see e.g. Fipps
et al., 1986). It also does not discuss all features of the Vimoke concept. This chapter
also does not describe the actual concepts of the radial flow towards the drain, and
the implications how this should be incorporated in the drain boundary condition.

7.2  Theory

Several decades ago, when computer simulation models were not yet used for studies
of water movement in soils, electrical analog experiments were carried out instead.
Vimoke and Taylor (1962) and Vimoke et al. (1963) reasoned that drains could be
represented by nodal points in a regular finite element mesh (in FUSSIM2 the
control volume CV), provided that adjustments are made for the hydraulic
conductivity K (LT") of the neighboring elements. The adjustments should
correspond to changes in the electrical resistance of the conducting paper,
surrounding the drain node, according to

Kdrain = ch (7-1)
where
Kian  the adapted hydraulic conductivity LT?!
C, the Vimoke correction factor -

The Vimoke correction factor C, depends on the ratio of the effective radius r (L) of
the drain and the side length D (L) of the CV surrounding the drain node, according
to
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_Z, My /&

C, = =
4 Z, T 138log, , +6.48- 2.34a- 0.480- 0.120

where
Z, the characteristic impedance of vacuum
m the permeability of vacuum
€ the permittivity of vacuum
Z, the characteristic impedance of a transmission line

analog of the drain

The coefficients in Eq. (7-2) are given by

. _1+0406r ;¢
1- 0.405r ;*

, = 1+0163r i
1- 0.163r;°®

. = 1+0.087r i
1- 0.067r ;*

(7-2)

» 376.7 Ohm
1.2566 10° Hm*
8.8542 10 Fm™*

Ohm

(7-6)

Real drain tubes have a limited amount of openings through which water can enter
the drain. Therefore, r will be smaller than the actual drain radius. We assume that a

drain is present in a single square CV with side length D, i.e.r < D and r ;> 1. Figure
7-1 shows the relationships between C,, a, b, and ¢ versus r, for r, 1 [1,10]. It is
obvious that C, for a large range of r is larger than 1, which means that K,,;, > K. C,

becomes less than 1 for r , 3 506.1.
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Figure 7-1. Cy, a, b and ¢ as a function of r ¢ according to Egs. (7-2)-(7-6).

In the drainage literature the effective drain radius concept is discussed. There are
ways to calculate r from the number and size of the small openings in the drain tube
(Mohammad and Skaggs, 1983). It is to the user of FUSSIM2 to decide how to
interpret r. It can be seen as a calibration parameter or computed according to
theories. Its value may be as small as a few millimeters (J. A. de Vos, pers. comm.).
Others determine the effective drain radius from the entrance resistance of drains
(see e.g. Dierckx, 1999).

Simunek et al. (1994) reported from the literature and their own experience that an
additional correction on C, is required, according to

C,== (7-7)

They suggest CF to be 2 to 4. Comparing numerical results to an analytical solution
of Kirkham (1949), Simunek et al. (1994) concluded that CF = 4. In that case C,
becomes less than 1 for r, 3 4.5379. Below in section 7.5 our own experience with
the factor CF is discussed.

It should be noted that single CV representation of the Vimoke concept has not
been studied extensively. We like to quote Simunek et al. (1994; p. 30): “... further
studies of the single grid point representation of a subsurface drain may be needed, especially for
transient variably-saturated flow conditions.”

The boundary condition itself is treated comparable to a seepage face. If the drain is

empty (i.e. drain outlet above ditch water level), water can only flow into the drain
when the soil surrounding the drain is saturated, otherwise the drain is a no-flow
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boundary. In the latter case the soil surrounding the drain just acts as normal soil
(with adjusted K). In case the drain is full (drain outlet below ditch water level), flow
into drain can only occur when the pressure head of the CV representing the drain is
larger than the ditch water level, otherwise subsurface infiltration will occur.

If at the beginning of a new time step there is net flow into the CV representing the
drain, and the drain outlet is above ditch water level, the condition h = 0 is set for
this CV, and the drain is running. In case the drain outlet is below the ditch water
level, the condition h = h,,;, is set for this CV, with h,,;, being the ditch water level
above the drain outlet. At the end of the time step, the flow into (or out of) the drain
is computed as the net inflow into the CV representing the drain with h of that CV as
set as described above.

7.3 Implementation in FUSSIM2

A separate subroutine is written which deals with the representation of a drain as a
Vimoke boundary condition. It consists of the following important sections.

7.3.1 Initialize

Read number of Vimoke drains (if zero, all other sections in this subroutine will not
be effective; currently maximum 1 drain can be used), read the coordinates of each
drain (column and row numbers), read C, correction factor (-), read effective drain
radius r (cm), and read time table of ditch water levels above drain outlet or drain
depth.

Check if the CV representing the drain is a square (if CV is not at the boundary), or
half a square (if CV is at the boundary but not at the corner), or a quarter of a square
(if CV is at the corner). Compute Z,, a, b, ¢ and r . Since the boundary condition is
implemented in FUSSIM2 through the existing IINTRN, ITOP, IBOTTOM,
ILEFT, IRIGHT variables, the initial values of IINTRN, ITOP, IBOTTOM,
ILEFT, IRIGHT are stored, so that these can be used in case the drain is not
flowing. For the time being, when the Vimoke drain is on the boundary of the flow
domain, it is required that the boundary condition of this CV must be a no-flow
boundary.

7.3.2 Compute

Compute K,.i, (Egs. (7-1)-(7-2)), compute current net flow into CV, and determine
what value h must have. Finally, set INTRN, ITOP, IBOTTOM, ILEFT, IRIGHT.

In case the Vimoke drain is located at the boundary, the net flux into (or out of) the
drain is used as the flow across that boundary (see subroutine FLUXES). As the flux
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densities are computed well, the current mass balance computations remain the

same.

7.4

Verification against steady-state saturated Kirkham solution

Kirkham (1949) gave an analytical solution for water flow during ponding into
equally spaced drain tubes in soil overlying an impervious layer (Figure 7-2). The
pressure head h (cm) at any position (x,z) can be computed from (note that Kirkham
gave expressions for the total head H)

h(x,z)=t +d +qG(x,z)- z

where g is a flux coefficient (cm) given by

t+d-r)
F

and the functions G(x,z) and F are given by

y é(;COSh@(X _ ma); (;058&2); 00
G(x,z)= § Ing 2 e+
m=¥ coshw(x _ ma)9+ cos2Z 9.
g 8 2h [} e2h gg
g%oshw (X ma) 9+ cosMg%
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respectively. The parameters a, d, h, r, t, x and z (all in cm) appearing in Egs. (7-8)-( 7-
11) are explained in Figure 7-2. The origin of the (X,z) coordinate system is located at
the center of the drain, with X positive to the right, and z positive upwards (Figure 7-
2). The drainage outflow rate Q (cm® water per cm length of the drain per day) is
obtained from

Q =4paK (7-12)
where
K, the hydraulic conductivity at saturation cmd?
— ¢ |
| Ponded water layer
KS

zZ
d A

4 Ipereabe Iayr /;//%

Figure 7-2. Cross sectional view of a soil with equally spaced drains with water ponding at the surface and an
impermeable layer at the bottom (after Kirkham, 1949).

This equation holds for a homogeneous soil profile only. For small drain spacing
Kirkham (1949) gave alternative expressions for Eqgs. (7-8)-( 7-11) (see Appendix at
the end of this chapter). In the example below, the two solutions gave identical
results.
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7.4.1 Simulation

We consider a soil profile of 51 cm deep (= h) and 42 cm wide (= a), with a drain
located at depth 36 cm (= d) and midway between the left and right boundaries. The
radius of the drain was 1 cm (= r). The left, right and bottom boundaries are all no-
flow boundaries. At the soil surface a fixed pressure head was set equal to h =0 cm
(just ponding; t = 0 cm). Initially the soil profile is at equilibrium with h = +51 cm at
the bottom. The dimensions of the Control Volumes were 2x2 cnv’ (i.e. D = 2 cm),
except for the first layer which had a thickness in z of 1 cm. The hydraulic
conductivity at saturation was K, = 14.07 cm d*. The soil profile remained saturated,
and steady-state was almost directly simulated. At first, two simulations were carried
out, i.e. the first with CF = 1 and the second with CF = 4. Later, a detailed analysis
was carried out to find out which CF should be used.

7.4.2 Results

Figure 7-3 presents the simulated h distributions for CF equal to 1 or 4 (upper two
graphs) as well as the analytical solution of Kirkham (1949) in the lower left graph
(Eg. (7-8)). The simulated distributions are close to the analytical solutions, but not
exactly the same. In the next section (section 7.5) the choice of the factor CF is
elaborated on in detail. Running ahead of the result presented there, the best
agreement between simulated and analytical solutions was obtained for CF = 2.07
(lower right graph in Figure 7-3). The average of the relative differences between
simulated and analytical h-distributions were for CF = 1, 2.07 and 4 equal to 9.19 10°
2,8.20 10* and —7.61 107, respectively.

Alterra-rapport 363 51



Depth (cm)
0 ] 1 1 1 1 1 1 1 1 1 1

h (cm)

0 1 L 1 L 1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1 L 1 L 1

Kirkham CF =207

Horizontal distance (cm)

Figure 7-3. Analytical (lower left graph) and three simulated pressure head distributions for water flow with water
ponding at the soil surface with a tile drain represented as a Vimoke drain using FUSSIM2. In each of the three
simulations a different correction factor CF was used: 1 (upper left graph), 4 (upper right graph), and 2.07 (lower
right graph). Other parameters were: @ =42 ¢cm, d =36 ¢em, h=51cm, t=0cm,r=1cm, D =2 tm, and
K = 14.07 cm d-L.

7.5 OnCF

Above in section 7.2 a correction factor for C, was introduced: CF (Eq. (7-7)). As
was stated there, there is not yet insight in why a correction factor is needed, and, if
so, what its exact value must be. Since in the first attempt in comparing simulated
with analytical pressure head distributions (section 7.4), the proposed value of 4
(Simunek et al.,, 1994; their Figure 4.1) does not apply to the situation considered in
this chapter. Therefore, we decided to carry out an analysis to determine if CF is
related to r or better r,. For the example described above we carried out simulations
forCF=1,2,3,...,20and forr =1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, 0.005, 0.002, and
0.001 cm (D = 2 cm). The analytical h distributions as well as the analytical Q values
were computed. For both h and Q the (sum of) squared differences were considered
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.2
$sq), = ?sm hng (7-13)
2
and
$50q = a%er""Q Qa"a (7-14)
an

where the summation in Eq. (7-13) refers to all nodes in the simulated soil domain.

Both ssg, and ssq, showed nice minima in the r-CF space. As an example, the
contour distribution of ssqq, is given in Figure 7-4; that of ssg, looked similar. Since

both ssq,and ssg, gave the same minima in the r -CF space, the following analysis is

carried out on Q only.
W log(ssq) (-

0.0

Log(ry (-)

9 10 11 12 13 14 15 16 17 18 19 20

c,0
Figure 7-4. Contour plot of log(ssqq) for different combinations of Cqand r .

Using linear interpolation, that value of CF was obtained for which simulated Q
equaled the analytical value. Next, through regression analysis a relationship between
CF and log(r ,) was obtained. Both a linear fit and a fourth order polynomial were
determined as described by (Figure 7-5)

CF =a +blog(r d){+g log(r 4 ) +d log(r , )° +e|og(rd)4} (7-15)
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The fitted values of the parameters for both the fourth order polynomial and for the
linear fit are presented in Table 7-1 (case 1). Both fits and the computed CF values
are given in Figure 7-5. Remember that the points in Figure 7-5 were estimated and
are thus not exact.

For the example given above r, = 2, so that according to Eq. (7-15) (fourth order
polynomial) CF = 2.07, which was the case shown in Figure 7-3. The linear fit

deviated most at r, = 1, where it yields CF = 1.80. In general, the relative difference
in Figure 7-5 for the fourth order polynomial is less than 0.1%, while for the linear fit

this is less than 2% (r , > 4), except for small values of r ;, e.g. atr , = 1 it is 13%.

25

20

15
L
O

10

1 10 100 1000 10000

ry

® estimated correction —— polynome fit --- - linear fit
Figure 7-5. Fitted relationship between CF and r q.

Table 7-1. Parameters for the fourth order polynomial or linear regression Eq. (7-15) for the two cases as
described in the text.

Parameter Case 1 Case 2
4th order polynomial  Linear 4th order polynomial Linear
a 0.738558 0.098256 0.123857 -0.111594
b 4.136663 5.664468 5.304643 5.758459
g 1.028875 0.196783
d -0.281507 -0.018366
e 0.029084 -0.001307

In order to see if such a relationship is dependent on the problem studied, we have
carried out the same analysis for the situation of a = 66 cm, d = 49 cm, h = 80 cm,
and t = 10 cm. For this case the fitted parameters of Eq. (7-15) are given in Table 7-1
(case 2). The values of the parameters differ between the two cases, but visually there
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are hardly any differences. It appears that the shape of the flow domain has no effect

on the relationship between CF and r, Equation (7-15) may serve as to obtain an
estimate for CF. However, care must be taken, since the results are only obtained for
two situations. Furthermore, it should be noted that single Control Volume
representation of the Vimoke concept has not been studied extensively, especially
not for variably saturated situations. We like to quote Simunek et al. (1994; p. 30): “...
further studies of the single grid point representation of a subsurface drain may be needed, especially
for transient variably-saturated flow conditions.”. In section 7.7 we present a transient,
variably saturated problem.

Finally, one simulation was carried out for the case a = 1200 cm, d =95 ¢cm, h =
197.5cm,r=1cm,t=0cm, D =5cmand K, = 14.07 cm d*. From Eq. (7-15) with
r, =5, CF was computed as CF = 4.043. The analytical outflow from the drain (Eq.
(7-12)) was Q = 1522.0 cm® cm™ d™* and the simulated outflow was 1512.3 cm® cm™
d*, thus the relative difference equals only —0.6%. The h distributions were also
nearly equal with the average relative difference being 7.68 10, which is similar to
the average difference observed in the section 7.4. Thus, also for a large saturated
flow domain Eq. (7-15) seems to yield a good estimate for CF. In general, the
differences are largest around the drain, especially above and below the drain. For a
given horizontal position z there is a trend in the differences, with the differences
largest at the position of the drain x =0 cm.

7.6 Steady-state variably saturated example

The previous example described a steady-state saturated situation. Before going to a
transient variably saturated situation we give here an example of steady-state variably
saturated situation. We will present the position of the water table for three values of
effective drain radius r (2.5 cm, 0.025 cm, 0.00025 cm) without (i.e. CF = 1) and with
correction factor CF as computed according to Eq. (7-15). For comparison we show
also the ground water level according to the Hooghoudt (1940) formula. For a
situation with an impermeable layer at some depth below the drain (c.f. Figure 7-2),
the Hooghoudt formula reads (Hooghoudt, 1940; his equation (98) on page 593)

= 8Kd.mo + 4Km§

2 (7-16)
where
m, maximum ground water level between two drains cm
L drain distance (= a in Figure 7-2) cm
S steady-state rainfall intensity cmd*
K hydraulic conductivity at saturation cmd?
d, equivalent thickness of soil layer between drain and
impermeable layer cm
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From Eq. (7-16) it follows that m, can be computed as

2
Mo = -0, +4d? +% (7-17)

The equivalent thickness of soil layer between drain and impermeable layer d, (not to
be confused with drain depth d used in Figure 7-2 and section 7.4) can be computed
from (Wesseling, 1973; see also van der Ploeget al., 1999)

LYL-Hv2)f 1 aEH«/_oU

d, = ZIn (7-18)
8@ 8HL § qq

where
H actual distance between drain and impermeable layer (= h —d in Figure 7-2) cm

Hooghoudt’s theory implies that the shape of the water table is elliptic. In our case
the height of the water table above the impermeable layer h(x) (cm) is given by (e.g.
Koopmans, 1995)

h(x) :\/h(O)Z +%(Lx - x2) (7-19)
where
X the horizontal distance cm
h(x)  the height of the water table above the impermeable layer cm
h(0)  the height of the water table above the impermeable layer at
the drain = H cm

We considered a field with drain spacing L = 12 m, profile depth = 2 m, drain depth
=0.975m (H=1.025m,d, = 0.7 m, my= 0.6 m), physical drain radius r = 0.03 m, a
hydraulic conductivity K = 0.306 m d* and a constant rain intensity s = 0.01 m d".
The six ground water levels at steady-state are shown in Figure (7-6). As can be seen
from Figure (7-6) there are cases where simulated ground water level and that
predicted by Hooghoudt are similar. Of course, Hooghoudt’s formula is an
estimation of the position of the ground water level and, therefore, cannot be
regarded as an analytical solution to which we can verify the Vimoke drain concept.
It is generally known that Hooghoudt's formula underestimates the ground water
level near the drain. The simulation results always result in a higher ground water
level nearby the drain.
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Figure 7-6. Simulated (solid lines) positions of the water table for steady-state variable saturated water flow for
three values of r (A) without (CF = 1) and (B) with CF computed according to Eq. (7-15). For comparison the
Hooghoudt prediction (Eq. (7-19)) is given as well (broken ling).

It can also be seen from Figure (7-6) that the combination r = 0.025 cm and CF = 1
and the combination r = 2.5 cm and CF = 3.5 result in nearly the same water table
positions. In other words, a certain position of the ground water level can be
achieved by either changing r and/or CF. Since both r and CF affect C, and thus
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affect K of the control volume where the drain is located, the question arises whether
or not it is necessary to include a correction factor CF in the computations, as the
same results can also be achieved by changing r.

7.7  Validation for a transient variably saturated situation

De Vos (1997) measured in detail groundwater level fluctuations and drain discharges
(water volume and NO, concentration) from a single drain during a leaching season.
With a detailed description of a seepage drain he was able to simulate similar patterns
as measured. Here we show simulation results for exactly the same situation using
the Vimoke drain concept, with and without CF. We used the optimized hydraulic
parameters of de Vos (1997; his Table 8.3, using extended van Genuchten-Mualem
models as described in Chapter 4 of this report) for the Lovinkhoeve soil profile (de
Vos, 1997; his Figure 8.2), and climatic data of de Vos (1997). The effective drain
radius r (cm) used as the drain radius in the simulation model was calculated from
(Dierckx, 1999; his Egs. (13) and (16) for circular drains)

s =rexp(- 2pa,)

@2 ¢ 0 (7-20)
% 2p ré g_ﬂ 4pr &
where
r physical drain radius (outer) cm
c gap spacing cm
b gap width cm

Forr=375cm,c=30cmand b =1cm, r; = 0.06 cm. The initial pressure head
distribution was that of an equilibrium situation with h = +84 cm at the bottom of
the soil profile, and the initial NO, distribution was taken from de Vos (1997; his
Figure 8.12).

Figure 7-7 shows the simulation grid used by FUSSIM. The control volume where
the Vimoke drain was located had a typical dimension of D = 2.5 cm. Figure (7-8)
shows the comparison between simulated and measured water outflow, position of
the ground water level midway between two drains and NO, concentration of the
drain water. The comparison is rather good. The deviation between simulated and
measured data is of the same order as de Vos (1997) obtained with his simulation
model.

58 Alterra-rapport 363



-25

-50

-75
-80
-85
-90
-95

-100

-105

-110

-115

-120

-125

-75

-100 4

-125

Height (cm)

-150

-175

-200

0 100 200 300 400 500 600

Horizontal distance (cm)

Figure 7-7. Grid lay-out used in the simulation. In-set shows grid around the \Vimoke drain (gray rectangle).

In an earlier attempt to carry out this validation we used a coarser grid. This resulted
in similar patterns, except that at three times a peak in outflow occurred at times at
which the measured data did not show peaks. This must be due to numerical
dispersion. Therefore, care must always been taken in choosing a representative grid
when using the Vimoke drain concept.

The simulations described above used CF = 1. In a run with CF computed according
to Eq. (7-14) for given r about exactly the same results were obtained. The main
difference was that the run time was much larger (about 4 to 4.5 times). Combining
this experience and that of section 7.6 we conclude that in future use of the Vimoke
drain concept the resistance of the control volume where the drain is located can
best be done by changing only the value of the effective drain radius r and have CF =
1, and use a fine enough grid of the soil domain. To check if the grid is dense
enough, the sensitivity for this density should be tested. An acceptable grid density is
found when preset criteria on accuracy are met.

Alterra-rapport 363 59



40

35 - A
30
25
20
15
10

0
0
20 4 B
-40 |
_60 4
-80 J

-100 -

Drain discharge rate (mm d*)

Groundwater level (cm)

-120 -

-140

100

NO, concentration (mg %)

Time (d)

Figure 7-8. Simulated (thick line) and measured (thin line) (A) drain discharge rate, (B) groundwater level
midway between two drains, and (C) NO3 concentration of the drain water as a function of time.
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7.9  Appendix

Kirkham (1949) gave also analytical solutions for the case of close drain spacing.
These solutions can be written analogous to Egs. (7-8)-(7-11). The pressure head
follows from

h,(x,z)=t +d +q,G, (x,z)- z (7-21)

where g, is given by

(t +d - r)
SR L 7-22
qa oF, ( )

and the functions G,(x,z) and F, are given by

v g coshéép(zT_zrm)g- cosaé%g 9
G,(x.z)= @ (-1 Inf——== 2 — (7-23)
c ~ ~
n=-¥ coshz3é|o 2 2 2nh) - €O @Qi
a ﬂ a gy
and
Rinn@24-1)oo & sinh2@PMY_ gpp2 g0 O
U YO [ S i Toe (0724
¢ sinh@Q I e Qsmhzae?p Q. sinn?2 8L 107
e eda g g e o e a 29

respectively.

Kirkham (1949) also presented analytical solutions for the stream function and for
the rate of intake at the soil surface.

62 Alterra-rapport 363



8 P-adsorption and P-fixation in FUSSIM2

Peter de Willigen and Marius Heinen

8.1 Introduction

P in soil is present in the following three phases:
1. in solution

2. at the adsorption complex

3. fixated in Fe+Al (hydr)oxides

P in phases 1 and 2 is called the labile fraction of P. Transport of P occurs in the
solution phase only. Instantaneous equilibrium exists between P in phase 1 and phase
2. Fixation into phase 3 is slow process and is assumed to be dependent on the
difference between amount of P in solution and P already fixated. In what follows
we will describe how P transport and P distribution in soil is computed in the
simulation model FUSSIM2.

8.2  The general transport equation

The governing transport equation for P is given by (cf. Heinen, 1997)

1 _ -~ dF
1 N>g, - S, + ” (8-1)
where
Q total amount of P mg cm’®
t time d
Nx  divergence cm?
Qs solute flux density mg cm? d*
S, root uptake mg cm® d*
dF/dt fertilization rate mg cm” d*

The total amount Q is given by

Q=qc+Qa+Qr =P, + Q¢ (8-2)
where
c P concentration in soil solution mg ml*
q volumetric water content ml cm™
Qa amount of P at adsorption complex mg cm’®
Q- amount of P fixated mg cm’®
Pv labile amount of P, P,, = qt + Q, mg cm’®
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In general, cm?® refers to volume of soil, and ml to volume of solution.

8.3  Expression for the new labile amount

Substituting Eq. (8-1) in Eq. (8-2) yields

1-":)i v ﬂQF N _ d_F ]
ﬂt + ﬂt - N’Qs Ss + dt (8 3)
Rewriting yields
T 19 TR (8-4)
‘ﬂt m Tt

In Eq. (8-4) we have expressed the time change of labile amount P, as a function of
time change of P due to transport, uptake and fertilization (Q/1t) and time change
of fixed P (TQ:/1t). Thus, we assume that all unknowns can be computed based on
explicitly known concentration ¢. The new P,,, at time t+Dt follows from

t+Dt _ Itv gﬂt ) ﬂt CIZ (8-5)
The new concentration ¢*™ is obtained by solving
gl 4 f (1R )- Pl =g (8-6)
where
f(c) adsorption isotherm mg cm’®

The concentration ¢*™ is found using the ZBRENT method of Press et al. (1992).

The value of ¢*™ is bounded by the range
Pt+Dt

0£c¢™P £ q'tvm (8-7)

The amount adsorbed then follows from the adsorption isotherm (see below).
8.4 P fixation

For the fixation process we use the three-pool Freundlich-type model of Schoumans
(1995; his equation (68)), given by
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3
[
ﬂ%F :_a.lai(KF,iCNi - Qs,i) (8-8)
=
where
Q: amount of P fixated, Q- = Q,; + Q,, + Q.5 mg cm’®
Q.. amount of P fixated in pool 1 mg cm’®
Q.. amount of P fixated in pool 2 mg cm’®
Qs amount of P fixated in pool 3 mg cm’®
a extinction coefficient d*
N exponent coefficient -
Ke fixation coefficient mg cm® (mg mI™)™

At given ¢ and known quantities Q, the rate MQ/Mt can be computed. The new
quantities Q, follow from the individual time rate of changes through integration.

The coefficients K. are not read directly from an input file but are computed from
other supplied parameters according to

Ke =b(10°)" [Al + Fe]31:40°?r (8-9)
where
Ke fixation coefficient mg cm® (mg ml™)™
b fixation parameter (mg )™
(10N conversion factor to transform b from (mg I")™
to (mg mlI™)™ (mg mI*)™ ((mg I")™)*
N exponent coefficient -
[Al+Fe] oxalate extractable Al and Fe mmol kg*
31 molecular weight of P mg mmol™
10° conversion factor from kg to g kg g™

8.5 P adsorption isotherms

We have implemented two types of adsorption isotherms, i.e. a Langmuir and a
Freundlich isotherm. The Langmuir isotherm is given by

_ahe | a,hy

= + = 8-10
Qn=14 be L1+bye (8-10)
where
a Langmuir a coefficient mg cm’®
b Langmuir b coefficient ml mg*
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Forc ® ¥, Q,= a, + a, so that a, + a, represents the adsorption maximum.
Equation (8-10) is a so-called double-Langmuir adsorption isotherm. By setting a, =
b, = 0 one obtains the single-Langmuir adsorption isotherm.

The Freundlich isotherm is given by

Qn =McN (8-11)
where
N Freundlich N coefficient -
M Freundlich M coefficient mg cm?® (mg ml™)™

For completeness, a linear adsorption isotherm is available, and is given by Q, = a,
which can be seen as a special case of the Freundlich isotherm with M = a, and N =
1.

8.6  Computation of Py

In The Netherlands the P, value, based on an extraction of soil P with water, is used
as a basis for P fertilizer recommendations for arable crops. Van Noordwijk et al.
(1990) showed that P, can be computed from the labile amount P,,,. P;, equals the
sum of P in solution and P at the adsorption complex, according to

Piy =0+ Qp (8-12)

It is assumed that during the extraction P;, does not change, that the desorption
isotherm is equal to the adsorption isotherm, and that effects of background
electrolyte concentration on the desorption/adsorption process may be neglected.
Thus, we have

Piy=qc+ Qa =Ygy Qa (8-13)
' VS
where
V,/V, water:soil (v:v) ratio used when P, is determined in soil samples ml cm?®
¢ concentration during the determination of the P, value mg mi™
Q. amount adsorbed for given ¢ mg cm’®

For given P,,, and adsorption isotherm parameters, the value for ¢ can be determined
from Eq. (8-13) (Q," = f(¢), ¢f. Eq. (8-6))

Vur v if)-p, =0 (8-14)

S
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The concentration ¢ is found using the ZBRENT method of Press et al. (1992). The
value of ¢ is bounded by the range

. P
0f£¢ £ (8-15)
V,/V,

Finally, the value P, (in mg P,O, per L soil) is computed from ¢" according to

p =¢10° Yu 142 (8-16)
V, 231

where
P, water-soluble P mg P,O, L™ soil
10° conversion from cm’® soil to L™ soil cm’L?
142 molecular weight of P,O, mg P,O; mmol™
31 molecular weight of P mg P mmol*
2 number of moles P per mol P,Ox mmol P mmol™* P,O;

8.7 The initial situation

In order to start simulation, the initial P distribution must be known. The initial P,
distribution is chosen as initial condition. From that the initial concentration, initial
amount adsorbed, and initial amount fixated are computed.

The initial concentration ¢, is computed from P, , according to the reversed pathway
as described in the section 8.6. For given P, ¢’ can be computed from Eq. (8-16).
The labile amount P;,, follows from ¢ according to Eq. (8-13) and a description of
the adsorption isotherm. Now we have the distribution in the diluted soil sample.
The distribution of P;,, over actual soil solution and adsorption complex follows
from Eq. (8-13) (in analogy to Eqg. (8-14); Q, = f(¢,)) according to

Ao + f(6o)- P, =0 (8-17)

Equation (8-17) is solved for ¢,, knowing that ¢, is bounded by the range

|:)i v
0£¢, £ (8-18)
do

From ¢, the initial amount adsorbed Q,, follows from the adsorption isotherm (Eq.
(8-10) or (8-11)).

The initial amount fixated P, Qg,, is computed from ¢, assuming equilibrium. Qg is
the sum of the initial amounts Q,, of the three pools, which are computed from
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Qs10 =K|:,1C(')\l1
Q20 KF,ZC(g\IZ (8-19)

_ N
Qs30 =Kgstp

8.8 Fertilization

Fertilization is treated as follows. A fertilization rate in kg/ha (total surface are of
flow domain) is transformed into an amount that enters each of the control volumes
(CV) that are fertilized expressed in mg cm® . Not all CVs at the soil surface have to
be fertilized; banded fertilization or injected fertilization is also possible. The
fertilization rate dF/dt in Eq. (8-1) then follows from

‘j'j_'t: _ %Aw' : A (8-20)
[¢}
avV,
i=1
where
Fa fertilization rate in kg/ha total flow domain kg ha™
Dt time step t
10®  conversion factor mg kg* ha cm™
A total surface area of flow domain cm’
V, volume of control volume i where fertilization takes place cm’
n number of control volumes where fertilization takes place -
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9 Non-zero sink nutrient uptake

Peter de Willigen

9.1 Non-zero sink nutrient uptake

Heinen and de Willigen (1998) considered uptake of nutrients according to the zero-
sink concept of de Willigen and van Noordwijk (1987, 1994a,b). The solution of de
Willigen and van Noordwijk (1987, 1994a,b) can be extended for non-zero sink
conditions. The solution in dimensionless parameters is given as

2
-1 =
W =- C-¢ 9-1
== -%) (¢
with
n+2
= r- -1 9-2)

1 =Cmin h+1lr?-1
With Eq. (9-2), Eqg. (9-1) becomes

r2-1—+r2“+2-1C _
26 (+126 ™

(9-3)

Substituting the dimensionless parameters w, and ¢ by their respective dimension-
bearing parameters (see Table 9.1 of de Willigen and van Noordwijk, 1987), and

assuming no adsorption (b = 1), one obtains finally (cf. Eq. [50] of Heinen and de
Willigen, 1998)

2_1% r2n+2_1

r 0
Sen =PD2L,D—= gc ) 1)Cm'”5 (9-4)
where
S,y maximum possible uptake rate per unit surface area of
substrate ML?T™
Dz thickness of the CV layer L
L, root length density LL?®
D diffusion coefficient LTt
r dimensionless reduced radius of the cylinder surrounding each root:
r=R./R, -
G dimensionless geometry function -
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dimensionless water uptake by the root -

average concentration in the bulk substrate surrounding the root ML?®
minimum concentration at the root surface above which
uptake can occur ML

5
2 Ol

For n <0 the term in front of C;, in Eq. (9-4) is less than 1. For example, for n = -
0.01, R, =0.02 cm, this term ranges from 0.92at L, =0.1t0o 0.96 at L, = 5.

For n = 0 (diffusion only), Eq. (9-4) becomes
re-1
Ssm :pDZLNDF(E' Cmin) (9-5)

For C,, = 0 (zero-sink), Eq. (9-4) becomes (Eq. [50] of Heinen and de Willigen,
1998)

re-1
2G

S, =pDzL, D C (9-6)
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10  Expo-linear growth and demand

Peter de Willigen and Marius Heinen

10.1  Introduction

For some situations one is not interested in coupling FUSSIM2 with an existing plant
growth model, and a simple growth function suffices. Here we describe a module
which is integrated in FUSSIM2 that includes an expo-linear growth equation and a
nutrient demand function.

10.2 EXxpo-linear growth
Expo-linear growth describes growth as en exponential phase for early stages of

growth which for later stages of growth turns towards linear increase in dry matter.
The expo-linear growth function reads (Goudriaan and van Laar, their Eq. 2.4)

% _Cmél exp &r i ?é (10-1)
dt g Cn

where
W;,  potential total plant weight kg ha*
W; actual total plant weight kg ha™
t time d
Cy maximum growth rate kg ha'd*
I maximum relative growth rate kg kg* d*

In Eq. (10-1) the potential growth at given plant weight W, is computed. The actual
growth rate may be reduced, for example, due to a reduction in water uptake.
Currently, only reduction to water uptake (as computed elsewhere) is implemented,
so that

dw.
Wy _ T, O (10-2)
da T, dt
where
T, potential water uptake cmd*
T, actual water uptake cmd?
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Equations (10-1) and (10-2) are solved explicitly, so that

WDt Wt 4 dWT,p Dt
T T dt
W (10-3)
W_IE+Dt :W-F + dtT

With the help of the shoot-root ratio we can compute also compute the dry matter
increase in roots that can be used in the root diffusion module (see chapter 15)

dw
Tr Z%SHRT (10-4)
dt dt
where
SHRT shoot-root ratio gg*

Additionally, the leaf area index (for example, to be used for transpiration
computations) can be computed as (Goudriaan and van Laar, their Eq. 2.14)

LAY =W !*P'p SLA (10-5)
where
P. fraction of total dry matter that are leafs B
SLA  specific leaf area ha kg*

10.3 Nutrient demand

With increase in plant mass nutrients have to be taken up as well. Here we describe
the Greenwood demand function that is implemented in FUSSIM2. The Greenwood
function reads (Greenwood and Draycott, 1995; their Egs. (4), (11), (12))

No =ag +bg exp(- cgWy ) (10-6)
where
No optimal nutrient content in the plant g (nutrient) g™ (plant)
ag Greenwood a parameter g (nutrient) g ' (plant)
bg Greenwood b parameter g (nutrient) g* (plant)
Cs Greenwood ¢ parameter ha kg™

At any time t the actual content of the plant is known as well, e.g. it can be computed
from the total uptake and the total weight

N, = (10-7)

72 Alterra-rapport 363



where
N actual nutrient content in the plant g (nutrient) g* (plant)
U total uptake since start kg ha™

The demand for the coming time step is computed as follows. Three pools are
considered:

1) requirement due to new growth (kg ha™)

dw.
N g1 = d—tT N oDt (10-8)

2) requirement due to change in N, (kg ha™)

Ndem,Z = 'WT dt

betg exp(- cW5 )Dt (10-9)

where the term bteexp(-csW-) is the derivative dN/dW5;

3) requirement due to restore from N, to N, (kg ha™)

N gem 3 =Wy (No- N,) (10-10)
The total demand rate N, (kg ha™ d*) is computed as

N g : (10-11)
tN
where
ty time constant for nutrient uptake (typically 1 d) d

Alternatively, the user may supply tabulated N, — W, data from which the three
demand-pools and their sum can be computed similarly to Egs. (10-8)-(10-11); of
course, in Eq. (10-9) the term bgt.exp(-csW-) is replaced by the slope belonging to
the tabulated data.

10.4 References

Goudriaan J. and H.H. van Laar, 1994. Modelling potential crop growth processes.
Current issues in production ecology vol. 2, Kluwer Academic Publishers,
Dordrecht.

Greenwood D.J. and A. Draycott, 1995. Modelling uptake of nitrogen, phosphate
and potassium in relation to crop growth. In: P. Kabat, B. Marshall, B.J. van den
Broek, J. Vos and H. van Keulen, Modelling and Parameterization of the Soil-
Plant-Atmosphere System. A Comparison of Potato Growth Models. Wageningen
Pers, Wageningen, The Netherlands, pp. 155-175.

Alterra-rapport 363 73






11 Root growth described as a diffusion process

Peter de Willigen

11.1  Diffusive root growth in two dimensions

De Willigen et al. (2001) postulate to describe root growth as a diffusion process. In
two dimensions the root growth diffusion equation reads

Ly _ 1 IL,o, e fL,0
TP i o e gy 2 ke T Qb2 ) (11-1)

where
L, root length density LL®
t time T
X horizontal coordinate L
z vertical coordinate L
D, . diffusion coefficient for root growth in the x direction LTt
D, diffusion coefficient for root growth in the z direction LTt
I, specific decay rate of roots T
Q. input rate of roots due to growth LL®T*

De Willigen et al. (2001) describe all features of Eq. (11-1). Here we mention only
that the one-dimensional version of Eg. (11-1) results in an exponential L,
distribution with depth, which is commonly observed under non-limiting field-
conditions. For the two-dimensional version of Eq. (11-1) it is obvious that for
different ratios of D, /D, different distributions with respect to horizontal or
vertical growth can be obtained.

11.2 Numerical solution
Equation (11-1) is solved explicitly according to where the same notation
conventions are used as in Heinen and de Willigen (1998; their section 3.2.2). The

diffusion coefficients and the input rate parameters are described in the two
following sections.
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: D, (Ltrv,l+1,J - Ltrv,I,J)_ D, . (Ltrv,I,J - Ltrv,l—l,J)
N % ’ Dx; Xl Dx;_, (11-2)
: Dz,
i
D, | (Lrv,I,J+1 - Lrv,I,J)_ - (Ltrv,I,J - Ltrv,I,J—l) |u
+ ad s -1 L J+QLIJ{7[1
Dx, R,

11.3  Diffusion coefficients

In Eq. (11-2) the diffusion coefficients at the CV interfaces are needed. They are
computed as the weighted geometric average (see Heinen and de Willigen, 1998; e.g.
their Eq. [63]). The diffusion coefficients of the individual CVs are in principal equal
to the constant root growth diffusion coefficients in the x and z directions, D, and
D_,, respectively. However, to simulate that growth may be hindered in extremely
wet or extremely dry regions, we have implemented a reduction factor on D_, and
D, , according to

Dix =D xof (h)
f

_ (11-3)
DL,z - DL,z,O (h)
where
D,,o basic diffusion coefficient for root growth in the x direction LTt
D, ,, basic diffusion coefficient for root growth in the z direction LT

f(h) reduction function

The reduction function f(h), where h is the pressure head, consist of tabulated data on
h and the reduction factor f(h) in the range [0,1]. The simulation program uses linear
interpolation for intermediate values of h. In Table 11-1 an example of f(h) is given.

Table 13-1. Example of reduction function f(h) (as used in Eg. (11-3)).
h )
-100000
-10000
-1000
-10
0
1000

OO Rr Pk ool
=
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11.4  Input rate of roots

The input rate of root length density Q, ,, for each of the CVs is computed from the
total input of root dry mass per time step and the location in the soil where root
mass origins, i.e. mostly at the soil surface at the plant location; another location may
be at a certain depth where roots originate at bulbs. So, for most CVs Q_,, will be
zero as no roots originate at these CVs.

Now we only have to transform root mass input to root length input. This is done
according to

A
Ql_(x,z,t) Mr(x’z't)pRgerMrV (11-4)
where
Q. input rate of roots due to growth LT
M, rate of dry mass input ML?T™
R, root radius L
r, bulk density of the root ML?
DM,  dry matter content of root MM*
A surface area occupied by the plant L2
\Y sum of volumes of all CVs where root input occurs L

The parameters R,, r , DM,, A, and V are constants, and M, is the time-varying root
input parameter that should be supplied by some plant growth model.
11.5  Fitting parameters

A fitting program is available from the authors that fits the parameters D, ,,, D,
and | | to measured L,, profiles, e.g. as obtained from needle-boards taken from the
soil.

11.6  References
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12 Nitrification and denitrification module NITDEN

Sjaak Conijn and Marius Heinen

12.1  Introduction

A subroutine has been added to FUSSIM2 that simulates NITrification and
DENitrification (NITDEN). This subroutine was used to simulate the dynamics in
conversion and production rates of ammonium and nitrate in the soil and the
gaseous losses of N, and N,O due to denitrification from grassland. Most of the
underlying equations have been taken from Bril et al. (1994). Below the relevant
aspects will be briefly described. The reader is referred to chapter 15 ‘User’s Guide’ to
see the structure of the input file and some typical values and ranges for values of the
parameters used below.

12.2  Nitrification

The conversion of ammonium through nitrification is given by

dNH; NH
m L= fw 1 fr 1 fpr 1 feec ; : ) (12-1)
&0°NH,4 9
Ny +&———2
8 14M 4 p
where
NH,” ammonium concentration mg cm’® (soil)
t time d
M, mass of wet soil g cm’ (soil)
14 molar mass of nitrogen g mol*
10° conversion factor g kg*
n, parameter used to calculate a multiplication factor which
represents the effect of the NH, concentration in the soil on
nitrification rate mmol’kg? (wet soil)

The functional relationships f are explained below. The effect of soil water content
via water filled pore space WFPS (-) on nitrification is given by the functional
relationship f,

fw 1 = MAX g:) (sinG)WFPs"z )T3 E (12-2)
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n, curve shape parameter for the effect of water filled pore

space on nitrification rate that determines the value of the

optimum WFPS, where f,,, =1 -
N, curve shape parameter for the effect of water filled

pore space on nitrification rate that determines the area underneath

the optimum curve -

The effect of soil temperature T (°C) on nitrification is given by the functional
relationship f;,

_i_O T <0
fT,l :.:'. n4Tn5
L14ngT"7

T30 (12-3)

where
Ngse;  CUrve shape parameters -

The effect of soil pH on nitrification is given by the functional relationship f,,,

1
fogg=———— (12-4)
P 14ng10 PH
where
Ng curve shape parameter for the effect of pH on nitrification

rate, that determines the value of the pH, wheref,,, = 0.5 -

The effect of cation exchange capacity of the soil CEC (cmol* kg™) on nitrification is
given by the functional relationship f.gc

fcec =ng - nyolog(CEC) (12-5)
where
Ny intercept of relationship between f... and log
(CEC) mmol* kg? (wet soil) d*
Ny slope of relationship between f... and log
(CEC) mmol® kg? (wet soil) d*

Nitrification of ammonium produces not only NO,, but also N,O. This has been
modeled by using a dimensionless partitioning factor PF,, which is described as a
function of soil WFPS:;

.‘I. n11 WEFPS < n13

| N

PF1=Inn4ﬂH2&WFPS-m3gl4 WEPS 3 nyy (12-6)
{ 1-n3 g
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Ny minimum fraction of total nitrification that is converted into N,O -
N, maximum fraction of total nitrification that is converted into N,O -
Nis WFPS threshold value below which the effect of WFPS

on N,O production

from nitrification equals zero -
Ny, curve shape parameter that determines the steepness

of the curve relating the fraction converted into N,O to WFPS -

PF, gives the part of the total nitrification of equation 12-1 that is converted into
N,O. The production of NO, from nitrification is then given by the product of total
nitrification and (1 - PF)).

In the above equations M,, WFPS and T are dynamically computed by FUSSIM2.
pH, CEC and n, through n,, are all assumed constant and taken from the input file.

12.3 Denitrification

Decay of organic matter in the soil by aerobic micro-organisms requires oxygen. At
low O, levels in the soil, the oxygen can also be provided by NO, and N,O. In this
process electrons are transferred from the organic matter to NO, and N,O. NO; is
then denitrified to N,O and N,O is denitrified to N,. Total denitrification, expressed
as total electron production accepted by either NO, or N,O, is given by

£ NOj N,O ©
d §0'814M3 +04 28|\2/| .
e :
d_tp: fw 2 fr 2DPR - =0 (12-7)
o &  NO3 N,O O
dy +§08——2+04—2—~
& 14Myg 28My5 &
where
e, electrons produced mmol electron cm? (soil) d*
NO, nitrate concentration mg cm’® (soil)
N,O total nitrous oxide concentration mg cm? (soil)
DPR  potential denitrification rate of the soil mmol electron cm? (soil) d*
14 molar mass of N g mol*
28 =2*14 g mol*

0.4 electron equivalent ratio of N,O -
0.8 electron equivalent ratio of NO, -
d, amount of source in terms of both NO; and N,O corrected

for their electron-equivalents, at which the denitrification rate

equals half its maximum rate at optimal conditions for

denitrification (the half-value constant

in a Monod function) mol N kg™ (wet soil)
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DPR is defined as the maximum denitrification at a reference temperature of 20 °C
in the absence of O, and unlimited supply of NO,. It is thus strongly related to the
decomposition rate of organic matter in the soil. Via a small adaptation of NITDEN
CO, production from a module that simulates organic matter decay can be used
instead of DPR. The dynamics in the soil organic matter, e.g. by using organic
fertilizers, then also determines the denitrification rates.

The effect of soil water content via water filled pore space WFPS (-) on total
denitrification is given by the functional relationship f,, ,

i0 WFPS <d,
1 d
f =i -d, 03 12-8
w2 =L GFPS- 4y g WEPS® d, (12-8)
&6 1-dy g
where
d, WFPS threshold value below which the denitrification rate
equals zero -
dy curve shape parameter that determines the steepness of the

curve for the effect of WFPS on denitrification rate -

The effect of soil temperature T (°C) on total denitrification is given by the functional
relationship f;,

i0 T<0

fro=f,  daT%s (12-9)

Vi

T30

%(1+d6Td7 )fT =20,2

where
d,s6;  curve shape parameters -

In the denitrifcation process NO, and N,O compete for the electrons produced
during decay of organic matter. Reduction of NO, is given by

dNO3 _ NO3 “ dep (12-10)
dt  a@no; . 2N,0 g dt
: + dgfpH 2-
§ 14 28 e
[4]
where
2 electron equivalent ratio of N,O -
4 electron equivalent ratio of NO, -
dg parameter that accounts for the sink strength of N,O

in consuming electrons
relative to that of NO, -
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and reduction of N,O is given by

?NZOO _ Nzodgpryz dep (12_11)
é dt g &®NO3 2N,0 0 dt

G + dgpr 2.

g 14 28 %

The effect of soil pH on reduction of NO,; and N,O is given by the functional
relationship f,,,,

e pH-dg
foH2 = MAX gl 10 Y0 & (12-12)
8 6
where
dg pH value at which the factor for the sink strength of N,O in
consuming electrons relative to that of NO, equals d, -
dyg curve shape parameter -
dy, minimum value for the multiplication factor for the effect of

pH on the sink strength of N,O in consuming electrons relative
to that of NO, -

The N,O production from denitrification of NO, is given by dNO./dt and the N,
production equals (dN,O/dt).

In the above equations M,, WFPS and T are used as in the equations for
nitrification. DPR, pH and d, through d,, are all assumed constant and taken from the
input file.

12.4  N20 emission

As gas transport is not modelled, emission of N,O from the soil surface towards the
atmosphere is estimated as follows

. _ 91 O
@N,00 _ ppdi- WRPS )N 0= N,0,, = (12-13)

gdth ‘é fa P

where
N,O,, N,O concentration of the atmosphere mg cm?® (air)
f, volumetric gas content cm® cm? (soil)
& parameter used in calculating the N,O concentration in

soil air by partitioning of total N,O between soil water
and soil air as a function of water filled pore space -

Alterra-rapport 363 83



No intrusion from atmosphere to the soil has been considered in NITDEN. The
emission factor EF (d™) is given by a sigmoidal function

EF=— "% (12-14)
SAVFPS O
1+ T
2 o
where
e, WEFPS at which EF equals half of its maximum value e, -
S curve shape parameter for the function relating EF to WFPS -
&, maximum fraction of the difference in N,O concentration
between soil air and atmosphere that leaves the soil as N,O
emission at WFPS =0 d*

f , and WFPS are dynamically computed by FUSSIM2. N,O,; and e, through ¢, are all
assumed constant and taken from the input file.

12.5 N20 dynamics in the soil

The governing N,O equation describes the net N,O rate of change in the soil as the
sum of two N,O production processes minus the sum of two NNO consumption
processes. The production processes are nitrification of NH, to N,O and reduction
of NO; to N,O, and the two consumption processes are N,O reduction to N, and
N,O emission. The governing equation reads

+ - ws 1]
dego b, dl\;H4 . d'\('jOs _ gé“\éﬂg - 8@"\;209 (12-15)
t t t e at g e dt g

net N,O production  nitrificat ion ~ NOg reduction N,O reduction  N,O emission

12.6 Numerical solution
Equation (12-15) is solved numerically using a semi-implicit Euler scheme. Our

experience is that using explicit Euler resulted in very small time-step requirements.
The semi-implicit Euler scheme reads (Press et al, 1992; their Eq. (16.6.17))

o=yt dt (12-16)
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The derivative dy/dt is computed according to Eqgs. (12-1)-(12-15), where y
represents the NO concentration in the soil. The derivative of dy/dt to y is
numerically estimated by computing dy/dt for two values of N,O, one somewhat less
than current N,O and one somewhat larger than current N,O:

dyt/dt _ (dy/dt) N2O(1+a) (dy/dt)( N20(1-a)
dyt ZaNZO

(12-17)

A typical value for a equals 0.01.

12.7 The input file NITDENIN.DAT

In chapter 15 (section 15.4.17) an example of the input file NITDENIN.DAT is
presented. Here we indicate which parameter of the Eqgs. (12-1) through (12-14)
corresponds to which variable in this file (Table 12-1).

Table 12-1 Correspondence between variables used in text and the parameter names as occurring in the data file
NITDENIN.DAT. For completeness, the units of the variables are given as well.

Variable Name in Units Variable Name in Units
intext  NITDENIN.DAT in text NITDENIN.DAT
n1 NitSourceParaml  mmol2 kg2 a1 DenSourceParaml  mol kg1 (wet soil)
(wet soil)
n2 NitWaterParam1 - d2 DenWaterParam1
n3 NitWaterParam2 - a3 DenWaterParam?2
N4 NitTempParam1 - da DenTempParaml
Ns NitTempParam2 - ds DenTempParam?2
Ne NitTempParam3 - ds DenTempParam3
n7 NitTempParam4 - dr DenTempParam4
ng NitpHParam1 - ds DenElectrParam1
Ng NitCECParam1 mmol2 kg2 do DenpHParam1
(wet soil) d-1
N10 NitCECParam2 mmol2 kg2 dio DenpHParam2
(wet soil) d-1
N1 NitPartParam1 - dn DenpHParam3
n12 NitPartParam?2 - e1 DenEmisParam4
ni3 NitPartParam3 - €2 DenEmisParam1
N4 NitPartParam4 - €3 DenEmisParam?2 -
84 DenEmisParam3 d-
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13 Soil temperature (1-D)

Marius Heinen

13.1  Introduction
Soil temperature is one of the key parameters in nitrogen mineralization and
(de)nitrification. Therefore, it is decided to include soil temperature dynamics in

FUSSIM2. For simplicity, we consider here one-dimensional temperature profiles in
the soil.

13.2 Heat conduction

The governing equation for heat conduction is given by

w_Tg, 1mo (13-1)

it 1z Z &

where
T temperature °’C
t time d
z vertical coordinate cm
D, heat diffusivity cm?*d?

D, is the ratio of the heat conductivity k, (J cm™ d* °C") and the volumetric heat
capacity C, (J cm*®°C™)

K
D, =—L 13-2
s (13-2)

The properties C,, k., and D, are not constant, but depend on the composition of the
porous medium; this will be discussed in a separate section below.

13.2.1 Integration of the heat conduction equation
Equation (13-1) is solved numerically, analogously to the solution of the water

movement equation in FUSSIMZ2; details of the solution procedure can be found in
Heinen and de Willigen (1998). The left hand side of Eq. (13-1) is approximated by
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x+Dx Y*Dy Zj t+D q
0 0 0 Oy dx =[rm - T oo, (13-3)
X oy oz;g ot

The right hand side of Eq. (13-1) is approximated by

x+Dx y+Dy Zj t+Dt ﬂ

\

. S VR
0O O
Xy

> ey T 0y7avx =, T U oy
O g 0 g Jdzdhee = Py {g DD

J

T U
H}Tt{ Dh’% (DO (13-4)
Zj 21 f

t+Dt t+Dt t+Dt t+Dx
TJ+1 - TJ TJ - TJ-l u
hz. h,z l:IDXD)/Dt

b Dy Tt D g

oy

[(1)) %(D\ (WD)@ [N

The heat diffusivities at the control volume (CV) boundaries are obtained from the
D, values at the grid points through geometric averaging

D, =Dy "Diy
: e (13-5)
Dh,zj_1 =Dj.1D;
The distance between the grid points is given by
Dz, =(Dz, +Dz,,,)/2
_ (13-6)
Dz, =(Dz,., + e, )2
Rearranging gives the following approximation of Eq. (13-1)
AJTJt)rDt - AS,JTJt:P - AN,JTJt-'-Pt =b, (13-7)
where
DxDyDxz
A=A T Ay T ——— (13-8)
' ! Dt
and
_ DxDy
As ) = thj FJ
(13-9)
A DxDy
N,J h Z] 1 DZ J 9
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and

DxDyDz; _,
b, =TTJ (13-10)
Setting-up Eq. (13-7) for all CV’s yields a matrix problem
AT =b (13-11)

For the current one-dimensional problem the coefficient matrix A is a three-banded
matrix. The solution of Eq. (13-11) can be simply obtained using the Thomas
Algorithm.

13.2.2 Boundary condition

We use only Dirichlet boundary conditions at the soil surface and at great depth. At
the soil surface we set T = T, and at great depth we set T equal to the yearly average
at that depth. The Dirichlet condition is modeled as follows. The solution given
above is used, but the A and b parameters are given by

b, =LT,

13-12
A =L (13-12)

where L is some large number, e.g. L = 10%. Since A and b are so much larger than
the other parameters, the solution will yield T = T,, where T, is the prescribed
temperature at the boundary.

13.3  Verification

The solution procedure is verified by comparing simulated temperature profiles with
analytical solutions.

13.3.1 Casel

The transient temperature distribution in a finite cylinder with unit initial T, zero T at
the boundaries and constant D, is given by (Carslaw and Jaeger, 1959; see also
example 6.1 of Heinen and de Willigen, 1998)

_q\n 2402 A
T(Z,t):g ( 1) expg Dh Mtgcosézn;l)pz

(2n +1) z? p

E Qo

9 (13-13)
%)

where Z is the length of the cylinder.
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Figure 13-1 shows the comparison between simulated (using constant Dt = 10° d)
and analytical solutions. In Table 13-1 the difference (sum of squared differences)
between simulated and analytical solutions is given for different time steps used in
the numerical solution procedure. Parameters used: 20 layers of unit thickness, D, =

724.11 cm* d™

1

0.9 4

0.8 4

Temperature (°C)
o ©c o o o o o
i o @ = o > S

o

t=0.01d

t=01d

10

Distance (cm)

14 16

20

Figure 13-1. Comparison between simulated (markers) and analytical (lines) temperature profiles for case 1 at two

times.

Table 13-1. Sum of squared differences (SSQ) between simulated and analytical solutions at times t = 0.1 and
0.01 d for case 1. Different time steps Dt were used: constant (Dt = Dtmax) or gradually increasing time steps (Ot
< Dtmax) in which case Dt was gradually increased by a factor 1.1 until maximum allowable time step Dtmax was

reached.
Dt Dt SSQ,t=0.1d SSQ,t=0.01d
101 101 58101 n.a.
102 102 93103 55102
103 103 22105 8.9 104
104 104 24105 13103
105 105 34105 151073
106 106 3.510° 15103
10-2 101 1.7 102 n.a.
103 10-2 2.6 103 11103
10-4 103 18105 9.1 104
105 104 24105 1.4 103
106 105 34105 15103
106 10-3 1.7 105 9.7 104

13.3.2 Case 2

The transient temperature distribution in a finite cylinder with a parabolic initial T
distribution, zero T at the boundaries, unit T at the center of the cylinder, and
constant D, is given by (Carslaw and Jaeger, 1959; see also example 6.1 of Heinen

and de Willigen, 1998)
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1) (n+1)%p° O ad2n+l)p &

D,———— s 13-14
(2n +1) eXpé " z2 Q, e 444

_ 4
T(z,t)—H

|3O| Qlow

The initial T distribution is given by

_(z/2) - - z)2F
o=

Figure 13-2 shows the comparison between simulated (using constant Dt = 10° d)
and analytical solutions. In Table 13-2 the difference (sum of squared differences)
between simulated and analytical solutions is given for different time steps used in
the numerical solution procedure. Parameters used: 20 layers of unit thickness, D, =
724.11 cm? d™.

1

(13-15)

0.9 4

0.8 4

0.7 4

Temperature (°C)
o o o
ES o o

o
w

o
)

'
01

Distance (cm)

Figure 13-2. Comparison between simulated (markers) and analytical (lines) temperature profiles for case 2 at two
times.
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Table 13-2. Sum of squared differences (SSQ) between simulated and analytical solutions at times t = 0.1 and
0.01 d for case 2. Different time steps Dt were used: constant (Dt = Dtmax) 0r gradually increasing time steps (Ot

< Dtmeax) in which case Dt was gradually increased by a factor 1.1 until maximum allowable time step Dtmax Was
reached.

Dt Dty $SQ,t=0.1d $SQ,t=0.01d
101 101 39101 n.a.
10-2 10-2 7.1103 2.0103
103 103 8.8 105 22105
104 104 25106 1.0 106
105 105 6.5 107 1.4 106
106 106 5.4 107 1.5 106
102 101 1.3 102 n.a.
103 102 23103 42105
10-4 103 8.1105 6.1106
105 104 2.4106 1.0 106
106 105 6.5 107 1.4 106
106 103 7.9105 4.0 106
13.3.3 Case 3

Although the changes in soil temperature do follow regular patterns, it is instructive
to consider oscillating patterns; there are daily and annual cyclic patterns. We assume
that at all depths in the soil T oscillates as a pure harmonic (sinusoidal) function of
time around an average value. Despite T varies differently at different depths, we
assume that at all depths the average T is the same, T,. At the soil surface we assume

a periodic (sinusoidal) variation of T with amplitude A, and radial frequency w, and
at infinite depth T is constant and equal to T,,. Under these circumstances Eq. (13-1)
can be solved to yield (Koorevaar et al., 1983; Hillel, 1980)

T(z,t)=T, + A/ sinfwt - z/d) (13-16)

where d is the damping depth defined as

d= %: /ZW& (13-17)
h

The radial frequency w is given as

w=2P (13-18)

where t, is the time needed to complete one cycle of the harmonic wave. Equation
(13-16) is rewritten, such that T = T,, at day t,, yielding

T(z,t)=T, + Ae */Ysinw(t - t,,)- z/d) (13-19)
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We used Eqg. (13-19) analytical solution and compared it with simulated T profiles.
We considered 1 year, i.e. t, = 365d, t, = 121 (may 1), T,, = 11.4 °C, A, = 8.4 °C,
and a sand soil at (constant) 50% saturation with k, = 1524.1 Jcm™ d* °C*and C, =
2.1 J cm?® °C™. We considered a soil profile of 100 cm deep, divided in 20 layers of
equal thickness. As boundary conditions for the simulation model we used T as
computed from Eq. (13-19) at depths z = 0 and z = 100 cm. The simulation model
used time steps of 1 d, which resulted in good comparison with the analytical
solution (Figure 13-3). Note that for this particular example d (annual) = 290 cm, and

the phase shift at depth z is given by z/(dw); for example at z = 100 cm the phase
shift is 20 d.

25

20 A

Temperature (°C)
=
&

-
o

0 50 100 150 200 250 300 350
Time (d)

Figure 13-3. Simulated and analytical temperature profiles for case 3.

13.4  On kn, Ch and Dn

The thermal properties k,, C,, and thus D, are dependent on the composition of the
porous medium (Koorevaar et al., 1983; Hillel, 1980).

C, is defied as the change in heat content of a unit bulk volume of soil per unit
change in temperature (J cm®°C™). C, depends on the composition of the soil’s solid
phase (the mineral and organic constituents), bulk density, and the volumetric water
content. It can be calculated as the sum of the heat capacities of the various
components, weighted according to their volume fractions

C,=fC, +fC,+qC, (13-20)
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where

f volume fraction of minerals em em?®
f, volume fraction of organic matter cm?® cm?®
q volumetric water content cmé em?®
Cn heat capacity of minerals Jem?® oct
C, heat capacity of organic matter Jem?oCt
Cy heat capacity of water Jemdoct

The contribution of air is disregarded, since it's density is much lower than that of
water. Note that f, + f, + q =1 — f, with f, is the volume fraction of air. Values for
the different C’s are listed in Table 13-3.

Table 13-3. Densities, thermal conductivities and heat capacities of different soil constituents (from Hillel, 1980,
his Tables 12.1+12.2).

Constituent Density (kg m-3)  Thermal conductivity k,  Heat capacity C,
(Jem-1d-10C1) (Jem-30C1)

Quartz 2660 7603.2 20

Other minerals (average) 2650 2505.6 2.0

Organic matter 1300 216.0 25

Water 1000 4925 42

Air 1.25 216 0.00125

k, is defined as the amount of heat transferred through a unit area in unit time under
a unit temperature gradient. k, depends on the soil’s mineral composition and
organic matter content as well as on the volume fractions of water and air (Table 13-
3 gives k, of different components). Since the water and air content vary with time,
k, varies with time. The variation in k;, is much greater than that of C,; under field
conditions C, may change three- or fourfold, while k, may change a hundredfold or
more. Since k, depends on size, shape and arrangement of the soil particles, it is
difficult to compute k; of a soil. We propose to determine k, from tabulated data for
different soil types. Van Wijk and de Vries (1963; quoted by Hillel, 1980) gave the
data as presented in Table 13-4 (see also Figure 13-4).

Table 13-4. Average thermal properties for three soil types (after van Wijk and de Vries (1963) as quoted by
Hillel in his Table 12.3).

Soil type Porosity Volumetric Degree of Thermal Heat capacity C,
water content saturation conductivity k,,
(tm3am-3)  (cm3 an-) (-) (em1d1K1)  (Jem-3K1)
Sand 0.4 0.0 0.0 254.0 1.26
04 0.2 05 1524.1 2.10
04 04 1.0 1887.0 2.94
Clay 04 0.0 0.0 217.7 1.26
04 0.2 05 1016.1 2.10
0.4 04 1.0 1378.9 2.94
Peat 0.8 0.0 0.0 50.8 1.47
0.8 04 05 254.0 315
0.8 0.8 1.0 4355 4.83
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Figure 13-4. Average thermal properties for three soil types as given in Table 13-4.

13.5 Implementation in FUSSIM2

The 1-D heat conduction equation is solved numerically according to Egs. (13-7) -
(13-12) using the Thomas Algorithm. The boundary condition at the soil surface can
be either computed from Eq. (13-19) or be set equal to the average day temperature
of the air (the average of measured minimum and maximum daily air temperature
from meteorological data files). At the bottom of the soil profile the boundary
condition is the temperature as computed from Eq.(13-19).

The thermal properties are computed s follows. For each soil layer C, can be
computed according to Eq.(13-20), or be linearly interpolated from data of Table 13-
4. In the first case the dry bulk density r, (kg m®) of the soil layer and the organic
matter volume fraction f, (cm® cm?®) must be known. From these two data the
volume fraction of the minerals f, (cm® cm®) is computed as in which r  and r , are
known from Table 13-3. Then for given g, C, can be computed from Eq. (13-20). In
the second case, for each soil layer it must be indicated if it is a sand, a clay or a peat

layer, and the porosity f (cm® cm®) must be supplied. Then for given g, the degree of

saturation is given by g/f and C, can be obtained through linear interpolation from
Table 13-4.

fo=—t” o0 (13-21)

Alterra-rapport 363 95



For k, the second method of computing C, is applied, i.e. the user supplies type of

soil (sand, clay or peat) per layer and its porosity. At given g, k, is obtained through
linear interpolation from data of Table 13-4).

The thermal diffusivity D, of each layer is computed from C, and k, according to Eq.
(13-2).

The top boundary condition is either computed from Eq. (13-19) or can be supplied
by the user in the main module that is calling the routine STEMP. For example, the
user may know any measured soil surface temperature, or may supply the average day
temperature of the air. For the bottom boundary condition the choice exists as for
the top boundary condition.

The main parameters needed by the routine STEMP should be supplied in a data file
with the name STEMP.DAT, as described in chapter 16.
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14 Coupling with MOTOR

Peter de Willigen and Marius Heinen

14.1  Introduction

Solute transport of N in soil (or substrate) is described by a continuity equation. In
such an equation sources and sinks must be considered, such as root uptake and
sources or sinks due to organic matter dynamics. In this chapter we describe how the
model FUSSIM2 (Heinen and de Willigen, 1998) and the model MOTOR (Rappoldt,
2001; Whitmore, 1995) are combined. The model FUSSIM2 describes water
movement, solute transport and root uptake of water and solutes. The model
MOTOR is a MOdule describing the Transformation of Organic matteR and
nutrients in soil. We used the FSE version of Rappoldt (2001) which is totally based
on the concepts of Whitmore (1995). Both versions of MOTOR produce identical
results (Rappoldt, pers. comm.).

In this chapter we shortly describe how MOTOR is incorporated in FUSSIM2.
Secondly we present an analytical solution for a set of transformations in order to
verify the numerical solution of MOTOR.

14.2  Incorporation of MOTOR in FUSSIM?2

The MOTOR version of Rappoldt (2001) is a stand-alone model. The computations
are governed by a Runge-Kutta driver. For the incorporation in FUSSIM2 it was
decided to retain as much as possible all statement of the driver and the model. The
Runge-Kutta driver was changed such that it could be called from outside (i.e. from
FUSSIM2) with four different tasks: initialization, dynamic, output, and terminal.
Furthermore, it was essential that for several layers (or control volumes) in FUSSIM2
different transformation can be handled. In other words the states of MOTOR in the
driver and the model must be stored. Storage is done in arrays, which are finally
stored per layer (or control volume) in FUSSIM2. There are two ways of storage: a
simple storage of the states only, and a complete storage of all model variables. The
second method is the most flexible, but costs a large amount of memory storage (and
some more computational time). The first method can only be used if for all layers
considered the same transformations are used, the same transformation tables, etc.,
with the only difference the initial distribution of the pools.

Other changes to the driver are: no regular output governed by the driver other than
output during state and time events, time (begin and end of the simulation interval) is
governed by the calling routine FUSSIM2, and the water content and temperature
correction data come from the calling routine FUSSIM2.
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14.3  Analytical solution to verify MOTOR

The numerical solution of the model MOTOR can be verified against an analytical
solution. First we present the general procedure how an analytical solution can be
obtained. Secondly, we present a comparison of the numerical and analytical solution
for a simple example.

An analytical solution is presented for first-order kinetics. For N pools there are at
maximum NxN transformations possible, but generally much less than NxN
transformations occur. In general, the transformation of pool y, is described by

%:ei,lki,lyl to- Ky tete KLy, (14-1)
where
y pool ML? or MM™*
k rate constant T
e efficiency parameter in the range [0,1]

Pool y, increases due to production (+) from other pools, and decreases (-) due to
transformation of y, into another pool. Equation (14-1) can be set up for all N pools.
The resulting set of equations can be represented by the following matrix problem

dy
-k 14-2
5 K (14-2)

where y is the vector with the N pools, and k is the coefficient matrix, which for,
e.g., N=3 has the form

@&-k  kye; k30

C :
k =¢ky 281, - k; k3,293,2f (14-3)
gkl,sel,g Kos€s - K ;

Equation (14-2) can be solved using Laplace transformation. The Laplace
transformed version of Eq. (14-2) reads

sh:U-yp=k:U (14-4)
where

S the Laplace parameter

| the NXN identity matrix

U the Laplace transformed y vector

Yo the vector with initial y values.
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Equation (14-4) can be solved for U and the final solution y is obtained via the
Laplace back-transformation: y = L™(U).

U=(s1- k)", (14-5)

We now consider an example for N = 5 with 8 transformations. The data are given
in Table 14-1. The five pools are, respectively, biomass, active organic matter
(ActiveOM), physically protected organic matter (PhysPOM), chemically protected
organic matter (ChemPOM), and physically-chemically protected organic matter
(PhChPOM). The coefficient matrix K in this case reads (the columns represent the
sources, and the rows represent the produce)

®2810° 12107 0 1210° 0 0
c610°% -3510% 1510° 0 0 =+
k :g 0 15102 -15107° 0 0o (14-6)
G1210°° 0 0 -15.00210°* 1510°° +
-2 -37
< 0 0 0 15102 -1510°°,
Table 14-1. Transformation table for 5 pools of substrate indicating the produce, rate constant k (d1), and the
efficiency e (-).
Substrate Produce k e
Biomass ActiveOM 6.0 103 1.0
Biomass ChemPOM 20103 0.6
ActiveOM Biomass 20102 0.6
PhysPOM ActiveOM 15103 1.0
ChemPOM Biomass 2.010¢6 0.6
PhChPOM ChemPOM 15103 1.0
ActiveOM PhysPOM 151072 1.0
ChemPOM PhChPOM 15102 1.0

The solution of Eq. (14-5), i.e. U, and the final solution y were obtained using
Mathematica (Wolfram, 1991). Figure 14-1 presents the excellent comparison
between the numerically obtained (using FUSSIM2+MOTOR) and analytical
solutions for the change of the five pools as a function of time. The results pertain to
the carbon-fraction of the pools, with y, = {100, 100, 1000, 4500, 12000} (kg ha™). It
was taken care in the numerical model that ample nitrogen was available to let the
transformations continue at the maximum rates.

Generally, the transformations are influenced by other external conditions, which in
the example above were taken as optimal. The model MOTOR uses water content
and temperature reductions on the rate constants, which, if constant, can be simple
incorporated in the coefficient matrix K.
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Figure 14-1. Comparison between analytical (lines) and numerical (symbols) relative changes of the five pools
(y/yo) as a function of time.
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15  User’s guide

Marius Heinen

15.1  Model structure

Heinen and de Willigen (1998) described the structure of the model in their chapter 5
‘User's Guide’. Of course, the main structure has not been changed much. To facilitate
the understanding for the programmer, all integrating routines have been structured
so that they consist of the following main structure elements (if applicable): initialize,
rate, integrate (or state), output, terminal. These have been adopted from the FSE2
structure of van Kraalingen (1995). Such a structure consisting of rate and integrate
sections is applicable for explicit integrations. For the implicit solution of the
Richards equation this seems not applicable. The integrate section for the solution of
the Richards equation is skipped when the time step has not been changed between

the rate and integrate steps. If however, the time step Dt is changed (has become
lower), the new status for water is computed as

state(t+Dt) = state(t) + rate(t+Dt)*Dt,

in which the rate of change was stored in the rate section

15.2 FUSSIM2 and FSE4

Since the previous version of FUSSIM2 (Heinen and de Willigen 1998) FUSSIM2
has been used extensively coupled with plant growth models. For this purpose
FUSSIM2 and the crop growth models were coupled (not integrated) under FSE4
(Rappoldt, 2001). This means that the old MAIN of FUSSIM2 has been adapted so
that it can be used as a subroutine that is called by FSEA4. It goes beyond the scope of
this report to describe the new features as they are directly related to the structure of
FSE4, which is described in Rappoldt (2001). It suffices to mention here that it is
possible to run FUSSIM2 stand-alone, i.e. not coupled to any other model. Coupling
to dummy crop growth models (e.g. models that supply data from tables, such as
LAI, nutrient demand, root growth rates) is also possible (e.g. de VVos en Heinen,
1999; Assinck and Heinen, 2001). Experience has shown, so far, that it is not easy to
have a single, unique main FUSSIM2 subroutine that can handle all cases of running
stand-alone or coupled to different types of crop growth models. Therefore, this
subroutine, with the name FUSSIM2FSE4, is to be adapted for each specific project.
With FSE4 reruns (van Kraalingen and Rappoldt, 2000) are still possible (see section
15.6).

In FUSSIM2 there is a main focus upon the interaction of soil processes and
root uptake. Therefore, it is likely that pure stand-alone simulation of soil processes
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hardly will occur. In other words, coupling to dummy or real plant growth models
will occur most frequently. However, as a special option, we have integrated a expo-
linear crop growth module and a nutrient demand module in FUSSIM2. These
modules can be invoked by supplying some logicals and will be used each time step.

Evapotranspiration can be dealt with in several ways. The user can supply known
potential transpiration T, and potential evaporation E, (ETMETH=0). Alternatively,
FUSSIM2 can compute T, and E, according to three algorithms of van Kraalingen
and Stol (1997) (ETMETH=1,2,3), or from user-supplied potential evpotranspiration
rates ET, (ETMETH=4). For ETMETH > 0, additional information is required (see
description of input file WEATHER in section 15.4.6).

15.3 Correspondence between variables in files and variables in text

Table 15-1 lists the input parameters required by the simulation model and the
(possible) output variables. Table 15-2 summarizes the correspondence between the
names of variables in the different input files and the variables used in the text of this
report.

Each printing time the following general information is written to the output file (see
Section 15.5 for examples of output files).

Water
Total amount of water present in the flow domain, being the summed amounts
present in each CV which is the volumetric water content in the CV times the
volume of the CV (ml).
The total change of water in the flow domain since t = 0, which is due to net
inflow of water across the boundaries (ml).
The water balance error in absolute sense, defined as the current water storage
minus the initial water storage minus the total change (ml).
The relative balance error defined as the water balance error divided by the
current water storage.
The net amount that has entered the flow domain since t = 0 across each of the
four boundaries.

Solute
Total amount of solute(s) present in the flow domain, being the summed
amounts present in each CV (kg ha™).
The total change of solute(s) in the flow domain since t = 0, which is due to net
inflow of solute(s) across the boundaries (kg ha™).
Total required uptake of solute(s) by the crop since t =0 (kg ha™)
Total uptake of solute(s) by the crop since t =0 (kg ha™)
Total amount of fertilizer application since t = 0 (kg ha™)

The solute(s) balance error(s) in absolute sense, defined as the current solute(s)
storage minus the initial solute(s) storage minus the total change of solute(s) (kg
ha™).
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The relative balance error(s) defined as the balance divided by the current
storage.

The net amount that has entered the flow domain since t = 0 across each of the
four boundaries.

Table 15-1. Lists of input parameters required by the simulation model, and list of (possible) output variables
which are given at user-supplied print times.

Input parameters

Water

N, M, ?x,, ?z,
Forall (1J): 2, ?,n, a, a,, K, ?
Top boundary conditions
Per (1,1) type of condition
Per time unit: rain/irrigation rate, E,, T, (only for root water uptake)
Bottom boundary conditions
Per (1,M) type of condition plus corresponding prescribed h or g
ho(1,9)
?til ?tmaxl ?tmini tfl 9! tm
e g, maximum number of iterations
Initial 2, e, (see Chapter 4)
Root water uptake
K1, Ro, 8, h,1/2
L,(1,J) (if root growth give also k, t* and start time, and L, (1J) = L(1,J) , see Chapter
7 of Heinen, 1997)
Solute transport
¢, ar, 4., Do, f1(19), f2(1,J), 2(1,J)
co(1,J9)
Root nutrient uptake
SSF
Output variables (per printing time)
Water

<optional> ?2(1,3), h(1,9), ax(i,j), gz(i,j)
<always> total water storage, total change in water storage since t = 0,
water mass balance error, total amount of water that passed the boundaries
Root water uptake
<optional> Sw(l,J) (actual rate and cumulative since t = 0), hy, T, total water uptake
by plant roots
Nutrient transport
<optional> c(1,3), Qm(1,3), EC(1,3), qsx(i,j), dsz((i.j),
<always> total nutrient storage, total change in nutrient storage since t =
0, solute mass balance error, total amount of nutrient that passed the boundaries
Root nutrient uptake
<optional> Ss(1,J) (actual rate and cumulative since t = 0), total nutrient uptake by
plant roots
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Table 15-2. Correspondence between variables used in input files and variables used in text with reference to
equation of first occurrence in text or section of description (references in italic refer to Heinen and de Willigen
(1998), others to current report), and indication of type of variable (real (double precision), integer, character),
dimension of variable (with t indicating the user-supplied time units UNITS), and number of array entries
required. Data are grouped (alphabetically sorted) per input file, and only the most important variables are listed.
Input files are described in more detail in Section 15.4.

Variable namesin Type of Number of array |Variablesused |Dimension Equation Section

input files variable entries in text

INPUT.DAT (Section 15.4.1)

AMMONIUMDAT character* 50

BNAME character*50

EXPLINDAT character*50

EXTMAKEDAT character* 50

FERTILDAT character* 50

FLSALT character*50

FUS2CTR character*50

FUSSIM2L OG character* 50

GWLDAT character*50

IONSINFODAT character*50

NITDENINDAT character*50

PHOSPHORDAT character* 50

RNAME character* 50

ROOTSDAT character*50

SLTNAM character*50

SNAME character* 50

SOILSDB character*50

STEMPDAT character*50

TGENDAT character* 50

THHFEXFZDAT character* 50

TNAME character*50

TRANSP character*50

TRANSPCTR character* 50

UPTADAT character*50

VIMOKEDAT character*50

WETDAT character*50

WNAME character* 50

FUS2.CTR (Section 15.4.2)

ANSI integer

BIG real L [95], [96]

DEPSAMNT redl

DEPSLRV real

DEPSN red

DEPSP red

DEVDUM red the factor 100 in [cm (Eq. [133]) or |[133], [134]
denominator of  |cmt™? (Eq. [134])
Eqgs. [133],[134]

DTFAC real m, [181]

DUMP character*1

FLSALT character*1

HSAT redl cm

IGRAV integer

IOFEX integer

IPRCT integer

IPRGRS integer

KHFACX red
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section
input files variable entries in text
KHFACZ redl
LOGITS integer
METHIR integer
PLGROW character* 1
PRTINY redl t
QALL logical
REDEV logical
SMALDT real i t 35
STSTAT character*1
TOODEV real
TRANSP character* 1
UPTAKE character*1
WET character*7
WTYPE character*9
SOIL.DAT (Section 15.4.3)
CTREAT integer
DX redl 1,NC ?X cm [58]
DZ real 1, NL ?2; cm [59]
FILNAM character* 40
INSIDE integer 1, NL, NL*NC
IS integer
I1SOIL integer 1, NL, NL*NC
KWAY integer
NC integer N 3.2.2
NL integer M 3.2.2
NSOILS integer =5
P real p cmt [218,220]
Q real q cmt [218,220]
SOILNS character* 20 NSOILS
TITLE character* 72
TRANSP red T omd? [219,220]
BOUNDS.DAT (Section 15.4.4)
DRRES redl d?! [15]
FBOT red 1,NC Oc cmd? [10]
FBOTTOMBCT real =100*NC o cmd? [10]
FINTRN integer 1, NL, NL*NC
FLEFT redl 1, NL Os cmd? [10]
FLEFTBCT redl = 100*NL Os cmd? [10]
FRIGHT red 1, NL de omd? [10]
FRIGHTBCT real = 100*NL de cmd? [10]
FTOPBCT real =100*NC Je cmd? [10]
HO redl cm 15]
HBOT real 1, NC he cm 9
HBOTTOMBCT redl =100*NC he cm 9
HINI redl 1, NL*NC hoy . cm [17]
HINTRN integer 1, NL, NL*NC cm
HLEFT real 1, NL hg cm [9]
HLEFTBCT real =100* NL hg cm [9]
HRIGHT real 1, NL he cm [9]
HRIGHTBCT redl =100* NL hg cm [9]
HTOP redl 1,NC hg cm [9]
HTOPBCT real =100*NC he cm [9]
IBOT integer 1,NC
IBOTTOMBCT integer =100*NC
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section
input files variable entries in text
IDITCH? integer =20
IINTRN integer 1, NL, NL*NC
ILEFT integer 1, NL
ILEFTBCT integer =100* NL
IRIGHT integer 1, NL
IRIGHTBCT integer = 100*NL
|SEEP? integer =20
ITOP integer 1,NC
ITOPBCT integer =100*NC t
JDITCH? Integer =20
JSEEP? Integer =20
MAXPND redl Yim cm 6.2
NDITCH integer
NSEEP integer
ROUGH real n (6-4)
TIMBOTTOMBC redl =100 t
TIMLEFTBC redl =100 t
TIMRIGHTBC redl =100 t
TIMTOPBC real =100 t
TIMER.DAT (Section 15.4.5)
CONDEL integer
CONPRI integer 3.5
DELT redl ?% t 35
DTMAX redl ? e t [181]
EPSIL redl = 3.3.3
EPSILI red g 3.3.2
FUSOUT logical
HOUT integer =10 (must be

even)
ICRIT integer
IHYST integer
ISOLVE integer
KAPPA integer 1 or NL*NC 2 4.2[202]
MAXIT integer
MAXITI integer
OUTYES integer 4
PRDEL real t 3.5
PRTIME real = 6000 t 3.5
SUBREG integer 4
TAU real e [201]
TOL redl
UNITS character* 1
WCOUT integer =10 (must be

even)
ZETA real ? cm® em™® [179]
WEATHER.DAT (Section 15.4.6)
COUNTR character
ECTRSH real dSm?! 5.3.2
EPOT readl = 527040 ag(t) cmt?! [10]
ETO red = 527040 () + Ty(D) cmt?! [10]
ETMETH integer
ETPTH red cmt? 5.3.2
FCROPS real
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section
input files variable entries in text
HTRESH redl cm 5.3.2
IDOYFCR integer
IDOYLAI integer
IFCROP integer
IFLAG integer
IRRINT readl Os cmt?! [10],5.3.2
ISTN integer
ISURF integer
ITRESH integer 5.3.2
IYEAR integer
IYRFCR integer
IYRLAI integer
JTRESH integer 5.3.2
KCROP redl
LAIS redl
LFRAC redl 5.3.2
LOGF integer
METHIR integer
PENMAN character* 2
RAIN real = 527040 ag(t) cmt?! [10]
RF red
TDMI redl 0C
TPOT real = 527040 T,(1) cmt?! [25]
WTRDIR character
SOILS.DB (Section 15.4.7)
TALP red =100 a om?! [182]
TALPD redl =100 ay cmt [182]
TALPW redl =100 ay cmt [182]
TBNAME character* 20 =100
TKK red =100 Ky cmd? (4-2)
TKS red =100 Ks cmd? 183,186
TL real =100 ? 183,186
TND real =100 n [182]
TNW real =100 Ny [182]
TWCR red =100 ? om® o3 [182]
TWCS readl =100 2% om® em'® [182]
WCK red =100 O om® em’® 4-7)
EXTMAKE.DAT (Section 15.4.8)
ESD real =50 E, cmd? 5.1
EXTMETHOD character*8
H red =50 h, cm 5.1
METHOD character*3
MINT character 4
NNTAB integer
PPBIG redl cm
PPEND redl cm
PPREF redl cm
SCRNLOG logical
GWL.DAT (Section 15.4.9)
DOY GWL red = 1000
GWLS real = 1000 cm
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section
input files variable entries in text
IYRGWL integer = 1000
VIMOKE.DAT (Section 15.4.10)
CDCORR real CF (7-7)
HDRAIN redl = 1000 Nyrain cm 7.2
IDOYDRAIN integer = 1000
IDRAIN integer 1
I'Y EARDRAIN integer = 1000
JDRAIN integer 1
NDRAIN integer 1
REFF redl r cm (7-3)
THHFXFZ.DAT (Section 15.4.11)
FX redl NL*(NC+1) Oy mL cm?t? [1,[2]
FZ red (NL+1)*NC a, mL cm?t? [1,[2]
H redl NL*NC h cm [3]
WC real NL*NC q mL cm™ [11.12]
WET.DAT (Section 15.4.12)
XWET redl =50 h cm [2], [187]
YWET red =50"NSOILS  |[q mL cm [1],[182]
STEMP.DAT (Section 15.4.13)
CMETH character* 11
DTSTEP real 2t d (13-4)
METH1 character*7
METHNL character*7
SOIL character*4
TC redl te d (13-18)
TIMAV real tay d (13-19)
TINI real t d (13-1), (13-19)
TYAMP readl A °C (13-16)
TYAV red Ty °C (13-16)
SOLUTE.DAT (Section 15.4.14) below NION (= 13) represents the number of ions present in solution
AL real 1, NL, NL*NC a. cm [33]
AMOUNT redl NION, Qm mmol or mg [46]
NION*NL,
NION*NL*NC
AT real 1,NL,NL*NC |ar cm [33]
BDS red 1, NL, NL*NC gcm®
CBOT real NION, NION*NC|cg mmol 2.5
CF1 real 1,NL,NL*NC [f; [34]
CF2 real 1,NL,NL*NC [, [34]
CLEFT redl NION, NION*NL |cg mmol 2.5
CONC redl NION, C mmol I [45]
NION*NL,
NION*NL*NC
CRIGHT redl NION, NION*NL |cg mmol 2.5
CTOP real NION, NION*NC|cg mmol 25
FREQF integer
ICON integer
IDISP integer
JBOT integer 1,NC
JLEFT integer 1, NL
JRIGHT integer 1, NL
JTOP integer 1, NC
LD redl Lp cm [172]
OUTSLT integer 7
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section

input files variable entries in text

WCLOW redl 1,NL,NL*NC |2, cm® em'® [34]

AMMONIUM.DAT (Section 15.4.15) (parameters like for phosphorus)

Al real 1,NL, NL*NC  [ag mg cm® (8-10)

A2 real 1,NL, NL*NC  [a, mg cm® (8-10)

AK redl a mg cm” (ml mg’)” 8.5

B1 real 1,NL,NL*NC b, ml mg?* (8-10)

B2 real 1,NL,NL*NC [b, ml mg? (8-10)

FREUM real M ang om® (ml mgh) [ (8-11)

FREUN real N (8-11)

LINPAR logical

MODPAR logical

OUTNHA4 integer

IONSINFO.DAT (Section 15.4.16)

DEBYE integer

DIFO red 13 [} cm? d? [33],[43]

IONNAM character*5 13

IONRAD redl 13 d Angstrom [37]

IONYES integer 13

MOBIL redl 13 U cmstv? [35], [43]

PARA red 13 A (mol kg?})®® [38]

PARAB integer

PARB readl 13 B (mol kgH)®> m?  {[39]

VALENC redl 13 Ny [35], [36], [37].

[43]

NITDENIN.DAT (Section 15.4.17)

NitSourceParam1 real mn mmol® kg (wet  [(12-1)
soil)

NitWaterParam1 real n, (12-2)

NitWaterParam?2 real Nz (12-2)

NitTempParaml1 real Ny (12-3)

NitTempParam?2 real 15 (12-3)

NitTempParam3 redl Ng (12-3)

NitTempParam4 redl n; (12-3)

NitpHParam1 redl Ng (12-4)

NitCECParam1 real Ng mmol? kg? (wet  [(12-5)
soil) d?

NitCECParam?2 real Nio mmol® kg? (wet  |(12-5)
soil) d*

NitPartParaml redl Ny (12-6)

NitPartParam2 real Ny, (12-6)

NitPartParam3 real N3 (12-6)

NitPartParam4 red Ny (12-6)

pHDepthTabel real pH (12-4), (12-12)

CECDepthTabel real CEC cmol+ kg® (12-5)

DenSourceParam1 red d; mol kg (wet soil) [(12-7)

DenWaterParam1l redl d, (12-8)

DenWaterParam?2 redl ds (12-8)

DenTempParaml real ds (12-9)

DenTempParam?2 red ds (12-9)

DenTempParam3 redl ds (12-9)

DenTempParam4 redl d; (12-9)

DenElectrParaml real ds (12-10), (12-11)

DenpHParam1 redl do (12-12)
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section

input files variable entries in text

DenpHParam?2 red dyg (12-12)

DenpHParam3 real dig (12-12)

DenEmisParaml1 real ) (12-14)

DenEmisParam?2 redl & (12-14)

DenEmisParam3 red & gl (12-14)

DenEmisParam4 redl e (12-13)

N20inAtmosphere real NoOgy (12-13)

GasConstant redl

N20DepthTabel red

N2DepthTabel real

DNPDepthTabel red DPR (12-7)

PHOSPHOR.DAT (Section 15.4.18)

Al red 1,NL,NL*NC  [a, mg cm® (8-10)

A2 red 1,NL,NL*NC  |a, mg cm’® (8-10)

AK red a, mg om® (ml mgh) (8.5

ALFEOX red 1,NL,NL*NC  [[Al+F¢] mmol kg* (8-9)

ALPH1 real 1,NL,NL*NC  [a, dl (8-8)

ALPH2 real 1,NL,NL*NC  |[a, dl (8-8)

ALPH3 redl 1,NL,NL*NC |as dl (8-8)

B1 red 1,NL,NL*NC  [b, ml mg” (8-10)

B2 red 1,NL,NL*NC |b, ml mg* (8-10)

BI1 readl 1,NL,NL*NC  [b, (mg LH™N (8-9)

BI2 red 1,NL,NL*NC |b, (mg LH™N (8-9)

BI3 red 1,NL,NL*NC  |bs (mg LH™ (8-9)

FREUM red M mg o (ml mgh) [ (8-11)

FREUN redl N (8-11)

LINPAR logical

MODPAR logical

N1 red 1,NL,NL*NC [N, (8-8)

N2 red 1,NL,NL*NC [N, (8-8)

N3 red 1,NL,NL*NC [N (8-8)

OUTADS integer 4

PW red 1,NL,NL*NC [P, mg P,Os L (sail) |(8-16)

REDF red 1, NL, NL*NC

UPTA.DAT (Section 15.4.19)

CMIN redl 13 Crin mg mL? (9-4)

FMAX redl 13 mmol cmi? d! 34.3

IUPMAX integer

IUPWAY integer

METHODU integer

UPCRIT red

TRANSP.DAT (Section 15.4.20)

A red NPLANT a [26]

HOSP red NPLANT ho, om [20]

HRHALF red NPLANT h. 1 om [26]

K1 red NPLANT K, omd? [20]

LRVINI real NL*NC Ly (t=0) cmem® [19]

LRVK redl NPLANT LRVK dl [203]

LRVT red NPLANT LRVT d [203]

LRVTS red NPLANT LRVTS d [203]

OUTTRA integer 6

RO red NPLANT Ro om [21]
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Variable namesin Type of Number of array |Variablesused |Dimension Equation Section

input files variable entries in text

REDPOT integer

RTGROW integer

SIGMA real NPLANT S, [20]

TRANSP.CTR (Section 15.4.21)

FAC redl 3.25

NP integer

RDPMIN real 8 [112]

TOL red

TRANS character*7

TRHYST character* 1

TGEN.DAT (Section 15.4.22)

NNTAB integer

PPBIG red cm

PPEND redl cm

PPREF red cm

EXPLIN.DAT (Section 15.4.23)

A redl NPLANT*NION [ag ggt (10-6)

B redl NPLANT*NION |bg gg’ (10-6)

C real NPLANT*NION Jcg hakg® (10-6)

CM redl NPLANT Cm kghatd?! (10-1)

DEMMOD logical

DM red NDM = 10 Wy kg hat 10.3 (tabul ated

data)

FMAX red NPLANT*NION mmol cm” d* 3.4.3

NPLANT integer =5

OPTC real NDM*NPLANT* [No gg* 10.3 (tabul ated
NION data)

PL red NPLANT P ggt (10-5)

PLNUM integer 1, NC

RM redl NPLANT M kgha®d?! (10-1)

SHRT redl NPLANT SHRT ggt (10-4)

SLA redl NPLANT SLA ha kg (10-5)

TCNU redl NPLANT*NION |ty d (10-11)

TUPT real NPLANT*NION [U kg ha* (10-7)

WTOT real NPLANT W kg ha* (10-1)

ROOTS.DAT (Section 15.4.24)

DECRAT real NPLANT I d?t (11-2)

DMCR real NPLANT DM, gg* (11-4)

LRVINI redl NPLANT*NL*NC |, cmem® (11-1)

QIN integer NPLANT*NL*NC |related to Q_ (11-1), (11-4)

RO readl NPLANT Ro cm (11-4)

RDXO0 red NPLANT Dy« cm? d? (11-1)

RDZ0 red NPLANT D, om? d? (11-1)

REDH real 12

RHOR redl NPLANT r, gocm?® (11-4)

FERTIL.DAT (Section 15.4.25)

FCOL integer =50

FERTTM real =10 d

FFERT redl =10*MAXION kg hat

FROW integer =50
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15.4  Description of input files
In general, the input files have the following structure
VARI ABLE = <val ue>

where VARI ABLE is a defined variable name which cannot be altered by the user.
Behind the equal sign the value(s) for that variable name are listed: a single value or a
character string, or an array of values. This kind of input is regulated by the TTUTIL
library of Van Kraalingen and Rappoldt (2000). The rules are:
array elements should be separated by a space or a comma;
arrays may also be given in column format with array name on separate line; e.g.
ARl AR2 AR3
1.0 1.4 2.0
3.3 0.5 1.1
repeated similar elements in an array may be indicated as n*value, e.g. 16*10.0,
5*2.0 (21 elements in total);
character data must be given between single quotes;
integer values must be given as integers;
real values must be given as reals;
if an array consists of only 1 element it must be given as 1*value, e.g. A = 1*2.5
and not A =25
position of variable name in data file is free;
extra variable names may be present;
information behind a “* (first column) or a “! ” (any column) is considered as
comment, and is not read by the program.

Any violation of these rules is properly echoed to the screen followed by a halt of
program execution. Moreover, in several cases additional checks on the data are done
in the program, such as check on proper amount of supplied array elements. Mostly,
the description in the example files given below is self-explanatory. In some cases
some additional information on a specific variable is given. Table 15-3 gives the
maximum values or number of array elements for some of the variables.

In the example input files described in the following sub-sections, all required and
optional variables are presented. Required variables are presented first, while optional
variables are listed at the bottom of the example input files. Optional variables are
printed in italic, and the values given to these optional variables are the values used
by FUSSIM2 as default values when the optional variable is not present in the input
file. Generally, these optional variables should be used only by experienced users.
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Table 15-3. Maximum value or maximum number of array elements for several variables.

Variable Maximum value Maximum number of elements
EPOT, ETO, RAIN, TPOT 527040
IDITCH?, IDITCH? 100*NDITCH
ISEEP?, JSEEP? 100*NSEEP
NC, NL 100

NDITCH 5

NION 13

NPLANT 5

NSEEP 5

NSOILS 10

PRTIME 6000

XWET, YWET 50, 50*NSOILS
TBNAME, TKK, TKS, TWCS, TWCR, 100

TWCK, TND, TNW, TALP, TALPD

TALPW, TL

15.4.1 Inputfile INPUT.DAT

FUSSIM2 reads data from input files. Some names for data files are required, in
other cases names are optional or have default names if not given by the user. The
user must supply the relevant names for data files in the special data file
INPUT.DAT (name cannot be changed). Table 15-4 summarizes all possible data
files that a user can supply, indicating which are required, which are optional and
which have default names if not supplied. Also indicated are the modules of
FUSSIM2 that uses the data file. Although 28 files have been listed in Table 15-4, the
user is free to combine data in only a few files by giving several of the variables the
same file name. For example, if the user wants to put all variables necessary for
transpiration into one file named MYTRANS.DAT, then in the file INPUT.DAT the

following lines must be given:

TRANSP = ' MYTRANS. DAT’
TRANSPCTR = ‘ MYTRANS. DAT’
TGENDAT = ' MYTRANS. DAT’

Table 15-4. Explanation of all possible files names that must or can be supplied in the file INPUT.DAT.

Expl anati on of col um required:

= required: name nust

OBJU

name i s used)

requi red, but nane is optional
file only necessary in certain cases,

be supplied

Expl anation of the abbreviation of the nodul es

(el se default nanme is used)
nanme i s optional

(el se default

wa = water, sl = solute, te = tenperature, tr = transpiration, up = uptake
# name requi red def aul t name nodul es
(R RO O wa sl te tr up
1 FUS2CTR RO FUS2. CTR
2 FUSSI MRLOG RO FUSSI M2. LOG
3 SAL or SNAMVE R +
4 BOUNDS or BNAME R +
5 TIMER or TNAME R +
6 WEATHER or VWAME R +
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7 SO LSDB (0] as supplied in SNAME  +
8 RNAME R +
9 EXTMAKEDAT RO EXTMAKE. DAT +
10 GWALDAT (0] GNL. DAT +
11 VI MOKEDAT RO VI MOKE. DAT +
12 THHFXFZDAT o] THHFXFZ. DAT +
13 WETDAT (0] WET. DAT +
14 STEMPDAT RO STEMP. DAT +
15 SOLUTE or FLSALT R +
16 SLTNAM R +
17 AMMONI UMDAT 0] AMVONI UM DAT +
18 | ONSI NFCDAT RO | ONSI NFO. DAT +
19 NI TDENI NDAT 0] NI TDENI N. DAT +
20 PHOSPHORDAT 0] PHOSPHOR. DAT +
21  UPTADAT RO UPTA. DAT +
22 TRANSP R +
23 TRANSPCTR RO TRANSP. CTR +
24 TGENDAT RO TCGEN. DAT +
25 EXPLI NDAT RO EXPLI N. DAT for experienced users only
26 ROOTSDAT RO ROOTS. DAT
27 FERTI LDAT 0] FERTI L. DAT +
# name description
1 FUS2CTR sone control data for FUSSI M2
2 FUSSI M2LOG log file for FUSSI M2
3 SA L/ SNAVE definition of soil domain, CVs, soil types
4 BOUNDS/BNAME initial and boundary conditions for water novenent
5 TIMER' TNAME tiner and control data for water novenent
6 WEATHER/ WNAME some at nospheric data
7 SO LSDB nane of soils data base file [overruling name supplied in SO L]
8 RNAME name of output file for water novenent
9 EXTMAKEDAT data file for making soil evaporation reduction table
10 GWLDAT groundwat er |evels as specific bottom boundary condition
11 VI MOKEDAT Vi noke drain data file
12  THHFXFZDAT steady-state water novenment: status distribution
13  WETDAT tabul ated wetting curve
14 STEWMPDAT soil tenperature data file
15 SCOLUTE/ FLSALT initial and boundary conditions for solute transport
16 SLTNAM name of output file for solute transport
17 AMMONI UMDAT data file if ammonium adsorption is to be considered only if NH4
is indicated in | ONSI NFODAT if AMMONI UMDAT = ‘ NONE' or ‘none’
t hen NO ammoni um adsor ption is considered
18 | ONSI NFODAT which ions are to be considered and some of their properties
19 N TDENI NDAT data file for nitrification and denitrification nodule only if
NO3 and NH4 are indicated in | ONSI NFODAT if N TDENI NDAT = ‘ NONE
or ‘none’ then NO nitrification and denitrification is considered
20 PHOSPHORDAT data file if phosphorus adsorption is to be considered only if P
is indicated in | ONSI NFODAT if PHOSPHORDAT = ‘ NONE' or ‘none’
t hen NO phosphorus adsorption i s considered
21  UPTADAT data file for nutrient uptake
22 TRANSP data file for water uptake or transpiration
23 TRANSPCTR control file for water uptake or transpiration
24 TGENDAT control file for water uptake or transpiration
25 EXPLI NDAT data file for expo-linear growth nodul e
26 ROOTSDAT data file for root growth by diffusion
27 FERTI LDAT times of fertilization
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Table 15-5 gives an example of the data file INPUT.DAT. Note that a path-structure can be given as well.

Table 15-5. Example input file INPUT.DAT.

I required nanes

SO L = ‘input\hei no_so’
BOUNDS = ‘i nput\hei no_bc’
TIMER = ‘“input\heino_tni
WEATHER = ‘i nput\ hei no_wh’
TRANSP = ‘“input\heino_tr’
SOLUTE = ‘i nput\heino_sl’
RNAME = ‘ out put\hei no_w

SLTNAM = ‘ out put\ hei no_s’

! optional names

FUS2CTR = “input\fus2.ctr’
FUSSI MLOG = ‘ out put\fussin2. | og’
EXTMAKEDAT = ‘i nput\ ext neke. dat’
STEMPDAT = ‘i nput\stenp. dat’
AMVONI UMDAT = * NONE’

| ONSI NFODAT = ‘i nput\ionsi nfo.dat’
NI TDENI NDAT = ‘i nput\ ni t deni n. dat’
PHOSPHORDAT = ‘ NONE'

UPTADAT = ‘i nput\upta.dat’
TRANSPCTR = ‘input\transp.ctr’
TGENDAT = “input\tgen.dat’

In sections 15.4.2 until 15.4.25 the input files are described.

15.4.2 Input file FUS2.CTR

The file FUS2.CTR (example in Table 15-6) contains some control data used by the
program. Some of the data can be safely adapted by the user, while others are
preferred not to be changed by the user (reason: requires too much inside
information in the model, or not thoroughly tested by the developers). The variables
that should not be changed are: DUMP, PRTINY, TOODEV, BIG, KHFACX,
KHFACZ, BOTIRR.

STSTAT

Transport under steady state conditions can be considered as follows; for example, if
one is interested in solute transport under steady water flow. First make a run for
water only for a long period, and determine the steady state situation. If steady state
is reached make a file (using the proper output data from these computations) named
THHFXFZ.DAT (see section 15.4.11) in which the following information is stored:
(per control volume) water content, pressure head, flux density in x direction, and
flux density in z direction. Then, run the model with STSTAT="Y" for the situations
to be considered. No computations for water flow will be carried out, since water
content, pressure head, and flux densities are considered constant.
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METHIR
The model has several possibilities to control water supply at the top boundary.

116

METHIR =0

METHIR =1

IRRINT
ETPTH
LFRAC

METHIR =2

IRRINT
LFRAC

HTRESH
ITRESH

JTRESH

METHIR =3

IRRINT
LFRAC

ECTRSH
ITRESH

JTRESH

User supplied times and intensities of rainfall or irrigation;
data in file WNAME (default).

Program ‘controls’ irrigation: water is supplied whenever a
threshold value for summed potential evapotranspiration is
reached. The user supplies in the file WNAME the necessary
information, which is:

irrigation intensity (cm per time units)

threshold evapotranspiration (cm)

leaching fraction, defined as the excess amount of water to be
supplied, ie. amount of water supplied s
(1+LFRAC)*ETPTH (this is not the usual definition of
leaching fraction (LF); Heinen (1997) gives the relation
between LFRAC and LF:. LF=LFRAC/(1+LFRAC), or
LFRAC = LF/(1-LF))

Program ‘controls’ irrigation: water is supplied whenever the
pressure head at a given position becomes less (more
negative) than a given threshold value. The user supplies in
the file WNAME the necessary information, which is:
irrigation intensity (cm per time units)

leaching fraction, defined as the excess amount of water to be
supplied, ie. amount of water supplied s
(1+LFRAC)*ETPTH (see above)

threshold value of pressure head (cm)

column number of node at which pressure head is to be
controlled

row number of node at which pressure head is to be
controlled

If either ITRESH or JTRESH equals zero, the program
checks the complete flow domain for any pressure head being
less than HTRESH.

Program ‘controls’ irrigation: water is supplied whenever the
electrical conductivity at a given position becomes larger than
a given threshold value. The user supplies in the file WNAME
the necessary information, which is:

irrigation intensity (cm per time units)

leaching fraction, defined as the excess amount of water to be
supplied, ie. amount of water supplied s
(1+LFRAC)*ETPTH (see above)

threshold value of electrical conductivity (dS m-1)

column number of node at which electrical conductivity is to
be controlled

row number of node at which electrical conductivity is to be
controlled

Alterra-rapport 363



If either ITRESH or JTRESH equals zero, the program
checks the complete flow domain for any electrical
conductivity being larger than ECTRSH.

WET

If hysteresis is to be considered the wetting data are described by the Van Genuchten
equation, with a, (WET = ‘GENUCHT’; default). However, it is possible to
represent the wetting curve also by tabulated data. In that case intermediate data are
obtained either through linear interpolation (WET = ‘LINEAR’) or through cubic
spline interpolation (WET = ‘SPLINE’). The tabulated data have to be supplied in an
additional file called WET.DAT (see section 15.4.12).

Table 15-6. Example input file FUS2.CTR. Optional variables are printed in italic (see end of section 15.4 for
explanation).

***xx%% whi ch processes to consider

TRANSP = ‘N ! Yes or No include TRANSP
FLSALT = 'Y ! Yes or No include FLSALT
UPTAKE = ‘N I Yes or No include NUTUPT
PLGRON = ‘N I Yes or No include PLANT

**xxx*x%* data read by unit INT

* Type of weather data input

* WYPE = ‘ FUSSI MOWN : according to FUSSI M f or mat

* WIYPE = ‘ SHELL” : weat her supplied by FSE4 shell
WI'YPE = * FUSSI MOAN

* How to treat the wetting curve

* WET = GENUCHT : use Van Genuchten paraneters (default)
* VWET = LINEAR : use linear interpolation

* WET = SPLINE : use cubic spline interpolation

VEET = ‘ GENUCHT’

* Yes or No consider steady state condition.

STSTAT = ‘N

* Method of irrigation control

* METHIR = 0 : times of irrigation given as input (default)
* METH R = 1 irrigati on when sum ETpot exceeds threshol d
* METHR = 2 : irrigation when h exceeds threshold

* METHI R = 3 irrigation when EC exceeds threshold

METHR = 0

* Type of |ogging of progress in tine
* I —1: no screen | ogging

* IPRGRS = 0: log current tine
* IPRGRS = 1: |og percentage tine
IPRGRS = 0

* Print each | PRCT when IPGRS = 1
IPRCT = 5

* Yes (1) or not (0O) log time and nunber of iterations to log file
LG TS =1

*xx*kxx*x data read by unit CHDELT
* Increasing factor for tinme step (CONDEL <> 1) if negative, tine step wll
not be
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* increased
DTFAC = 1.5D0

* Yes (TRUE) or not (FALSE) consider expo-linear growth
ELCGROW = . FALSE.

* Yes (TRUE) or not (FALSE) consider nutrient demand nodul e
NUTDEM = . FALSE.

* Yes (TRUE) or not (FALSE) consider root growh described as a diffusion
process
RGROW = . FALSE.

* Yes (TRUE) or not (FALSE) conpute evaporation reduction at soil surface
REDEV = . TRUE

**%*xx*x data read by unit SCOLVE

* The factor in the denomi nator of Egs. [133] or [134]
* preferably 100; alternative may be 0

DEVDUM = 100. 0D0

* |f convergence criterion exceeds TOODEV then time step reduction occurs
TOODEV = 50. 0D0

* No | onger used
HSAT = -1.0D0

* Smal |l est allowable time step before program halts
SVALDT = 1.0D 15

* Large nunber used to handle Dirichlet boundaries

BI G = 1.0D25
*x*xkxx% for tine step regulation
DEPSN =0.1 I maxi mrum al | owabl e rel ati ve change of N processes
! (amoni um adsor ption, nitrification-
denitrification)
DEPSP =0.1 I maxi mum al | owabl e rel ati ve change of P processes
DEPSLRV = 0.1 I maxi mum al | owabl e rel ati ve change of Lrv
DEPSWIOT = 0.1 I maxinmum allowable relative change of WOT
( EXPLI N)
DEPSAMNT = 0.1 I maximum allowable relative change of tota
amount of a
I nutrient

**x*x*xxxx data read by unit KAVER

* increase factor for horizontal conductivity with respect to vertica
* conductivity; to sinulate ani sotropy

KHFACX = 1. D0

* increase factor for vertical conductivity with respect to horizonta
* conductivity; to sinulate anisotropy

KHFACZ = 1. D0

**k*xx*x** data read by unit VWROUT

DUW =N I Yes or No use ASCII dunp as output (do not
change)

PRTINY = 1.0D- 10 I print control; do not change

QALL = . TRUE. I print curul ative flow across boundaries for each
type

I of boundary condition plus net totals
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* Yes (1) or not (0) the DOS screen can handle ANSI escape sequence
controls.
ANSI =0

* Yes (1) or no (0) do inquire on existence of output file.
ICFEX = 0

* Yes (1) or not (0) include gravity
I GRAV = 1

* Yes or No consider irrigation at bottom (for experienced users only).
BOTIRR = ‘N

15.4.3 Input file SOIL.DAT

In this input file general information about the flow domain is given (example in
Table 15-7), such as soil type, number and thickness of columns, and number and
thickness of rows.

INSIDE

Variable INSIDE indicates which of the NL*NC nodes are inside the flow domain.
The data NC and NL define the maximum rectangular extension of the flow domain.
Setting INSIDE = 0 for some nodes, these nodes are not considered in the
computations. In this way the actual irregular boundaries can be handled. See
example 6.4 of Heinen and de Willigen (1998).

FILNAM

The file FILNAM contains the Van Genuchten-Mualem parameters in tabulated
form for the given soil name SOILNS (see section 15.4.7). This name can be
overruled by the name SOILSDB as supplied in INPUT.DAT.

NSOILS, SOILNS, ISOIL

The number of different soil types is NSOILS. These types are given a name
(SOILNS) which appears in FILNAM. All control volumes should obtain a code
ISOIL (from 1 through NSOILS) linking them to the hydraulic properties of the
corresponding soil.

CTREAT <optional>

The variable CTREAT determines how the hydraulic conductivity is considered:
computed according to the Van Genuchten-Mualem model (CTREAT = 0; default),
computed according to the exponential K(h) relationship of Gardner (1958)
(CTREAT = 1; used in example 6.2 of Heinen and de Willigen, 1998), or treated as a
constant (CTREAT = 2; used in example 6.1 of Heinen and de Willigen, 1998). In
case CTREAT =1, the a parameter in the exponential expression becomes equal to
the agiven in the Van Genuchten table. In case CTREAT = 2 the constant hydraulic
conductivity (CONCON) and constant differential moisture capacity should be
supplied (CONCAP).
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IS <optional>

With the variable IS = 1 (see example 6.2 of Heinen and de Willigen, 1998), it is
possible to consider exponentially (both in x and z directions) distributed root water
uptake (default: IS = 0). In that case the following additional parameters should be

supplied.
TRANSP transpiration rate (cmd™)
P extinction coefficient in x direction (cm™)
Q extinction coefficient in z direction (cm™)

Table 15-7. Example input file SOIL.DAT. Optional variables are printed in italic (see end of section 15.4 for
explanation).

* data file for program FUSSI M2 containing soil paraneters: dinensions, soil

* physical paranmeters, and if desired plant root uptake paraneters for spatially
* distributed exponential root water uptake

*

* descriptive title of the case studied (max. 72 characters)

TITLE = ‘ Test run, zandbl’

* Nunber of colums NC and | ayers NL
NC = 10
NL = 26

* I nside codes

* Supply 1 (all nodes the same value), NL (all nodes per row the sane val ue) or

* NL*NC val ues (supply a value for each node: first NC values for layer 1, second
* NC val ues for layer 2, etc.)

INSIDE = 1*1

* thickness of soil colums DX (1 or NC val ues) and thickness of soil layers DZ
* supply 1 (all colums (DX) or rows (DZ) the sane value), or NC (colums) or NL
* (rows) val ues

DX = 10*10.0

Dz = 16*5.0, 10*2.0

* soil physical properties of the soil

* NSO LS : nunber of different soil types

* FILNAM : (path +)nanme of database file where properties are stored
* SO LNS : NSO LS names of soil types (which are present in Fl LNAM

* |SOL : for each control volune a soil code nust be given; first NC val ues for
* first layer, then NC values for second | ayer, etc.
NSO LS = 1

* KS in FILNAM nust be cnfd; program converts units corresponding to UNITS as
* supplied in tiner file

FILNAM = ‘c:\user\soil s\SO LS. DB’

SO LNS = 1** zandbl’

* give soil code to each control vol une:

* supply 1 (all nodes the sane value), NL (all nodes per row the sane val ue) or

* NL*NC val ues (supply a value for each node: first NC values for layer 1, second
* NC values for layer 2, etc.)

ISOL = 1*1

* howto treat conductivity CTREAT

* CTREAT = 0 : conpute according to Van Genuchten function (default)

* CTREAT = 1 : conpute according to Gardner function

* CTREAT = 2 : conductivity and capacity are constant then supply CONCON (cm d)
*

and CONCAP (1/cm
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CTREAT = 0

* KWAY determ nes how to average K at the faces of the control vol unes

* KWAY < 0 arithnetic average
* KWAY = 0 geonetric average
* KWAY > 0 har noni ¢ aver age
KWAY = 0

* paraneter determ ning whether spatially distributed exponential root water uptake
* is to be considered (IS <> 0) or not (IS = 0; default)

* |f 1S =1 then supply values for P(1/cn), Q1/cnm) and TRANSP (cm d) especially

* for exanple 6.2 of Heinen and de WIIligen (1998)

IS=0

15.4.4 Input file BOUNDS.DAT

This file contains the (time independent) boundary conditions, internal conditions,
and initial h distribution (example in Table 15-8). Time variable boundary conditions,
in this case rain or irrigation and evapotranspiration data, are given in the file
WNAME.

HINI

The initial pressure head distribution is supplied as HINI. For all control volumes a
pressure head should be supply (NL*NC values). If the initial pressure head
distribution is that of an equilibrium situation the user can supply one single value for
HINI (HINI = 1*value) which represents the pressure head of the bottom layer. The
program automatically computes the pressure head distribution of all other nodes.
The volumetric water content and hydraulic conductivity are computed from the
initial pressure head distribution based on value of KAPPA (in TIMER.DAT).

NSEEP, ISEEP, JSEEP <optional>

The variable NSEEP contains the number of seepage faces present in the flow
domain (= 5). For each of the seepage faces the column (ISEEP?) and row (JSEEP?)
numbers should be supplied (with a maximum of 20 nodes per seepage face). The ?
must refer to a seepage face number. For example, if two seepage faces are
considered, the user must supply: NSEEP = 2, and data for the arrays ISEEP1,
JSEEP1, and ISEEP2, JSEEP2. Note that when considering a seepage face at the
bottom you must indicate for these nodes IBOT = 0.

NDITCH, IDITCH, JDITCH<optional>

For special cases the net outflow through ditch walls can be obtained by indicating
which nodes (IDITCH?, JDITCH?; see description above for NSEEP, ISEEP,
JSEEP) are involved. This results in extra output variable in the water output file
RNAME.
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Table 15-8. Example input file BOUNDS.DAT. Optional variables are printed in italic (see end of section
15.4 for explanation).

* data file for program FUSSI M2 contai ni ng boundary, internal and initial
* conditions for water

boundary conditions can either be constant or tine-dependent; for constant
boundary conditions the follow ng variabl es should be supplied (if applicable):
| TOP, HTOP, |BOT, HBOT, FBOT, |LEFT, HLEFT, FLEFT, |IRIGHT, HRICGHT, FRIGHT

for tinme-dependent boundary conditions the follow ng variables should be supplied
(if applicable):

TI METOPBC, | TOPBCT, HTOPBCT

TI MEBOTTOMBC, | BOTTOVBCT, HBOTTOVBCT, FBOTTOVBCT

TI MELEFTBC, | LEFTBCT, HLEFTBCT, FLEFTBCT

TI MERI GHTBCT, | RI GHTBCT, HRI GHTBCT, FRI GHTBCT

Bel ow only exanples for constant boundary conditions are given. For tinme-
dependent conditions the tines should be given with correspondi ng conditions
whi ch can have the values as those for the constant conditions. For exanple:

TI MELEFTBC = 0.0 365.0 366. 0 730.0
| LEFTBCT = 26*0 26*0 26*-1 26* -
HLEFTBCT = 26*0.0 26*0.0 26*10.0 26*10.0
FLEFTBCT = 26*0.0 26*0.0 26*0.0 26*0.0

Whi ch indicates that between for the tine-interval [0,365] |ILEFT = 0 (HLEFT and
FLEFT have no neaning in that case), and that for the time-interval [366-730] a
fixed pressure head HLEFT = 10.0 is required (FLEFT has no meani ng).

Note that linear interpolation between tines is done. Especially for changing
boundary types (e.g. ILEFT) this nmay cause probl ens.

Note that for each time NC (for top and bottom) or NL (for left or right) val ues
for IxxxBCT, HxxxBCT and FxxxBCT mnust be supplied

Ti me dependent boundary conditions are used when TIMExxxBC is present. |If not
present, the constant boundary conditions are used.

L I S S T S I I I R S T I I T T

| TOP. pointer to boundary condition at top

I TOP < 0 : prescribed pressure head (HTOP) at top boundary

ITOP = 0 : no flux across top boundary

I TOP = : flux equal to input by rain and/or irrigation only

| TOP = 2 : flux equal to output due to evaporation only

ITOP = 3 : flux equal to difference in input and output (default)
* Supply either 1 (all columms the sane condition) or NC values for | TOP
* For HTOP you nust supply exactly the sane anpbunt of values as for | TOP
ITOP = 10*3

* %k %k X X

* constant pressure head at bottom only of inportance if ITOP < 0
HTOP = 10*0.0

For HBOT, FBOT you must supply exactly the same amount of values as for |BOT
BOT = 10*1

* | BOT: ponnter to boundary condition at bottom

* IBOT = -4 : tine-dependent groundwater |evels as specified in GAL. DAT (rmust be
* supplied for all colums)

* IBOT < O : prescribed pressure head (HBOT) at | ower boundary (except when
* | BOT = -4)

* IBOT = 0 : seepage drainage at | ower boundary

* NB: you nust al so supply variabl e NSEEP etc

* IBOT = 1 : prescribed flux (FBOT) at |ower boundary (default)

* IBOT = 2 : free drainage or unit hydraulic gradient

* IBOT = 3 : resistance drain at |ower boundary (supply HO and DRRES)

* Supply either 1 (all columms the sane condition) or NC values for |BOT

*

I

* constant pressure head at bottom only of inportance if IBOT < 0
HBOT = 10*0.0
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* known flux at bottom only of inportance if IBOT = 1 (cmd)
* program converts units corresponding to UNITS as supplied in tinmer file

For | LEFT

LEFT

FBOT = 10*0.0

* |eft boundary conditions

* | LEFT: pointer to boundary condition at |eft boundary

* ILEFT < O : prescribed pressure head (HLEFT) at |eft boundary

* ILEFT = 0 : no flow at |eft boundary

* ILEFT > 0 : prescribed flux (FLEFT) at |eft boundary

* Supply either 1 (all rows the sane condition) or NL values for |LEFT
|

HLEFT, FLEFT you nust supply exactly the sane anpbunt of values as for
= 25*1,-1

* constant pressure head at ILEFT < O
HLEFT = 26*0.0

bottom only of inportance if

* known flux at bottom only of inportance if ILEFT = 1 (cnid)

* program converts units corresponding to UNITS as supplied in tiner file

FLEFT = 26*0.0
ri ght boundary conditions

| RIGHT: pointer to boundary condition at
IRIGHT < 0
IRIGHT = 0 :

*

* ri ght boundary
*

* IRIGHT > 0

*

*

*

|

prescri bed pressure head (HRI GHT) at right boundary
no flow at right boundary

prescribed flux (FRIGHT) at right boundary

1 (all rows the same condition) or NL val ues for

Supply either | Rl GHT

For HRI GHT, FRIGHT you nust supply exactly the sanme ampunt of val ues as for
| Rl GHT
RIGHT = 10*1, 16*-1
* constant pressure head at bottom only of inportance if IRRGHT < 0O
HRI GHT = 10*0.0, 2.5, 7.5, 12.5, 17.5, 22.5, 27.5, 31., 33., 35., 37.,
39., 41., 43., 45., 47., 50

* known flux at bottom only of inmportance if IRIGHT = 1 (cm d)
* programconverts units corresponding to UNITS as supplied in timer file
FRI GHT = 26*0.0

* |Initial h distribution for flow donmain
* First NC values for first |layer, second NC val ues for second | ayer etc.
* |f only 1 value is supplied, this neans that the soil profile is in equilibrium
* wWith this pressure head pertaining to the botton no horizontal gradients exist
* Supply 1 (equilibriumcondition with HHNI for all nodes at the botton), or
* NL*NC val ues (supply a value for each node: first NC values for |layer 1, second
* NC values for layer 2, etc.)
HN =

-100.0 -92.5 -87.5 -82.5 -77.5 -72.5 -67.5 -62.5 -57.5 -50.0

-92.5 -85.0 -80.0 -75.0 -70.0 -65.0 -60.0 -55.0 -50.0 -42.5

-87.5 -80.0 -75.0 -70.0 -65.0 -60.0 -55.0 -50.0 -45.0 -37.5

-82.5 -75.0 -70.0 -65.0 -60.0 -55.0 -50.0 -45.0 -40.0 -32.5

-77.5 -70.0 -65.0 -60.0 -55.0 -50.0 -45.0 -40.0 -35.0 -27.5

-72.5 -65.0 -60.0 -55.0 -50.0 -45.0 -40.0 -35.0 -30.0 -22.5

-67.5 -60.0 -55.0 -50.0 -45.0 -40.0 -35.0 -30.0 -25.0 -17.5

-62.5 -55.0 -50.0 -45.0 -40.0 -35.0 -30.0 -25.0 -20.0 -12.5

-57.5 -50.0 -45.0 -40.0 -35.0 -30.0 -25.0 -20.0 -15.0 -7.5

-52.5 -45.0 -40.0 -35.0 -30.0 -25.0 -20.0 -15.0 -10.0 -2.5

-47.5 -40.0 -35.0 -30.0 -25.0 -20.0 -15.0 -10.0 ~-5.0 2.5

-42.5 -35.0 -30.0 -25.0 -20.0 -15.0 -10.0 -5.0 0.0 7.5

-37.5 -30.0 -25.0 -20.0 -15.0 -10.0 -5.0 0.0 5.0 12.5

-32.5 -25.0 -20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 17.5

-27.5 -20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 22.5

-22.5 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 20.0 27.5
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-19.0 -11.5 -6.5 -1.5 3.5 8.5 13.5 18.5 23.5 31.0
-17.0 -9.5 -4.5 0.5 5.5 10.5 15.5 20.5 25.5 33.0
-15.0 -7.5 -2.5 2.5 7.5 12.5 17.5 22.5 27.5 35.0
-13.0 -5.5 -0.5 4.5 9.5 14.5 19.5 24.5 29.5 37.0
-11.0 -3.5 1.5 6.5 11.5 16.5 21.5 26.5 31.5 39.0
-9.0 -1.5 3.5 8.5 13.5 18.5 23.5 28.5 33.5 41.0
-7.0 0.5 5.5 10.5 15.5 20.5 25.5 30.5 35.5 43.0
-5.0 2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 45.0
-3.0 4.5 9.5 14.5 19.5 24.5 29.5 34.5 39.5 47.0
0.0 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 50.0

* nunber of seepage faces

NSEEP =1

* for seepage face 1 columm (I SEEP1) and row (JSEEP1) nunbers are given

| SEEP1 = 20*1

JSEEP1 = 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25

* the pressure head of the seepage face during seepage; if not present the default
* value of zero is used
HSEEP = 0.0

* nunber of ditch walls

* if NDITCH > O then supply also IDITCH? and JDITCH? in a simlar way as for
* seepage faces

NDI TCH = 0O

* internal conditions (NOT FULLY TESTED)

* | INTRN: pointer to boundary condition at internal node

* INTRN < 0 : prescribed pressure head (H NTRN) at internal node

* INTRN > O : prescribed flux (FINTRN) at internal node

* Supply 1 (all nodes the sanme value), NL (all nodes per row the sane val ue) or

* NL*NC val ues (supply a value for each node: first NC values for |ayer 1, second
* NC values for layer 2, etc.)

IINTRN = 1*0
H NTRN = 1*0.0
FINTRN = 1*0.0

15.4.5 Input file TIMER.DAT

Data file containing general variables controlling computations of FUSSIM2
(example in Table 15-9). These are timer data, such as initial time step, end time of
simulation, print times, and control data for the solution procedure, such as
convergence criteria and hysteresis control data.

UNITS

The program requires that all length units are in cm. With respect to time, the user
supplies the time units UNITS, either as d (days), h (hours), m (minutes) or s
(seconds). The program requires that all variables given by the user, which have time
in their dimensions, are supplied with dimension d. The program automatically
converts these dimensions to the user supplied UNITS. There is one exception to
this rule. The time-dependent variables RAIN, TPOT, EPOT and IRRINT (all in file
WNAME) MUST be given in time units UNITS.
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CONPRI, PRDEL, PRTIME
Printing times at constant interval: CONPRI = 1, interval is PRDEL. Printing at user
supplied times: CONPRI = 0, print times (= 400) given in array PRTIME.

MAXIT
The maximum number of iterations to obtain convergence. In case the ICCG
procedure is used, the number of iterations used in ICCG is 10*MAXIT.

ISOLVE

The variable ISOLVE indicates which solution procedure is to be used.
ISOLVE =0 ICCG method (default)
ISOLVE =9 alternative, mostly faster solution procedure
taken from the IMSL library; this solution procedure has been
invoked at the time this report was written and has not been
fully tested; if problems arise please use ISOLVE =0
ISOLVE = -1 solution procedure for one-dimensional
situations (e.g. when NC = 1, or when no water flow may
occur between columns)

In the previous version of FUSSIM2 (Heinen and de Willigen, 1998) the ADI
method was described. Since then the ADI method has not
been maintained. We do not take any responsibilities when
the user supplies a value for ISOLVE in the range 1 through
4.

ISOLVE =1 ADI method, use Egs. [116]-[121] of Heinen
and de Willigen (1998) when unsaturated, use Egs. [122]-
[127] of Heinen and de Willigen (1998) when (partly)
saturated; change between the two methods at pressure head
HSAT as defined in file FUS2.CTR

ISOLVE =2 ADI method, use Egs. [116]-[121] of Heinen
and de Willigen (1998) all the times (when partly saturated
conditions occur, the program generally crashes)

ISOLVE =3 ADI method, use Egs. [122]-[127] of Heinen
and de Willigen (1998) (large mass balance errors can be
expected)

ISOLVE =4 use ADI (as in ISOLVE = 2) when flow
domain is completely unsaturated while during partly
saturated conditions use ICCG (as in ISOLVE = 0); the
change between the two methods occurs near saturation at a
pressure head HSAT, as given in file FUS2.CTR. This option
is not thoroughly tested.

OUTYES

The variable OUTYES determines what kind of output is desired. Output in
tabulated form. There is always some default output each printing time, such as mass
balance information, and total flow across the boundaries.
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Table 15-9. Example input file TIMER.DAT. Optional variables are printed in italic (see end of section 15.4
for explanation).

* Data file for program FUSSI M2 containing tine control data and iterations
* stop criterion

* Time units, nust be in set [d, h, mn, s]

* NOTE that all input variables in which time appears in the units should be given
* with time as days; the program converts units corresponding to UNITS as supplied
*in timer file. This counts for:

* KS, KK, FBOT, FLEFT, FRIGHT, FINTRN, CONCON, TRANSP, DRRES

* K1, LRVK, LRVT, LRVTS (nodul e TRANSP)

* FMAX, PLUPT, DI FO (nodul e SOLUTE)

* RDX0, RDZzZ0, DECRAT, RM CM TCNU, FMAX (rmodul e PLANT)

*

NOTE that : RAIN, TPOT, EPOT and | RRINT rmust be given with time equal to UNITS!
UNITS = ‘d

* Initial tine step in UNITS
DELT = 1.0E-5

* Maxi mum al lowable tine step in UNITS
DTMAX = 2.5E-1

* |s FUSSI M2 out put needed (TRUE) or not (FALSE)
FUSQUT = . TRUE.

If FUSQUT = .TRUE. then supply CONDEL, CONPRI, PRDEL, PRTI ME
* CONDEL is optional; the default val ue when not present in this file: CONDEL = O

* Maxi mum al | owabl e change in water content used to determne newtinme step (if
* CONDEL = 0)
ZETA = 0.01

* Use constant print interval (CONPRI = 1) or not (CONPRI = 0)
CONPRI =1

* Constant print interval (if CONPRI = 1) in UNITS
PRDEL = 1.0

* Times when to print results (if CONPRI = 0) in UNITS; nust be in ascending order
PRTIME = 0.0 10.0 15.0 16.0 20. 300.

* |terations stop criterion, e.g. 1.0E-4
EPSIL = 1.0E-04

* Maxi mum nunber of iterations due to non-linearity
MAXIT = 20

* |terations stop criterion for 1CCE nethod (I SCLVE = 0), e.g. 1.0E-8
EPSI LI = 1.0E-08

* Maxi mum nunber of iterations for 1CCA nethod (I SOLVE = 0)
MAXI TI = 2000

* |s hysteresis to be considered

* IHYST = 0: do not consider hysteresis
* I HYST = 1: do consider hysteresis
IHYST = 0
Initial hysteresis status for all nodes (KAPPA)
* KAPPA = -2: start on main drying curve
* KAPPA = -1: start on scanning drying curve
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* KAPPA = +1: start on scanning wetting curve

* KAPPA = +2: start on nmmin wetting curve

* Supply 1 (all nodes the same value), NL (all nodes per row the same val ue) or

* NL*NC val ues (supply a value for each node: first NC values for |layer 1, second
* NC values for layer 2, etc.)

KAPPA = 1*-2

* What output is desired

QUTYES = 0, I print water content results: 1: yes, 0: no
1, I print pressure head results: idem
1, I print fluxes in x direction results: idem
1 I print fluxes in z direction results: idem

* Use constant tine step (CONDEL = 1) or not (CONDEL = 0)

CONDEL = 0

* Type of convergence check

* ICRIT = 0: use H and HLAST for DEVMAX

* ICRIT = 1: use CON and KLAST for DEVMAX

* ICRIT = -1: use cases 0 and 1 together (default when ICRIT is not present)
ICRIT = -1

* What solution procedure to use
* I SOLVE = 0: use | CCG sol ution procedure (default)

* I SOLVE = 9: use alternative | ML solution nmethod (not yet fully tested)

* Note that old I SOLVE options 1, 2, 3, and 4 (see Heinen and de WIIligen, 1998)
* are no |onger advised, i.e. these nmethods have not been naintai ned since 1998
ISOLVE = 0

* |f IHYST = 1 then supply TAU and TOL

* TAU: control variable for change of status determ nation, e.g. 0.01

* TOL: convergence criterion for zero-point determination in ZBRENT

TAU = 1. 0E-2

TOL = 1.0E-6

* Sub-region for which totals are to be printed.

* Must consist of four integer values which indicate the sub-region by colum and
* row nunbers: colum (1) and row (2) nunbers of upper left corner and colum (3)
*

and row (4) nunmber of |ower right corner
SBREG =114 4

* Nodes, defined by their colum and row nunbers, for which pressure head needs to
* pbe printed to output files (max. 5 nodes, i.e. nmax. 10 integer val ues)
HOUT =1, 1, 3, 6

* Nodes, defined by their colum and row nunmbers, for which water content needs to
* pbe printed to output files (max. 5 nodes, i.e. nmax. 10 integer val ues)
weout =1, 1, 3, 6

15.4.6 Input file WEATHER.DAT

The time-dependent (top) boundary conditions are given in file WNAME (example
in Table 15-10). The information present depends on the choice of the variable
METHIR in file FUS2.CTR (see description over there). As mentioned in the
description of file TNAME, the time units for the variables in the file WNAME
MUST be equal to that defined in the variable UNITS in file TNAME.
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Table 15-10. Example input file WEATHER.DAT. Optional variables are printed in italic (see end of section
15.4 for explanation).

Met hod for conputation of evapotranspiration
ETMETH = 0: user supplies RAIN, EPOT, TPOT
ETVMETH = 1:

*

*

*

* Monteith), in the latter case supply also cut-off LAl XDP
* ETMETH = 2: ETO according to Priestley-Taylor; supply also : RF

* ETMETH = 3: ETO accordi ng to Makki nk
* ETMETH = 4: ETO given as input
*

*

*

*

*

*

ETMETH = 1,2,3: using routines of van Kraalingen and Stol (1997); see this
reference for neaning of specific variables
If ETMETH = 1,2,3 always supply the follow ng data:

| FLAG COUNTR, | STN, |YEAR, WRDI R (optional), LOGF (optional)
which refer to standardi zed weather files (van Kraalingen et al., 1991)
There is sone consi stency check between the use of ETMETH, METH R and WI'YPE:

illegal: WIYPE = * Shell’ and ETMETH = 1, 2, 3; WIYPE = ‘Shell’ and METHR > 0O

ETO according to Penman; supply also: |ISURF, RF, TDM, PENMVAN;
PENMAN nust be either ‘PE (Penman; default) or ‘PM (Penman-

be

ETMETH = O

* Supply the followi ng informati on dependi ng on the value of METH R

* METHIR = 0 RAI'N, TPOT, EPOT

* METHR = 1 TPOT, EPOT, |RRINT, LFRAC, ETPTH

* METHI R = 2 TPOT, EPOT, |RRINT, LFRAC, HTRESH, |TRESH, JTRESH

* METHI R = 3 TPOT, EPOT, |RRINT, LFRAC, ECTRSH, |TRESH, JTRESH

*

* IRRINT: irrigation intensity (nmi UN TS)

* LFRAC : additional fraction of sunmated evapotranspiration SUMETP that wll

* supplied as irrigation this is not equal to the well-known | eaching

* fraction LF; LFRAC and LF are related by: LFRAC = LF/(1-LF) or

* LF = LFRAC/ (1+LFRAC)

* ETPTH : threshold value for sunmated evapotranspirati on SUMETP at which

* irrigation is initiated

* HTRESH: threshold value for pressure head at node defined by colum | TRESH and
* row JTRESH at which irrigation is initiated

* ECTRSH. threshold value for electrical conductivity at node defined by colum

| TRESH and row JTRESH at which irrigation is initiated

* Al variables nust be in MmMUNITS, with UNITS defined in file TNAME.
RAI' N = 300*1.0

EPOr = 300*0.1

TPOT = 300*0.7

ETO = 300*0. 8

* |n case ETMETH = 4 a LAl table nmust be supplied
* LAIS : list of LAl

* | DOYLAI: list of days

* I YRLAI : list of years

* Linear interpolation is used for intermedi ate dates
LAI'S | DOYLAI | YRLAI

0.0 1 1990

0.0 120 1990

1.0 135 1990

4.0 225 1990

0.0 226 1990

0.0 365 1990

* KCROP: exponential LAl factor
KCROP = 0.525

* Need crop factor be included (I FCROP = 1) or not (IFCROP = 0; default)
IFCROP = 0
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* |n case ETMETH = 4 a FCROP table nust be supplied (if |IFCROP = 1)
* FCROPS : list of crop factors

* | DOYFCR: |ist of days

* I YRFCR : list of years

* Linear interpolation is used for internediate dates
FCROPS |DOYFCR | YRFCR

0.0 1 1990

0.0 120 1990

1.0 135 1990

1.1 140 1990

1.1 200 1990

1.0 201 1990

1.0 225 1990

0.0 226 1990

0.0 365 1990

* NB: For both LAl and FCROP the year 1000 may be used as a ‘standard’ year, i.e.
* for each sinulation year one single LAl and/or FCROP sequence can be used
* (instead of supplying the sane sequence for each of the years to be simul ated

15.4.7 Input file SOILS.DB

The hydraulic parameters should be supplied in a separate file. It is useful to store all
available parameters in a single database file (maximum 100 soil types) and store this
database at a unique location on the hard disk. Table 15-11 presents an example of
such a database file which is self-explanatory.

Table 15-11. Example of the VVan Genuchten-Mualem database file.

* Dat abase of paranmeters for the Van Genuchten - Mial em nodel s of the water
* retention and hydraulic conductivity curves.

* TBNAME name of soi

* TKS saturated hydraulic conductivity K; (cmd?)

* TND n paraneter (drying curve)

* TL ? paraneter

* TALP a paraneter (cm?)

* TALPD ag parameter (cm?)

* TALPW ay parameter (cm?)

* TWCS saturated volunetric water content ?¢ (-)

* TVWCR residual volunetric water content ?, (-)

* TNW n paraneter (wetting curve, but it is advised to have TNW = TND)

* TKK K where |linear part of hydraulic conductivity changes to the Mial em

* hydraul i ¢ conductivity; when no linear part is present make TKK = TKS

* WK g where linear part of hydraulic conductivity changes to the Mial em

* hydraul i ¢ conductivity; when no linear part is present make WCK = WCS
TBNAME TKS TND TL TALP TALPD TALPW TWCS TNW TKK  TWCK

o _——— e e mmmm e e mma - R

!

! "Staringreeks'; units in'cm and 'd'

! (Wsten et al, 1994)

|

! ALPHAW = 2 * ALPHAD, for the time being

|

! upper soils ("bovengronden")

' zandbl' 17.46 1.507 -0.140 0.0249 0.0249 0.0498 0.43 0.01 1.507 17.46 0.43
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' zandb2' 9.65 1.548 -0.983 0.0227 0.0227 0.0454 0.43 0.02 1.548 9.65 0.43
' zandb3' 17.81 1.412 -0.213 0.0152 0.0152 0.0304 0.45 0.01 1.412 17.81 0.45
' zandb4' 54.80 1.559 0.177 0.0163 0.0163 0.0326 0.42 0.01 1.559 54.80 0.42
' zavel b7’ 14.07 1.250 -0.802 0.0194 0.0194 0.0388 0.40 0.00 1.250 14.07 O0.40
' zavel b8’ 2.25 1.284 -2.733 0.0096 0.0096 0.0192 0.43 0.00 1.284 2.25 0.43
' zavel b9’ 1.54 1.325 -2.161 0.0065 0.0065 0.0130 0.43 0.00 1.325 1.54 0.43
"kl ei b10' 1.17 1.224 -4.795 0.0118 0.0118 0.0236 0.42 0.01 1.224 1.17 0.42
"kl ei b11' 5.26 1.111 -5.395 0.0243 0.0243 0.0486 0.60 0.00 1.111 5.26 0.60
"kl ei b12' 15.46 1.081 -8.823 0.0532 0.0532 0.1064 0.55 0.00 1.081 15.46 0.55
'l eenb14’ 0.80 1.305 0.000 0.0051 0.0051 0.0102 0.42 0.01 1.305 0.80 O0.42
' veenb16' 13.44 1.320 0.534 0.0134 0.0134 0.0268 0.73 0.00 1.320 13.44 0.73
' veenbl7' 4.46 1.140 -0.350 0.0180 0.0180 0.0360 0.72 0.00 1.140 4.46 0.72
' veenb18' 6.67 1.154 -1.845 0.0197 0.0197 0.0394 0.77 0.00 1.154 6.67 0.77
I

! bottom soi |l s ("ondergronden")

' zandol' 13.21 2.167 0.000 0.0224 0.0224 0.0448 0.36 0.01 2.167 13.21 0.36
' zando2' 15.56 2.075 0.039 0.0214 0.0214 0.0428 0.38 0.02 2.075 15.56 0.38
' zando3' 18.30 1.564 -0.522 0.0211 0.0211 0.0422 0.34 0.01 1.564 18.30 0.34
' zando4' 53.10 1.540 -0.520 0.0216 0.0216 0.0432 0.36 0.00 1.540 53.10 0.36
' zando5' 43.55 2.059 0.343 0.0597 0.0597 0.1184 0.32 0.01 2.059 43.55 0.32
' zando6' 5.48 1.152 -6.864 0.0291 0.0291 0.0582 0.41 0.00 1.152 5.48 0.41
' zavel 0o8' 9.08 1.342 -0.803 0.0136 0.0136 0.0272 0.47 0.00 1.342 9.08 0.47
' zavel 09' 2.23 1.400 -1.382 0.0094 0.0094 0.0188 0.46 0.00 1.400 2.23 0.46
' zavel 010’ 2.22 1.280 -2.123 0.0107 0.0107 0.0214 0.49 0.00 1.280 2.22 0.49
"kl ei 011" 13.79 1.152 -1.384 0.0191 0.0191 0.0382 0.42 0.00 1.152 13.79 0.42
"kl ei 012 1.14 1.159 -4.171 0.0095 0.0095 0.0190 0.56 0.00 1.159 1.14 0.56
"kl ei 013" 3.32 1.110 -4.645 0.0171 0.0171 0.0342 0.57 0.00 1.110 3.32 0.57
'l eennld’ 0.36 1.686 0.057 0.0025 0.0025 0.0050 0.38 0.00 1.686 0.36 0.38
'| eennl15’ 3.70 1.298 0.912 0.0071 0.0071 0.0142 0.41 0.01 1.298 3.70 0.41
' veenol6' 1.07 1.376 -1.411 0.0103 0.0103 0.0206 0.89 0.00 1.376 1.07 0.89
' veenol?' 2.75 1.274 -1.832 0.0127 0.0127 0.0254 0.86 0.00 1.274 2.75 0.86
|

! User defined soils; units in'cm and 'd'

|

* KI RKLAND ET AL, 1992. Water Resour. Res. 28:2049-2058 (cm d)

' gl endal €' 13.1 1.3954 0.5 0.0104 0.0104 0.0208 0.4686 0.106 1.3954 13.1 0.4686
" berino' 541.0 2.239 0.5 0.028 0.028 0.056 0.3658 0.0286 2.239 541.0 0.3658
* HEINEN, 1997. PhD Thesis WAU (cnid)

‘sandtop’ 1256.0 4.98171 0.52581 0.06069 0.06069 0.11745 0.326 0.01573 4.98171 1256.0 0. 326
‘sandbot’ 1256.0 4.90919 0.52581 0.05312 0.05312 0.09466 0.311 0.02311 4.90919 1256.0 0. 311
* OTTEN, 1994. PhD Thesis WAU (cnid)

"wilfred 8640.0 1.42 2.35 0.13 0.13 0.90 0.92 0.0 1.42 8640.0 0.92
* KIPP EN WEVER, 1994. PBG I nfornati er eeks (cm d)

'steenwol' 8640.0 4.54872 0.5 0.02572 0.02572 0.05144 0.85 0.0 4.54872 8640.0 0.85

' veennos' 8640.0 1.425 0.5 0.05964 0.05964 0.11928 0.94 0.0 1.425 8640.0 0.94

* DA SILVA ET AL, 1995. Acta Hortic. 401:71-75. (cm d)

"rockwool ' 6192. 3.90471 -.28288 .0873 .0873 .55363 .92402 . 00673 3.90471 6192. .92402

* KOOL AND PARKER 1987. Water Resour. Res. 23:105-114. (cm d)

"rubicslm 25.92 3.301 0.5 0.0136 0.0136 0.0378 0.381 0.17 3.301 25.92 0.381

' guel phl' 31.68 2.14 0.5 0.0098 0.0098 0.0196 0.434 0.219 2.14 31.68 0.434

* Lovi nkhoeve; PhD Thesis J. A de Vos, Table 8.3

'LOV1' 200. 1.30740 -2.02754 0.02190 0.02190 0.04380 0.43709 0.04040 1.30740 200. 0.43709
"LOV2'  200. 1.62422 -1.84898 0.00525 0.00525 0.01050 0.47303 0.08165 1.62422 200. 0.47303
"LOV3' 300. 1.62422 -1.84898 0.00525 0.00525 0.01050 0.47303 0.08165 1.62422 300. 0.47303
"LOv4'  120. 1.91432 -1.46461 0.00207 0.00207 0.00414 0.51506 0.10060 1.91432 120. 0.51506
' LOV5' 40. 1.91432 -1.46461 0.00207 0.00207 0.00414 0.51506 0.10060 1.91432 40. 0.51506
' LOVE' 20. 1.91432 -1.46461 0.00207 0.00207 0.00414 0.51506 0.10060 1.91432 20. 0.51506
LoV 10. 1.91432 -1.46461 0.00207 0.00207 0.00414 0.51506 0.10060 1.91432 10. 0.51506
' LOv8' 2. 1.91432 -1.46461 0.00207 0.00207 0.00414 0.51506 0.10060 1.91432 2. 0.51506
'LOV9'  200. 1.62422 -1.84898 0.00525 0.00525 0.01050 0.47303 0.08165 1.62422 200. 0.47303
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15.4.8 Input file EXTMAKE.DAT

During initialization of FUSSIM2 a reduction table for evaporation at the soil surface
is created. For this purpose the user must supply a range of pressure heads (H) that
can be expected to occur for the top layer and a range of potential evaporation rates
(ESO) that can be expected (see Table 15-12). For safety reasons these ranges should
be large. However, experience shows that for extreme combinations (e.g. low H and
high ESO) computations fail, so that the ranges must be decreased.

For practical reasons the file EXTMAKE.DAT must also contain values for
NNTAB, PPBIG, PPREF and PPEND. These have the same meaning as those that
must be supplied in the file TGEN.DAT (see section 15.4.22) and can have the same
values.

Table 15-12. Example of the file EXTMAKE.DAT. Optional variables are printed in italic (see end of section
15.4 for explanation).

* Enter a range of pressure heads H (cm
H = 1.0E20 0.0 -200. -300. -400. -500. -600. -700. -800. -900. -1000.
-1500. -2000. -5000. -7500. -10000.

* Enter a range of potential evaporation ESO (cnid)
ESO = 0.0 0.005 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

* to construct intermediate TAB table (see description of TGEN. DAT)
NNTAB = 99

PPBI G = 4000000.
PPREF = 5000000.
PPEND = 0.

* EXTMETHOD: use existing EXT tables or conpute EXT tables
* EXTMETHOD = ' EXI STI NG

* EXTMETHOD = ' COWUTE  (defaul t)

EXTMETHOD = ' COWPUTE

* | og progress to screen
SCRNLOG = . FALSE.

* METHOD = "ONE' : for total range of Kintegration is used

* METHOD = '"TWO : for large Kintegration is used, for snmall K sinple
* approxi mation is used (faster, and difference

*

with ONE is very small)
METHOD = ' TWO

* integration nethod

* M NT = 'GAUS' : Caussian integration

* M NT = 'ROVMB' : Ronberg integration ; preferred, but slower
M NT = ' ROVB'

15.4.9 Input file GWL.DAT

For the special bottom boundary condition IBOT = -4 (see file BOUNDS.DAT) a
separate file GWLDAT must be supplied containing year (I'YRGWL), time
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(DOYGWL) of measurement of the ground water level (GWLS). GWLS must be in
cm below soil surface. The time may (must be a real value) be supplied as fraction of
the day, so that the actual time (instead of only day number) of measurement can be
used. More than one year can be present. Years must be in ascending order, as well
as times within a year. No more than 1000 data can be supplied (maximum 100 years,
maximum 400 times per year).

Table 15-13. Example of the file GWL.DAT.

* Data of groundwater |evel (GALS) in cm bel ow soil surface
* Time supplied as real DOYGAL and integer | YRGA; for intermnediate dates
* |linear interpolation is used

| YRGAL DOYGAL GALS
1992 1.0 60.0
1992 72.0 30.0
1992 73.0 5.0
1992 281.0 86.0
1992 323.0 28. 7
1992 330.0 7.6
1992 337.0 9.8
1992 366. 0 30.0
* NB: The year 1000 nay be used as a ‘standard’ year, i.e. for each simulation year

* one single GAL sequence can be used (instead of supplying the same sequence for
* each of the years to be sinulated

15.4.10 Input file VIMOKE.DAT

If a Vimoke drain is to be considered the file VIMOKE.DAT must be present with
the number of drains NDRAIN = 1. If NDRAIN = 0 no Vimoke drain is
considered. At present only a single Vimoke drain can be considered. The location of
the drain is given by column and row numbers IDRAIN and JDRAIN.

HDRAIN, IDOYHDRAIN, IYEARHDRAIN

Mostly the outlet of the drain is above the ditch water level. In that case the pressure
head of the node of the running Vimoke drain is kept at zero. However, if the outlet
is below ditch level, the pressure head of the node representing the Vimoke drain
should be equal to the positive difference between ditch level and drain outlet. This
difference in pressure is given as HDRAIN and the time is given as year
(I'YEARHDRAIN) and day (IDOYHDRAIN) number. Linear interpolation is used
for intermediate times. Maximum 30 years and 366 day per year can be considered (in
total no more than 1000 data). Years and, within years, day number must be in
ascending order.
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Table 15-14. Example of the file VIMOKE.DAT.

* Nunber of Vinoke drains (0 or 1)
NDRAIN = 1

* Colum (IDRAIN) and row (JDRAIN) nunbers of Vinoke drain |ocation
IDRAIN = 1*1
JDRAIN = 1*10

* Correction factor CF for paraneter CD
CDCORR = 2.0

* Effective drain radius (cm
REFF = 1.0

* Tinme table with HDRAIN. H inside drain when functioning. Tinme is
* specified by | YEAR and I DOY and for internedi ate dates |inear

* interpolation is used.

* |f negative Hinside drain beconmes zero

HDRAI N | DOYHDRAI N | YEARHDRAI N

-1.0 1 1992
-1.0 366 1992
* NB: The year 1000 nay be used as a ‘standard’ year, i.e. for each simulation year

* one single HDRAIN sequence can be used (instead of supplying the same sequence
* for each of the years to be simlated.

15.4.11 Input file THHFXFZ.DAT

If a steady-state situation for water movement is to be considered, the steady-state
distribution of volumetric water content (WC), pressure head (H), water flux density
in the x (FX) and z (FZ) direction must be supplied in the file THHFXFZDAT (see
Table 15-15).

Table 15-15. Example of file THHFXFZ.DAT (NC = 3, NL = 3; fictive data). Note that for flux in x
direction NC+1 data are needed, and for flux in z direction NL+1 data are needed.

* NL*NC val ues for water content distribution at steady state

W =

0.2 0.2 0. 25

0.25 0.25 0.3

0.3 0.31 0.35
* NL*NC val ues for pressure head distribution at steady state
H =

-100. -100. -95.

-95. -095. - 80.

-80. -78. - 50.
* NL*(NC+1) values for horizontal water flux density distribution at steady state
FX =

0.0 0.0 -0.1 0.0

0.0 0.0 -0.12 0.0

0.0 -0.01 -0.2 0.0
* (NL+1) *NC val ues for vertical water flux density distribution at steady state
Fz =

-0.05 -0.05 -0.05
-0.05 -0.05 -0.05
-0.05 -0.05 -0.05
-0.05 -0.05 -0.05
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15.4.12 Input file WET.DAT

In case the variable WET (FUS2.CTR) has the value ‘LINEAR’ than tabulated
wetting data must be supplied in the file WETDAT. This file must contain one series
of x data (XWET) and NSOILS series of y data (YWET), where XWET is the
pressure head and YWET is the volumetric water content of the main wetting curve.
In the example of Table 15-16 two different soil layers were used, each with a
different wetting curve.

Table 15-16. Example of file WET.DAT.

XVET =
0.0, 1.0, 2.5, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 40.0, 50.0, 60.0, 80.0, 100.0,
10000000. 0

YVET =

0. 326, 0. 326, 0. 249, 0.197, 0. 141, 0.0945, 0.058, 0.027, 0.0225, 0.0195,
0.0175, 0.017, 0.017, 0.017, 0.01573

0. 311, 0. 311, 0. 244, 0. 215, 0.1605, 0.1095, 0.0695, 0.0335, 0.029, 0.027,
0. 0235, 0.0235, 0.0235, 0.0235, 0.02311

15.4.13 Input file STEMP.DAT

The file STEMPDAT (Table 15-17) contains information for the computation of 1D
soil temperature distribution. See chapter 14.

Table 15-17. Example of the file STEMP.DAT.

* Annual average T (TYAV) and anplitude of average yearly cycle (TYAMP) (degree QO

TYAV = 11.4

TYAMP = 8.9

* Periodic time (TC), initial tinme (TINI) and tine where T=TYAV (Tl MAV) (d)
TC = 365.0

TIMAV = 121.0

TIN = 1.0

* Nunber of time steps to go fromTIMEL to TIME2

DISTEP = 1

* How to conpute Ch

*  COWPUTE (supply al so FO per soil layer)

* | NTERPOLATE

CMETH = ' | NTERPOLATE

* Soil type per layer: either SAND, CLAY or PEAT

* (if you supply only 1 value --> all layers are of the sane type)
SOL = 1*' SAND

* How to handl e top and bottom boundary condition (COVPUTE or | NPUT)
METHL = ' | NPUT'
METHNL = ' COVPUTE'
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15.4.14Input file SOLUTE.DAT

The input data for solute transport are given in file SNAME (example in Table 15-
18). Additional information for several ions to be considered are read from file
IONSINFO.DAT (see below). It is assumed that the boundary conditions (JTOP,
JBOT, JLEFT, JRIGHT) apply equally to all ions present in solution (see
IONSINFO.DAT). However, for each ion present the concentration at boundary
must be supplied (CTOP, CBOT, CLEFT, CRIGHT). For example, if only two ions,
e.g. N and P are used, CTOP contains 2 times NC data: first NC values for N and
second NC values for P (data for ions not present must not be supplied).

IDISP

The variable IDISP determines which dispersivity model is used. If IDISP = 0, then
a single dispersivity LD is to be supplied (Eq. [172] is used), while if IDISP = 1
(default) the longitudinal and transversal dispersivities AL and AT should be supplied
(Egs. [161]-[163] are used).

ICON

The initial distribution can be given as initial concentration (CONC: mmol I
(ICON > 0), or as initial amount (AMOUNT) per control volume (ICON = 0). For
ICON = 0 AMOUNT is given in mmol, for ICON < 0 AMOUNT is given in mg.
Computations are always done in mmol; output is always in mmol.

FREQF <optional>

The variable FREQF can be used in some special cases. For example, if fertigation is
controlled by a threshold EC value (METHIR = 3, see file FUS2.CTR) the variable
FREQF determines the frequency of nutrient solution that is applied, while at the
other times only pure water is applied.

Table 15-18. Example input file SOLUTE.DAT. Optional variables are printed in italic (see end of section
15.4 for explanation).

* Top boundary condition.

JTOP = -1 : fixed concentration CTOP

0 : no flow of solutes across boundary

+1 : prescribed flux density: water flux density times a) CTOP
(when flow into donain), or b) CONC (when outfl ow occurs)

Supply 1 (for all columms the sane condition) or NC val ues

JTOP = 10*0

*
*
*
*
*

* Fi xed concentration or concentration during inflow
* Supply N ON*(nunber of values supplied for JTOP) val ues.
CroP = 10*0.

* Bottom boundary condition.

* JBOT -1 : fixed concentration CBOT

* 0 : no flow of solutes across boundary

* +1 : prescribed flux density: water flux density times a) CBOT
* (when flow into domain), or b) CONC (when outfl ow occurs)
* Supply 1 (for all columms the sanme condition) or NC val ues

JBOT = 10*0

* Fi xed concentration or concentration during inflow
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* When CBOT < O, inflow occurs with a concentration equal to CONC of the bottommost

* | ayer.
* Supply N ON*(nunber of values supplied for JBOT) val ues.
CBOT = 10*0.

* Left boundary condition.

* JLEFT = -1 : fixed concentration CLEFT

* = 0 no fl ow of solutes across boundary

* = +1 : prescribed flux density: water flux density times a) CLEFT
* (when flow into domain), or b) CONC (when outfl ow occurs)
* Supply 1 (for all rows the sane condition) or NL val ues
JLEFT = 10*0, 16*1

* Fixed concentration or concentration during inflow.
* Supply NI ON*(nunber of val ues supplied for JLEFT) val ues.
CLEFT = 26*0.

* Ri ght boundary condition.

* JRIGHT = -1 : fixed concentration CRI GHT

* 0 : no flow of solutes across boundary

* +1 : prescribed flux density: water flux density tinmes a)
* CRIGHT (inflow), or b) CONC (outflow)
*

J

Supply 1 (for all rows the sane condition) or NL val ues
R GHT = 26*1

* Fixed concentration or concentration during inflow.

* Supply NI ONf(nunber of values supplied for JRI GHT) val ues.
CRIGHT = 26*0.1

AT (default)

* |DISP : method of dispersivities

* IDISP = 0 use single dispersivity LD

* IDISP =1 use | ongitudinal and transversal dispersivities AL and
*

I

DSP =1

* Longi tudi nal dispersion length (cm) (if IDISP = 0; single val ue)
LD = 10.0

* Longi tudi nal and transversal dispersivities AL and AT (if ID SP = 1)

* Supply 1 (all nodes the same value), NL (all nodes per row the sane value) or

* NL*NC val ues (supply a value for each node: first NC values for layer 1, second
* NC val ues for layer 2, etc.)

1*2.0

1*0. 2

AL
AT

* Three parameters describing two linear parts of the inpedance (FIMP) water

* content relationship

* CF1 : slope

* CF2 : intercept

* WCLOW water content where two |inear relationships intersect

* Supply 1 (all nodes the same value), NL (all nodes per row the sanme val ue) or

* NL*NC val ues (supply a value for each node: first NC values for layer 1, second
* NC values for layer 2, etc.)

CF1 = 1*1.58 I sand or |l oam (clay: 0.99)
CF2 = 1*-0.17 I sand, |oam or clay
WCLOW = 1*0. 12 I sand or | oam (clay: 0.20)

* Dry bulk density distribution (g/cnB)

* Supply 1 (all nodes the sanme value), NL (all nodes per row the sane val ue) or

* NL*NC val ues (supply a value for each node: first NC values for |ayer 1, second
* NC values for layer 2, etc.)

BDS = 1*1.35
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* paraneter | CON determ nes whether the following table contains initial
* CONCentration (ICON > 0) or AMOUNT (I CON = 0) data
ICON = 1

* Initial distribution of all N ON ions.

* ICON > 0: CONC in mol /|

* I CON = 0: AMOUNT in nmol/kg soil

* ICON < 0; AMOUNT in ngram kg soi l

* Supply NION (all nodes the sane value), NION*NL (all nodes per row the same

* value) or NION*NL*NC val ues (supply a value for each node: first NC val ues for
* layer 1, second NC values for layer 2, etc.)

CONC = 1*5.0, 1*0.5

I AMOUNT = 1*20.0, 1*4.0

* what to print
QUTSLT = yes (1) or no (0) wite concentration

yes (1) or no (0) wite anopunt

yes (1) or no (0) wite salt fluxes in x-dir.
yes (1) or no (0) wite salt fluxes in z dir.
yes (1) or no (0) wite uptake rate

yes (1) or no (0) wite cunulative uptake
yes (1) or no (0) wite EC

coorropr

* Frequency of using nutrient solution every irrigation event.
* FREQF = 3 nmeans use nutrient solution every third irrigation event.
FREQF = 1

15.4.15Input file AMMONIUM.DAT

If the file AMMONIUMDAT is supplied and present, ammonium adsorption similar
as described for phosphate (see Chapter 8, but without fixation) can be considered.
See description of file PHOSPHORDAT for additional information.

15-19. Example of the file AMMONIUM.DAT. Optional variables are printed in italic (se¢ end of section
15.4 for explanation).

* Type of adsorption isotherm

* i near . LI NPAR . TRUE.
* non-1linear: LINPAR . FALSE.
LI NPAR = . FALSE.

* Type of non-linear adsorption isotherm (if LINPAR = .FALSE.)
* Langmuir : MODPAR = . TRUE.

* Freundl i ch: MODPAR = . FALSE.

MODPAR = . TRUE.

* Constant for linear adsorption AK (m/cnmB) (if LINPAR = .TRUE.)
AK = 2.0

* Langmuir constants (if LINPAR = .FALSE. and MODPAR = . TRUE.)

* Al, A2 in ng/cnB

* Bl, B2 in m/ng

* Note that a single (with A2 = B2 = 0) or double Langmuir can be used.

* Supply 1 (all nodes the sane value), NL (all nodes per row the sane val ue) or

* NL*NC val ues (supply a value for each node: first NC values for layer 1, second
* NC values for layer 2, etc.)

Bl = 1*106.8
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B2 = 1*0.0
Al = 1*0. 108
A2 = 1*0.0

* Freundlich constants

* FREUN: N coefficient of Freundlich isotherm(-)

* FREUM M coefficient of Freundlich isotherm (nmg/cn8. (mg/ m)"-FREUN)
FREUN = 2.0

FREUM = 1.5

* Desired output
QUTNH4 = 0 I print NH4 adsorbed distribution

15.4.16 Input file IONSINFO.DAT

General information about the ions possibly present in solution is given in the file
IONSINFO.DAT (example in Table 15-20).

Table 15-20. Example input file IONSINFO.DAT.

* |Information of 13 individual ions, needed for EC conputations in SOLUTE
* name, valence, ionic nobility [cnR/(s.V)], dianeter [Angstrom= 107-10 nj,
* diffusion in free water [cnR2/d], yes/no consider

* MOBIL nust be in units [cn2/(s.V)] ( not using tine units d, h, m!!ll )
* DIFO in cnR/d: programconverts units corresponding to UNITS as supplied
* intimer file

* MOLWI: nol ecul ar wei ght (g/mol = ng/ nmol )

I ONNAM I ONYES  VALENC MOBI L | ONRAD DI FO MOLWI

R R S O S R I S O O R R R O
" NG3' 1 1 7.41E-4 3. 1.64 14. 0067
'K 1 1 7.62E-4 3. 1.69 39. 102
"P 1 1 3.42E-4 4. 0.759 30.9738

' Ca' 1 2 6. 17E-4 6. 0.685 40.08
"My’ 1 2 5. 50E-4 8. 0.610 24.305
'S 1 2 8.29E-4 4. 0.920 32.064
a 0 1 7.91E-4 3. 1.76 35. 453

" Na' 0 1 5.19E-4 4. 1.15 22.9898
' NH4' 1 1 7.62E-4 3. 1.69 14. 0067

" HCGB' 0 1 4. 61E-4 4. 1.02 61.01732
g eoc) 0 2 7.64E-4 5. 0.828 60.00935
"H 0 1 3. 63E-3 9. 8. 06 1.00797
" OH 0 1 2.01E-3 3. 4. 46 17. 00737

* To conpute ion activity coefficient, three equations can be used

* ext ended Debye- Huckel (default), approxinmation for dilute solutions,

* approxi mation for concentrated sol utions
* Variabl e DEBYE gi ves nethod to use

* DEBYE = 0 default, use extended Debye- Huckel theory)

* 1 use approxi mation for dilute solutions

* 2 use approxi mation for concentrated sol utions

* 3 use approxi mations for dilute and/or concentrated solutions
* Of course, approximation are only used when applicable, i.e. a dilute

* solution has | < 0.005, and a concentrated solution has I > 0.1; if not,

* the standard Debye-Huckel theory will always be used

DEBYE = 0
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the power 10710 is left out, since
| ONRAD i s given in Angstrom (107-10)

* Paranmeters A and B can be conputed or can be constant; if constant, they
* shoul d be given
* PARAB = 0 constant, then give PARA (nol 0.5/ kg"0.5) and PARB
* (rmol ~0.5/ (kg”"0.5 m)
* =1 conpute (not avail able, since tenperature is not conputed)
PARAB = 0 I nmust be zero
PARA = 0.51 ! mol ~0. 5/ kg™0. 5
PARB = 0.33 ! nol 0.5/ (kg"0.5 m; the actual value is 0.33.10710, but
|
|

15.4.17 Input file NITDENIN.DAT

When the module NITDEN is to be considered the file NITDENINDAT must be
supplied and present. Table 15-21 presents an example of the file NITDENINDAT
as supplied by J.G. Conijn. It describes in detail the meaning of all parameters, and
gives (where available) indications of ranges of the values for these parameters.

Table 15-21. Example of input file NITDENIN.DAT. This example was kindly made available by J.G.
Conijn.

I' NIl TDENI N. DAT: Data input file for N TDEN as used in FUSSI M2/ CNGRAS

| B S R R R R R R R R R R R R R R R R R R R R R R R R R R

! The data input bel ow has been arranged per type of input data.
I Three types have been di stingui shed:

11, State vari abl es.
I The values for the state variables determne the state
lof the nodel system at the beginning of a simulation run.

12. Paraneters.
| Paranmet ers have a constant value during a simulation run.

13. Interpolation tables.

I These tables contain pairs of X Y variables. The Y-value for any X-val ue
lis found by nmeans of |inear interpolation between the two nearest

I'X,Y points of the input table.

I Note: NI TDEN. F90 and NI TDENI N. DAT have been based on earlier work of J.
! Bril et al., 1994. AB-DLO report 24, pp 21- 25 (see also references bel ow).

! Subroutine : N TDEN (Cal cul ation of (de)nitrification)

| BRI Sk Sk b b S S e b S R R R S o S S R R R o S S S S R

1'1. Section NI Trification

11.1 State variables

INote: pH and CEC are not treated as (state) variables but are assuned

! constant throughout the whole sinulation run. They are read from
! interpolation tables as function of soil depth (see bel ow

11.2 Paraneters

Ni t Sour ceParanml = 195. 0D0 I range: [19.5D0, 1950.0D0]
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I Ni t Sour cePar aml

Ni t Wat er Par anil
Ni t Wat er Par an®

I' Ni t WAt er Par amil

|
!
!
I'Ni t WAt er Par an®
!
!
|

I Not e:

Ni t TenpPar aml
Ni t TenpPar an?
Ni t TenpPar an8
Ni t TenpPar ami

I'Ni t TerpPar amL
!
!
I'Ni t TenpPar an®
!
!
I'Ni t TempPar anB
[
!
I'Ni t TempPar and
!

paranmeter used to calculate a multiplication factor which
represents the effect of the ammoni um concentration in the

soil on nitrification rate ((mol NH4)”~2 (kg wet soil)”-2 ;
see k2 in equation 8 at page 21)

= 1.2D0 ! range: [0.6D0 , 3.0D0]

= 1.75D0 ! range: [0.75D0, 7.0DO0]
first paraneter in calculating a nultiplication factor

for the effect of water filled pore space on nitrification
rate (- ; see equation 8c at page 22). This paraneter
deternines the value of the opti num WFPS, where f(WFPS)=1.
second paraneter in calculating a multiplication factor

for the effect of water filled pore space on nitrification
rate (- ; see equation 8c at page 22). This paraneter
determ nes the area underneath the optinmm curve.

after changi ng these paraneter val ues a check shoul d be nade whether the
! relation between f(WFPS) and WFPS is still
! expert j

acceptabl e according to

udgenent .
= 3.15D-3 I range: [,]
= 2.00D0 ! range: [,]
= 1.0D-7 ! range: [,]
= 5.0D0 I range: [,]
first parameter in calculating a nultiplication factor

for the effect of soil tenperature on nitrification rate
(- ; see equation 8a at page 21).

second paraneter in calculating a multiplication factor
for the effect of soil tenperature on nitrification rate
(- ; see equation 8a at page 21).

third paranmeter in calculating a nultiplication factor
for the effect of soil tenperature on nitrification rate
(- ; see equation 8a at page 21).

fourth paraneter in calculating a nultiplication factor
for the effect of soil tenperature on nitrification rate

(- ; see equation 8a at page 21).
I'Note: after changing these paraneter values a check shoud be nade whether the
! relation between f(T) and soil tenperature is still acceptable
! according to expert judgenent.
Ni t pHPar amlL = 5.0D+4 ! range: [O0.25D+4, 100.0D+4]
I'Ni t pHPar aml parameter in calculating a multiplication factor for the
! effect of pHon nitrification rate (- ; see equation 8b at
! page 21). This paraneter determ nes the value of the pH,
! where f(pH) = 0.5
Ni t CECPar anl = 20.0D0 I range: [8.0D0, 50.0D0]
Ni t CECPar an® = 3.0D0 ! range: [0.0DO, 30.0D0]
I'Ni t CECPar aml first paraneter in calculating a nultiplication factor
! for the effect of CEC on nitrification rate ((mml NH4)~2
! (kg wet soil)”-2 d*-1 ; see equation 8 at page 21).
! Thi s paranmeter equals the value of the nultiplication
! factor at CEC = 0.
I'Ni t CECPar an? second paraneter in calculating a multiplication factor
! for the effect of CEC on nitrification rate ((nmol NH4)~2
! (kg wet soil)”-2 d™-1 ; see equation 8 at page 21).
! This paranmeter determines the effect of CEC on the nultiplication
factor.
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Ni t Part Par aml
Ni t Part Par anR
Ni t Part Par anB
Ni t Part Par an¥

I'Ni t Part Par anil
|

I'Ni t Part Par an®
|

I'Ni t Part Par an8
!
|

I'Ni t Part Paramd
!

. 002D0 ! range: [0.0DO, 0.05D0]

0. 2D0 ! range: [0.0DO, (1.0DO-N tPart Paraml)]
0. 5D0 ! range: [0.2D0, 0.8D0]

3.0D0 ! range: [1.0D0, 5.0D0]

mnimum fraction of total nitrification that is converted

into N2O (- ; see equation 9 at page 23)
maxi mum fraction of total nitrification that is converted
into N2O (- ; see equation 9 at page 23)

water filled pore space threshold val ue bel ow which the
effect of WFPS on N2O production fromnitrification equals
zero. (- ; see equation 9 at page 23)

fourth paraneter to calculate the effect of water filled
pore space on fraction of nitrification converted into N20O
(- ; see equation 9 at page 23). This paranmeter determ nes
the steepness of the curve relating the fraction converted
into N2O to WFPS.

11.3 Interpol ation tables

pHDept hTabel
CECDept hTabel

! pHDept hTabel
!

!
I CECDept hTabel
|

0.0,5.5 , 1000.,5.5
0.0, 15.0, 1000., 15.0

table to calculate pH (-) per soil layer as function of
soil depth (cn). This table is only used at initialisation.
Range of X [0., 1000.] and Y:[3.0, 9.0]

table to calculate CEC (nmol +/100 g dry soil) per soil

layer as function of soil depth (cm. This table is only used

at initialisation.
Range of X: [0., 1000.] and range of Y depends on soil type:
sand: [1.0, 45.0], clay:[5.0, 60.0] and peat:[40.0, 260.0]

12, Section DENitrification

12.1 State variabl es

I Not e:

12.2 Paraneters

DenSour cePar anl

I DenSour cePar aml

DenWat er Par ani
DenWat er Par an®

I DenWat er Par aml
!
!
I DenWat er Par an®
!
!
!

amounts of N20O and N2 are state variables in the subroutine,
! are read frominterpol ation tables as function of soil

but they
depth (see bel ow)

0. 008D0 I range: [0.0008D0, 0.08D0]

the amount of source in ternms of both NG3 and N2Q
corrected for their electron-equivalents, at which

the denitrification rate equals half its maximumrate at
optimal conditions for denitrification (nol NOB/kg noist
soil ; see equation 10 at page 23).

This parameter is the half-value constant in a Mnod function.
0. 5D0! 0. 3D0 !
2.5D0 !

range:
range:

[0.2D0, 0.8D0]
[1.0D0, 5.0D0]

water filled pore space threshold val ue bel ow which

the denitrification rate equals zero (- ; see equation 10 at
page 23 and page 20)

second paraneter to calculate the effect of water filled
pore space on denitrification rate (- ; see equation 10 at
page 23 and page 20). This paranmeter determ nes the
steepness of the curve relating denitrification rate to WPS
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DenTenpPar anil
DenTenpPar an
DenTenpPar anB
DenTenpPar amt

I DenTenpPar anl
!
|

I DenTenpPar an
!

!
I DenTenpPar anB
!

!
I DenTenpPar amd
!

!

! Not e:

3.76D- 3 I range: [,]
1. 75D0 ! range: [,]
6. 0D 7 I range: [,]
4.0D0 I range: [,]

first paraneter in calculating a nultiplication factor

for the effect of soil tenperature on denitrification rate
(- ; see f(T)2 at page 19).

second paraneter in calculating a multiplication factor
for the effect of soil tenperature on denitrification rate
(- ; see f(T)2 at page 19).

third paraneter in calculating a nultiplication factor

for the effect of soil tenperature on denitrification rate
(- ; see f(T)2 at page 19).

fourth paraneter in calculating a nultiplication factor
for the effect of soil tenperature on denitrification rate
(- ; see f(T)2 at page 19).

after changi ng these paraneter val ues a check shoul d be nade whether the

! relation between f(T) and soil tenperature is still acceptable
! according to expert judgenent.

DenEl ectrParanl = 1. 0D+3!5. 0D+3 ! range: [0.1D+3, 100.0D+3]
DenpHPar amlL = 6.5D0 I range: [4.0D0, 9.0D0]

DenpHPar an = 3.0D0 I range: [1.0D0, 9.0D0]

DenpHPar anB = 0. 25D0 ! range: [0.0DO, 1.0D0]

| DenEl ect r Par anil

i DenpHPar ani
!

DenpHPar an

!
!
!
!
!
I DenpHPar anB
!

!

DenEm sPar anl
DenEmi sPar ant
DenEm sPar anB8
DenEm sPar amt

I DenEm sPar aml
]

| DenEm sPar an®
|

I DenEm sPar anB
!
!
I DenEm sPar and
!
!

N20 nAt nosphere
GasConst ant

I N2G nAt nospher e

I GasConst ant

factor for the sink strength of N20 in consum ng el ectrons
relative to that of NO3 at a pH val ue equal to DenpHPar ani
(- ; conmpare Kb/Ka in equations 1la and 11b at page 24)

pH val ue at which the factor for the sink strength of N20 in
consunming el ectrons relative to that of NO3 equal s

DenEl ectrParanl (- ; see equation 11d at page 24)

second paraneter for calculating a nultiplication factor
for the effect of pH on the sink strength of N20 in
consunming electrons relative to that of NO3 (- ; see
equation 11d at page 24)

m ni mum val ue for the multiplication factor for the effect
of pH on the sink strength of N2O in consum ng el ectrons
relative to that of NGB (-)

0. 5D0 I range: [0.2D0, O0.8D0]
5. 0D0 ! range: [1.0DO0, 10.0D0]
0. 33D0! 0. 5D0 ! range: [0.1D0, 0.9D0]
10. 0DO ! range: [1.0D0, 100. DO]

water filled pore space value at which the enission fraction
equal s half of its nmaxi num val ue of DenEmi sParanB8 (cnB/cnB)
shape paraneter for the function relating the em ssion
fraction to water filled pore space (-)

maxi mum fraction of the difference in N2O concentrati on

bet ween soil air and atnosphere that | eaves the soil

as N20 em ssion at a WFPS val ue of zero (d"-1)

paraneter used in calculating the N20 concentration in

soil air by partitioning of total N20O between soil water

and soil air as a function of water filled pore space (-)

0. 3D0 !
22.4D0 !

range:
' physi cal’

[0.2D0, 0.4D0]
const ant

N-N20O concentration in the atnosphere (ppm
gas constant (dnB/nol)

12.3 Interpol ati on tabl es

142
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! DNPDept hTabel = 0.0, 5.0, 1000.,5.0
N2Q0Dept hTabel = 0.0, 0. 75E-7, 1000.,0. 75E-7
N2Dept hTabel = 0.0, 0. 2, 1000.,0.2

! DNPDept hTabel table to calculate denitrification potential

! (mg N (kg dry soil)~-1 d*-1) per soil layer as function of
! soil depth (cm. This table is only used at initialisation
! Range of X: [0., 1000.] and range of Y depends on soil type
! sand: [0.0, 50.0], clay:[0.0, 80.0] and peat:[0.0, 200.0]

! (see below for values taken from G L. Vel thof)

I N2ODept hTabel table to cal cul ate amobunt of N2O (ng/cnB) per soil |ayer as
! function of soil depth (cm. This table is only used at

! initialisation.

! Range of X: [0., 1000.] and Y: [O0.75E-10, 0. 75E-4]

I N2Dept hTabel table to cal cul ate amount of N2 (ng/cnB) per soil |ayer as
! function of soil depth (cm. This table is only used at

! initialisation.

! Range of X: [0., 1000.] and Y: [0.02, 2.0]

| R S R R R R R A R R R R R R R R R R Rk Rk R R R Rk kS Sk kS Ik S ik kS kS

!Data fromG L. Velthof (source: Nitrous oxide enm ssions fromintensively
I managed grasslands ; 1997 ; page 35 (Phd thesis)

I'Note: first data point and data beyond |layer 40 - 60 cm have been esti nated
! by JGConijn (1st and 3rd line) !

! Sand

DNPDept hTabel = 0.0, 24.5,
2.5, 19.0, 7.5, 8.0, 15.0, 3.0, 30.0, 4.0, 50., 0.0
70.,0.0, 1000.,0.0

1d ay
! DNPDept hTabel = 0.0, 30.0,

! 2.5, 30.0, 7.5, 6.0, 15.0, 4.0, 30.0, 2.0, 50., 1.0
! 70.,0.0, 1000.,0.0

I Peat |

! DNPDept hTabe
|

0.0, 103. 0,

! 2.5,103.0, 7.5,30.0, 15.0,13.0, 30.0,12.0, 50.,13.0
! 70., 6.0, 90.,0.0, 1000.,0.0

| Peat |1

! DNPDept hTabe
]

0.0, 87.0,
! 2.5, 87.0, 7.5,37.0, 15.0,12.0, 30.0, 4.0, 50., 5.0
! 70.,0.0, 1000.,0.0

[ R I R R R R R R R A R R R R R R R R R R Rk R R R Rk Rk Rk Rk R Ik Sk Rk Ik ki

| IR S S R S R R R R R R S S Sk S kS kS kS kO

I Data fromB. Rutgers (source: zwarte multomap in zijn kast: 'Berekening
D1 CEC bepaling ..." ; 1987)

I'Note: only one value per soil colum is measured ; thickness of soi
! | ayer not given ; for 3 soil types two nethods of analysis have
! been used: 1 = NH¥ & Ca, 2 = Ba & My

! Sand Droevendaal (nethod 1)
! CECDept hTabel = 0.0, 7.2, 1000., 7.2
I Sand Droevendaal (nethod 2)
| CECDept hTabel = 0.0, 16.3, 1000.,16.3

I Sand Achterberg (nethod 1)
| CECDept hTabel = 0.0, 3.7, 1000., 3.7
I Sand Achterberg (nethod 2)
| CECDept hTabel = 0.0,12.7, 1000.,12.7
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10 ay M nderhoudhoeve (nethod 1: not suited due to high Ca in clay)
!

I'Clay M nderhoudhoeve (nethod 2)

! CECDept hTabel = 0.0,21.2, 1000.,21.2

| Peat Zegveld (nethod 1)
! CECDept hTabel = 0.0, 71.1, 1000., 71.1
| Peat Zegveld (nethod 2)
! CECDept hTabel = 0.0,130.0, 1000.,130.0

15.4.18 Input file PHOSPHOR.DAT

When the file PHOSPHORDAT is supplied and present and when P is present in
the soil solution (IONYES(P) = 1 in IONSINFODAT) P adsorption and fixation is
considered as described in chapter 8. Table 15-22 presents an example of the file
PHOSPHORDAT.

MODPAR, LINPAR

Type of adsorption isotherm is given by the logical MODPAR: TRUE -> Langmuir
(supply Al, A2, B1, B2), else Freundlich (supply FREUN, FREUM). Non-linear
adsorption is considered when LINPAR = FALSE. For LINPAR = TRUE linear
adsorption can be considered (supply AK).

Table 15-22. Example of file PHOSPHOR.DAT. Optional variables are printed in italic (see end of section
15.4 for explanation).

* Type of adsorption isotherm

* l'i near ;LI NPAR . TRUE.
* non-linear: LINPAR = . FALSE.
LI NPAR = . FALSE.

* Type of non-linear adsorption isotherm (if LINPAR = .FALSE.)
* Langmuir : MODPAR = . TRUE.

* Freundl i ch: MODPAR = . FALSE.

MODPAR = . TRUE.

* Constant for |inear adsorption AK (m/cnB) (if LINPAR = .TRUE.)
AK = 2.0

* Langmuir constants (if LINPAR = . FALSE. and MODPAR = . TRUE.)

* Al, A2 in my/cnB

* Bl, B2 in m/ng

* Note that a single (with A2 = B2 = 0) or double Langnuir can be used.

* Supply 1 (all nodes the sanme value), NL (all nodes per row the sane val ue) or

* NL*NC val ues (supply a value for each node: first NC values for |layer 1, second
* NC values for layer 2, etc.)
B
B

1 = 1*106.8
2 = 1*0.0
Al = 1*0. 108
A2 = 1*0.0

* Freundlich constants

* FREUN: N coefficient of Freundlich isotherm(-)

* FREUM M coefficient of Freundlich isotherm (ng/cn8. (nmg/ m )" FREUN)
FREUN = 2.0
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FREUM = 1.5

* Initial Pwdistribution (ng P2G6 / L soil)

* Supply 1 (all nodes the same value), NL (all nodes per row the sane value) or

* NL*NC val ues (supply a value for each node: first NC values for |layer 1, second
* NC values for layer 2, etc.)

PW= 1*10.0

* Fixation rate parameters (Schoumans nodel, Rapport 381, 1995, SC-DLO

* ALPHL, ALPH2, ALPH3 extinction coefficients (1/d)

* N1, N2, N3 exponents (-)

* Bl 1,Bl2,BI3 b-paraneters (ng P/1)**Ni (N =N1, N2 or N3)

* ALFEOX oxal ate extractable Fe+Al (mmol/kg)

* REDF reduction of rate when de-fixation occurs (-)

* Supply 1 (all nodes the sane value), NL (all nodes per row the sane val ue) or
*

NL*NC val ues (supply a value for each node: first NC values for layer 1, second
* NC values for layer 2, etc.)

ALPHL = 1*1. 1755
ALPH2 = 1*0. 0334
ALPH3 = 1*0. 0014382
N1 = 1*0. 5357
N2 = 1*0. 1995
N3 = 1*0. 2604
Bl 1 = 1*0. 009459
Bl 2 = 1*0. 03795
Bl 3 = 1*0. 05185
ALFEOX = 1*210.0

REDF = 1*100.0

* Desired out put

QUTADS = 0 I print Pw distribution

print P adsorbed

print P fixated

print P fixing capacity and fraction of P capacity
occupi ed

[eNeNe]

15.4.19 Input file UPTA.DAT

Data file for root solute uptake are given in the file UPTA.DAT (example in Table
15-23).

IUPWAY

When the root nutrient uptake model of section 2.6 is to be used the variable
IUPWAY = 1 (default). As an alternative root nutrient uptake proportional to root
length can be considered by setting IUPWAY = 0.

METHOD

Root nutrient uptake according to the model presented in Section 2.6 is represented
by METHOD > 0. If METHOD = 0, the mass flow component in the model is not
considered, i.e. only diffusion to the root is considered. As a special case, METHOD
< 0, the model presented in Section 2.6 is used with now mass flow computed as
water uptake times concentration.
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NPLANT, PLUPT
The required uptake per plant (PLUPT) is multiplied by the total number of plants
(NPLANT) in the flow domain to get the required uptake from the flow domain.

Table 15-23. Example input file UPTA.DAT. Optional variables are printed in italic (see end of section 15.4
for explanation).

* Maxi mum upt ake rate of nutrient per unit root surface area (De WIligen & van
* Noordwi jk 1987, PhD Thesis WAU, p. 48) (nmmol/(cnR.day).

* Programconverts units corresponding to UNITS as supplied in tiner file val ues
* for all NION ions nust be given.

FMAX = 13*6. O5E- 04

* Wi ch uptake routine to use

* I UPWAY = 1: use root nutrient uptake nodel (default)
* | UPWAY = 0: consider root nutrient uptake proportional to root |ength
I UPVWAY = 1

* Method how to treat nutrient transport after unconstrai ned uptake

* METHOD = 0: diffusion only

* > 0: nass flowvia Eq. [46] and G function (Eq. [48]) plus diffusion
* < 0: mass flow as water uptake times concentration plus diffusion
METHODU = 1

* M nimum concentration at root surface bel ow which uptake cannot occur (default is
* zero).

* Supply N ON val ues.

CMN = 1*0.0

* Maxi mum nunber of iterations allowed during uptake distribution conputations
| UPMAX = 50

* Convergence criterion for uptake distribution conputations
UPCRIT = 1. OE-04

15.4.20Input file TRANSP.DAT

Input data for the root water uptake module are given in the file TRANSP (example
in Table 15-24).

REDPOT
Yes (REDPOT = 1) or not (REDPOT = 0) use the transpiration reduction function
Egs. [25] and [26], i.e. if REDPOT = 0 force always potential transpiration.

RTGROW
Yes (RTGROW = 1) or not (RTGROW = 0) consider logistic root growth. Logistic
root growth is described by (Heinen, 1997; TIME t is the current simulation time)

I—rv,ini

- 1+ eXp(- I—rv,k(t + Lrv,tS - I—I'V,t ))

LI‘V
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When RTGROW = 1, the user should supply the following data.
LRVK  the inverse time constant (d*)
LRVT  the time of inflection of the logistic curve (d)
LRVTS start time of simulation relative to start of plant growth, i.e. the age of
the roots at start of simulation (d)
LRVINI the maximum (asymptotic) root length density distribution

Table 15-24. Example input file TRANSP.DAT. Optional variables are printed in italic (see end of section
15.4 for explanation).

* Solute reflection coefficient for water uptake nodel (-).
* Supply 1 (for all plants the sanme) or NPLANT val ues.
SIGVA = 1*0.9

* Osmotic pressure head inside plant for water uptake nodel (cm.
* Supply 1 (for all plants the sane) or NPLANT val ues.
HCSP = 1*0.

* Root hydraulic conductance K1 (cm d).

* Programconverts units corresponding to UNITS as supplied in tiner file.
* Supply 1 (for all plants the same) or NPLANT val ues.

K1 = 1*3. 6D- 06

* Root radius RO (cm.
* Supply 1 (for all plants the sanme) or NPLANT val ues.
RO = 1*0. 017

* Canpbel | reduction function parameters (if REDPOT > 0)

* A : sone plant specific paraneter (-)

* HRHALF: pl ant potential where reduction function equals 0.5 (cm
* Supply 1 (for all plants the same) or NPLANT val ues.

A 1*10.0

1*1.0D4

HRHALF

* | ndicate which variables have to be printed

QUTTRA = 0, I print root water uptake rate (cmiUNITS) and curul ati ve root

I water uptake since start (cn): 1: yes, else no

0, I print root water uptake rate per cmroot |ength
I (cnB/(cmroot.UNITS)): idem

0, I print relative contribution of root water uptake in relation
I to actual transpiration rate (-): idem

1, I print root pressure head (cm: idem

1, I print actual transpiration rate (cmMfUNITS): idem

1 I print realized root water uptake (cnfUNITS), which should be
|

equal to actual transpiration rate: idem

* Reduction paraneter REDPOT

* REDPOT = 0: no transpiration reduction

* REDPOT = 1: reduction of transpiration according to Canpbell reduction
* function (default)

* Consider logistic root growh (RTGRONV= 1) or not (RTGROW= 0; default)
I f RTGROWthen supply
LRVI NI : maxi mum LRV di stribution (NPLANT*NL*NC val ues)
LRVK : k-paranmeter in logistic growh function (1 or NPLANT val ues)

LRVTS : start time of sinmulation, i.e. tine to be added to sinulation tine in
order to get real time to be used in logistic growth function (1 or

*
*
*
* LRVT : tinme of inflection in logistic growmh function (1 or NPLANT val ues)
*
*
*

NPLANT val ues)
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15.4.21Input file TRANSP.CTR

In the file TRANSP.CTR some control parameters are given used in the root water
uptake module (example in Table 15-25).

TRANS

The variable TRANS indicates what kind of root water uptake model is to be used.
By default the root water uptake model of Section 2.3 is used. As an alternative, root
water uptake may also be considered as water uptake from a control volume
proportional to root length in that control volume Eq. [113] (e.g. under wet
conditions).

TRHYST
Do not change this parameter.

Table 15-25. Example input file TRANSP.CTR. Optional variables are printed in italic (see end of section
15.4 for explanation).

* increase/reduction factor for finding proper m ninum and naxi mum val ues for root
* pressure head
FAC =1.25

* convergence criterion root water uptake
RDPM N = 1. 0E-4

* nunber of points used for interpolation in matric flux potential table
NP =3

* accuracy used for root finding procedure
TCOL = 1.0E-4

* Method of transpiration conputation

* TRANS = * COWPUTE : use water uptake nodel (default)

* TRANS = ‘ PROPORT' : water uptake is proportional to root |ength
TRANS = ‘ COWPUTE

*Yes or No use hysteretic approximation in TRANS (do not change)
TRHYST = ‘N

15.4.22 Input file TGEN.DAT

The file TGEN.DAT contains some parameters used by the root water uptake
module (example in Table 15-26). The matric flux potential needed in the root water
uptake model (Section 2.3) is not at all times computed, due to the large computation
time. Instead, initially a table is constructed from which the matric flux potential is
obtained through linear interpolation. In the program the pressure head h is replaced
by pressure P with P = -h. The number of entries in the table is NNTAB, the
smallest pressure head for which the table is to be constructed is PPBIG, the largest
pressure head for which the table is to be constructed is PPEND, and the reference
pressure head is PPREF (PPREF > PPBIG). Note that the absolute values of
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pressure head need to be given. The range [PPEND,PPBIG] must include all
pressure heads that can be expected to occur during simulation. For very coarse
porous media, it may be difficult to obtain the matric flux potential table when
PPBIG and PPREF are very large; then, use smaller values for these variables.

Table 15-26. Example input file TGEN.DAT.

NNTAB = 99
PPBI G = 100000.
PPREF = 600000.
PPEND = 0.

15.4.231nput file EXPLIN.DAT

When the internal expo-linear plant growth module is to be used (ELGROW =
TRUE in FUS2.CTR) the required data must be supplied in the data file
EXPLIN.DAT (see Table 15-27). In this same file also data need to be supplied
when the internal nutrient demand function is to be considered (NUTDEM =
TRUE in FUS2.CTR). See descriptions of these modules in chapter 11.

PLNUM

It is possible to consider more than 1 plant. To distinguish the regions that each
plant type occupies, the user must supply per column what plant type PLNUM is
growing there. So values for PLNUM must be in the range 1 through NPLANT

Table 15-27. Example input file EXPLIN.DAT.

* Nunber of plants to consider
NPLANT = 1

* | ndi cate what plant number is coupled to each of the colums
* Enter 1 or NC val ues

SLA (ha/kg) : specific |eaf area
Ent er NPLANT val ues per vari able.

PLNUM = 1*1

* Paraneters for the expo-linear growth equation

* RM (g/g/d) : maximumrelative growmh rate

* CM  (kg/ha/d): maxi mumgrowh rate

* WIOT (kg/ha) : initial dry weight of species

* SHRT (-) : shoot-root ratio

* PL  (g/09) : fraction of total dry matter that are |eafs
*

*

RM = 1*0.14 I faba bean

CM = 1*200.0

War = 1*50.0

SHRT = 1*10.0

PL = 1*0.5

SLA = 1*200.E-5 I specific | eaf area 200 cnR/g = 200E-5 ha/ kg

* Paranmeters for demand conputation

* Maxi mum uptake rate of nutrient per unit root surface area (p. 48 dW+ VN,
* dissertation) (mmol/(cnR. day))

* Program converts units corresponding to UNITS as supplied in tiner file
*

Ent er NPLANT*NI ON val ues
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FMAX = 2*6.05E-4

* Initial anount in plants (kg/ha)
* Enter NPLANT*N ON val ues
TUPT = 2*0.1

* | ndicate how the demand is to be conput ed.

* DEMMOD = FALSE: use GREENWOOD fornula, and additionally supply A B, C

* DEMMOD = TRUE: do interpolation fromtable, and additionally supply DM and
* OPTC tabl es

DEMMOD = . FALSE.

* reenwood paraneters (if DEMMOD = FALSE)
* ABing/g; Cin halkg
* Enter NPLANT*NI ON val ues

A = 2*0. 0021
B = 2*0. 00168
C = 2*0. 00026
* Interpolation table (if DEMMOD = TRUE)
* DM dry nmatter content of a plant (no nore than 10 val ues; g).
* Note that only 1 list of DMfor all plants can be used.
* OPTC: list of optimal concentrations of ions in plant (g nutrient / g plant).
* Ent er NDMNPLANT*NI ON val ues, with NDMis the nunber of DM dat a.
DM =10.0 1.0 10.0 100.0 250.0
OPTC = 0.04, 0.04, 0.035, 0.03, 0. 03
0.02, 0.02, 0.02, 0. 02, 0.02

* Relaxation tinme constant TCNU (d)
* Enter NPLANT*NI ON val ues
TCNU = 2*1.0

15.4.241nput file ROOTS.DAT

When diffusive root growth needs to be considered (RGROW = TRUE in
FUS2.CTR) the required data must be supplied in the file ROOTSDAT (see Table
15-28).

QIN

Input of roots is presumed to occur at the bottom of the stem of the plant. The user
can indicate where this occurs by supplying QIN = 1 for those control volumes,
otherwise supply QIN = 0.
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Table 15-28. Example input file ROOTS.DAT.

* Root radius (cm
RO = 1*0.01

* Dry matter content of roots (g/Q)
DMCR = 1*0.08

* Bul k density of roots (g/cnB)
RHOR =1*1.0

* Basic diffusion coefficient for root growth in x-direction (cn2/d) (units are
* automatically converted to programtine units)
RDX0 =1*1.0

* Basic diffusion coefficient for root growh in z-direction (cnR/d) (units are
* automatically converted to programtinme units)
RDZ0 =1*2.0

* Specific decay rate of roots (1/d) (units are automatically converted to program
* time units)
DECRAT = 1*0.02

* CV's where roots enter fromthe steminto the substrate (no di nensi on)
* QN = 0: no root input

* QN = 1: root input

* Enter NPLANT*NL*NC val ues

QN =

19*0,
19*0,
19*0,
19*0,
20*0,

120*0

1
1
1
1

* |nitial distribution of LRV (cnfcnB)
* Enter NPLANT*NL*NC val ues
LRVINI =

Reduction function for hindering root growth.
Enter precisely 6 (X, Y) pairs, with
X = pressure head (cm
Y = reduction (no dinension)
Y = 1 no reduction, Y = 0 no root growth; l|inear interpolation is done for
i nternedi ate val ues of X
REDH = -100000. 0, 0,
-10000. 0,
-1000. 0,
-10. 0,
0.0,
1000. 0,

corroo
OOPOO
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15.4.25Input file FERTIL.DAT

If the file FERTILDAT is supplied and it exists, then fertilization takes place. In this
file (Table 15-29) the times of fertilization (FERTTM) are given as well as the
corresponding amount for all ions (FFERT). Also present must be the column and
row numbers of all nodes where fertilization takes place.

Table 15-29. Example of file FERTIL.DAT.

* Tinmes of fertilization (in tine units) (max. 10 val ues)
FERTTM = 100. 0, 130.0, 180.0, 200.0, 225.0

* Amounts of fertilizers (kg/ha) for all NNONions at all FERTTM

FFERT =
30.0 10.
35.0 15.
30.0 10.
35.0 15.

100.0 25.

[eNeNoloNe)

* Col um nunbers (FCOL) and row nunbers (FRON where fertilizer is applied (max. 50
* val ues per array)

FCOL =1234567 89 10

FROW = 10*1

15.5 Examples of output files

A simulation run results in one or two user-supplied output files (RNAME and
SNAME, see Section 15.4), a logfile (FUSSIM2.LOG), and several intermediate files
not important to the user. Of these intermediate files the *. TMP’ are deleted from the
current directory when simulation is finished properly, and files with extension
“TAB’ remain on the current directory. The latter files can be safely deleted by the
user. The file FUSSIM2.LOG contains some messages from the TTUTIL reading
routines, which are of no importance to the user. If supplied by the user it can
contain all the time steps that were used by the model.

The water results are written to the user-supplied output file RNAME (example in
Table 15-30); solute results are printed to the user-supplied file SNAME (example in
Table 15-31). Examples of these two files are given below, and should be self-
explanatory.
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Table 15-30. Example of water results file RNAME.

Exanpl e 6.4

Units of neasure:
Length in : cm (default).

Time in : d (user supplied).
CQuput fil ename TCc-w
Soil conditions file nanme . C-sO
Boundary and initial conditions filenanme : c-bc
Weat her conditions fil enane : c-wh
Tinmer data fil enane c-tm
GEOVETRY
Profile width (cm : 200. 00
Profile depth (cm : 200. 00
Nurmber of grid points in x : 20
Nunmber of grid points in z : 24

Position gridpoints
X-coordinate gridpoints (cm
.00 15.00 25.00 35.00 45.00 55.00 65.00 75.00 85.00 95.00 105.00 115.00 125.00 135.00 145.00 155.00 165.00 175.00 185.00 200. 00
Thi ckness control -volunes in x (cnm
10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Z-coordinates gridpoints (cm
.00 15.00 25.00 35.00 45.00 55.00 65.00 75.00 85.00 91.00 93.00 95.00 97.00 199.00 105.00 115.00 125.00 135.00 145.00 155.00
165.00 175.00 185.00 200. 00

Thi ckness control -volunes in z (cn
10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 2.00 2.00 2.00 2.00 2.00 10.00 10.00 10.00 10.00 10.00 10.00
10.00 10.00 10.00 10.00

Schene of flow domain nodes with coded boundary conditions.

rain or irrigation input only
evaporation only

R- E

prescribed pressure head
known fl ow across boundary

f =0

s : seepage face

"> ZmX




two boundary conditions

unit gradient or free drai nage
seepage drain

resi stance drain

= o c X

Soi | type codes:

1 zavel b7

XNX

xN11-

xN1111-

xN111111-

x11111111-
SNNNNNN111111111-
s111111111111111-
s111111111111111-
s111111111111111-
s111111111111111-
s111111111111111-
s111111111111111-
s1111111111111112-
s111111111111111-
h111111111111111-
h111111111111111-
xhh1111111111111111-
-11111111111211211121-
-111111111112121121-
-11111111111111111211-
-111111111112112111211-
-1111111111121211121-
-1111111111111111121-

TI MER VARI ABLES

DELT 1. O0000E-05 d




PRDEL : 1. 0O0000E+00 d
FI NTI M : 1. 00000E+01 d

Variable tine step with

DTMAX 2. 50000E-01 d
ZETA 1. OO000E- 02 d

Convergence based on minimal change in H and K
Maxi mum nunber of iterations = 20

Convergence criterion EPSIL 1. O0000E- 04
Convergence criterion EPSILI 1. 0O0000E- 08

Hydraulic properties for each of the control vol unes.
van Genuchten functions used.

Averagi ng hydraulic conductivities : geonetric

No hysteresis considered.

| CCQA0 sol ution nethod used.

No theoretical root water uptake considered.

TIME = 0. 00000000E+00

. 5558535348E+04 i
. 0000000000E+00 m
. 0000000000E+00 m
. 0000000000E+00

Tot al water

Total change water
Bal ance wat er

Rel ative water

[eoNeoNel

Water content (-)
4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-
01 4.00000E-01 4.00000E-01 3.15234E-01 3.15234E-01 3.15234E-01
4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-
01 3.23985E-01 3.23985E-01 3.23985E-01 3.23985E-01 3.23985E-01
4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.30470E-01 3.30470E-
01 3.30470E-01 3.30470E-01 3.30470E-01 3.30470E-01 3.30470E-01

4. 00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4. 00000E-01 4.00000E-01 3.37563E-01 3.37563E-01 3.37563E-01 3.37563E-01 3.37563E-01 3.37563E-01 3.37563E-01 3.37563E-01 3.37563E-01
4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.45352E-01 3.45352E-01 3.45352E-01 3.45352E-01 3.45352E-01 3.45352E-01 3.45352E-01 3.45352E-01 3.45352E-01 3. 45352E-01
4.00000E-01 4.00000E-01 4.00000E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01 3.53928E-01
4.00000E-01 4. 00000E-01 4.00000E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01 3.63373E-01
4.00000E-01 4.00000E-01 4.00000E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01 3.73715E-01
4.00000E-01 4.00000E-01 4.00000E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01 3.84800E-01
4.00000E-01 4.00000E-01 4.00000E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01 3.91536E-01
4.00000E-01 4. 00000E-01 4.00000E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01 3.93713E-01
4.00000E-01 4. 00000E-01 4.00000E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3.95805E-01 3. 95805E- 01
4.00000E-01 4.00000E-01 4.00000E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01 3.97752E-01
4.00000E-01 4.00000E-01 4.00000E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01 3.99423E-01
4.00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4. 00000E-01




CNPNWNRAROOOOOOO000O0 00000

Fl sk s et ok sk sk ks

FENONAWNOOOOD 00000000000

0000000000000 000 00000000

00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E- 01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
Pressure head (cm
00000E+00 O 0. 0. 0. 0. 0. 0 0. 0. 0. 0. 0. 0.0 0. 0. 0. -1, -1, -1,
0. 0. 0 0. 0. 0. 0. 0. 0. 0. 0 0, 0. 0. -8. 1 -8. 1-8 1 -8. 1 -8. 1
00000E+00 O 0. 0. 0. 0. 0. 00000E+00 0O 0. 0. 0. 0. 0. 00000E+00 -7 1 -7 1-7. 1-7. 1-7. 1 -7 1 -7, 1
00000E+00 0. 00000E+00 0O 0. 0. 0. 0. 0. 0 0.00000E+00 O 0. -6. 1 -6. 1 -6. -6.50000E+01 -6 1 -6 1-6. 1 -6 1 -6. 1
00000E+00 0. 00000E+00 O 0 0. 0. 0. 0. 00000E+00 0O 0. -5. 1 -5, 1 -5. 1 -5.50000E+01 -5 1-5 1 -5. 1 -5. 1 -5. 1 -5.50000E+01
0 0. -4, 1 -4 1 -4, 1 -4, -4 1-4 1 -4, 1 -4, 1 -4 1 -4, 1 -4, 1 -4 1-4 1 -4, 1 -4, 1 -4, 1 -4 1
00000E+00 O 0. -3. 1 -3 1 -3, 1 -3.50000E+01 -3 1 -3 1 -3, 1 -3, 1 -3 1 -3, 1 -3.50000E+01 -3 1 -3, 1 -3, 1 -3. 1 -3. 1 -3. 1
00000E+00 O 0. -2 1 -2, 1 -2, 1 -2.50000E+01 -2 1 -2 1 -2, 1 -2, 1 -2, 1 -2, 1 -2.50000E+01 -2 1 -2 1 -2, 1 -2, 1 -2, 1 -2.50000E+01
00000E+00 O 0. -1 1 -1, 1 -1, 1 -1.50000E+01 -1 1-1 1 -1, 1-1. 1 -1, 1 -1, 1 -1.50000E+01 -1 1-1 1 -1, 1 -1, 1 -1, 1 -1, 1
0 0. -9. -9 -9. -9. -9 -9 -9. -9. -9 -9. -9. -9 -9 -9. -9. -9. -9.
00000E+00 O 0. -7 -7 -7. -7.00000E+00 -7 -7 -7. -7. -7 -7. -7.00000E+00 -7 -7 -7. -7. -7. -7.
00000E+00 O 0. -5. -5. -5. -5. 00000E+00 -5 - 5. -5. -5. -5. -5. -5. 00000E+00 -5 - 5. -5. -5. -5. -5. 0
00000E+00 O 0 -3. -3. -3, -3.00000E+00 -3 -3 -3. -3. -3. -3, -3.00000E+00 -3 -3 -3. -3. -3, - 3. 00000E+00
00000E+00 O 0. -1 -1, -1, -1.00000E+00 -1 -1 -1 -1 -1, -1, -1.00000E+00 -1 -1 -1 -1 -1, -1,
0 0, 5. 5. 5 5 5 5. 5. 5. 5 5 5 5 5. 5. 5 5 5
00000E+00 O 0 1. 1 1. 1 1. 1 1. 1 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1.50000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1.50000E+01
50000E+01 2 1 2 1 2. 1 2. 1 2. 1 2. 1 2 1 2 1 2. 1 2. 1 2. 1 2. 1 2.50000E+01 2 1 2 1 2. 1 2. 1 2. 1 2.50000E+01
50000E+01 3 1 3 1 3. 1 3. 1 3. 1 3. 1 3 13 1 3. 1 3. 1 3. 1 3. 1 3.50000E+01 3 1 3. 1 3. 1 3. 1 3. 1 3. 1
1 4. 1 4. 1 4 1 4 1 4 1 4 1 4. 1 4. 1 4 1 4 1 4 1 4 1 4 1 4. 1 4. 1 4 1 4 1 4 1 4 1
50000E+01 5 1 5. 1 5. 1 5. 1 5. 1 5. 1 5 1 5. 1 5. 1 5. 1 5. 1 5. 1 5.50000E+01 5 1 5. 1 5. 1 5. 1 5. 1 5.50000E+01
50000E+01 6 1 6. 1 6. 1 6. 1 6. 1 6. 1 6 1 6 1 6. 1 6. 1 6. 1 6. 1 6.50000E+01 6 1 6. 1 6. 1 6. 1 6. 1 6.50000E+01
50000E+01 7 17 1 7. 1 7. 1 7. 1 7. 1 7 17 1 7. 1 7. 1 7. 1 7. 1 7.50000E+01 7 1 7. 1 7. 1 7. 1 7. 1 7. 1
1 8 1 8. 1 8 1 8 1 8 1 8 1 8 1 8 1 8 1 8 1 8 1 8 1 8 1 8 1 8. 1 8 1 8 1 8 1 8 1
00000E+02 1 2 1. 1. 1. 1. 2 1. 2 1 2 1 1. 1. 1. 1. 2 1.00000E+02 1 1. 1. 1. 1. 2 1.00000E+02
Fluxes in x-dir. (cnB/(cn2.t))
0. 0. 0. 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 0. 0. 0. 0. 0. 0. -1.41373E-13 1.05448E-13 0. 00000E+00
0. 0. 0 0 0 0. 0. 0. 00000E+00 0. 00000E+00 0. 0. 0. 0. 0. 0. 8.20425E-10 4.52872E-05 8.20660E-10 -7.47870E-14 0. 00000E+00
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 00000E+00 0. O 0. 0. 1.07770E-09 5.19034E-05 1.07795E-09 1.05194E-09 -1.22753E-13 0.00000E+00 0. 00000E+00
0. 0. 0. 0. 0. 0. 0. 0 0 0 0 1.47169E-09 6.06529E-05 1.47201E-09 1.42551E-09 -1.92551E-13 -8.68016E-14 O 0 0
0. 0. 0. 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 7.27144E-05 2.11594E-09 2.02629E-09 -3.24269E-13 -1.42807E-13 0. 0. 0. -1.12535E-16 0. 00000E+00
0. 0. 0. -9.02987E-05 -3.26251E-09 3.53623E-13 0.00000E+00 -3.53623E-13 3.26284E-09 9.02957E-05 6.33649E-09 -9.54389E-13 -2.56844E-13 0. 0. 0. 0. 2.30975E-16 -1.53983E-16 0. 00000E+00
0. 0. 0. -5.11318E-09 1.27784E-12 0. 0. 0 -1.27784E-12 5.11370E-09 -1.80019E-12 3.32078E-16 0. 0. 0. 0. 0. 0. 2.21385E-16 0. 00000E+00
0 0 0. 1.27605E-12 -5.12470E-16 0. 0. 0. 5.12470E-16 -1.27631E-12 5.12470E-16 O 0. 0. 0. 0. 0. 5.12470E-16 0. 00000E+00 0. 00000E+00
0. 0. 0. -6.66007E-16 0. 0. 0. 0. 0. 00000E+00 4. 44004E-16 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0 0. 0. 0 -3.42949E-16 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 0.0 0. 0. 0. 0. 0. 0. 0. 0. 0. 00000E+00
0. 0. 0. -2.05034E-16 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 0. 0. 0. 0. 0. 0. 0. 2.05034E-16 0. 00000E+00 0. 00000E+00
0. 0. 0, 0. 0. 0. 0, 0, 0 0. 0. 0. 0. 0, 0. 0. 0. 0, 0, 0
0. 0. 0. 0. 0. 0. 0 0. 0. 00000E+00 0. 00000E+00 0. 0. 0. 0 0. 0. 0. 0 0. 0. 00000E+00
0. 0. 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 0. 0. 0. 0. 0. 0. 0. 1.23092E-16 0. 00000E+00 0. 00000E+00
0. 0. 1.24967E-15 1.24967E-15 -1.24967E-15 0. 0. 0 0 0.00000E+00 0. 0. 0. 0. 0. 1.24967E-15 -3.74900E-15 4.99867E-15 -7.49800E-15 7.49800E-15 0.00000E+00
0. 0. 2.49933E-15 2.49933E-15 2.49933E-15 -2.49933E-15 0 0. 0 0 0. 0. 0. 2.49933E-15 -4.99867E-15 7.49800E-15 -1.24967E-14 1.24967E-14 -1.33298E-14 0. 00000E+00
0. 0. 0. 0. 0. 0. 0. 0 0. 00000E+00 0. 0. 0. 0. 0. 4.99867E-15 -9.99734E-15 1.49960E-14 -2.49933E-14 2.66596E-14 0. 00000E+00
00000E+00 3. 99893E- 14 -9.99734E-15 0. 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 0. 0. 0. -9.99734E-15 1.99947E-14 -2.99920E-14 4.99867E-14 -5.33191E-14 0. 00000E+00
00000E+00 -7.99787E-14 3.99893E-14 -1.99947E-14 9.99734E-15 0. 0. 0. 0. 0 0.00000E+00 0. 00000E+00 0. 0. 0. 0. 9.99734E-15 -2.99920E-14 3.99893E-14 -6.99814E-14 7.99787E-14 0. 00000E+00
00000E+00  1.33298E-13 -7.99787E-14 2.99920E-14 -9.99734E-15 0. 0. 0, 0, 0 0 0. 0. 0. 9.99734E-15 -1.99947E-14 2.99920E-14 -4, 99867E-14 8.99760E-14 -9.99734E-14 0. 00000E+00
00000E+00 -2.26606E-13 1.59957E-13 -7.99787E-14 3.99893E-14 -1.99947E-14 0.00000E+00 0. 00000E+00 0. 00000E+00 0.00000E+00 0.0 0. 0. 0. 0. 1.99947E- 14 -3.99893E- 14 5. 99840E-14 -9.99734E-14 1.33298E-13 0. 00000E+00
00000E+00 3. 19915E-13 -2.79925E-13 1.59957E-13 -9.99734E-14 5.99840E-14 -1.99947E-14 0.00000E+00 0. 00000E+00 0. 00000E+00 0. 00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 1.99947E-14 -3.99893E-14 3.99893E-14 -5. 99840E-14 1.19968E-13 -1.59957E-13 0. 00000E+00
00000E+00 -3.99893E-13 4.39883E-13 -2.79925E-13 1.59957E-13 -7.99787E-14 3.99893E-14 -1.99947E-14 1.99947E-14 -1.99947E-14 0.00000E+00 1.99947E-14 -1.99947E-14 1.99947E-14 -3.99893E-14 5.99840E-14 -7.99787E-14 9.99734E-14 -1.99947E-13 1.86617E-13 0.00000E+00
00000E+00 5. 06532E-13 -6.39830E-13 5.19861E-13 -3.59904E-13 2.19941E-13 -1.39963E-13 7.99787E-14 -3.99893E-14 1.99947E-14 -1, 99947E-14 0.00000E+00 1.99947E-14 -3.99893E-14 5.99840E-14 -7.99787E-14 1.39963E-13 -1.99947E-13 2.59931E-13 -2.53266E-13 0. 00000E+00
Fluxes in z-dir. (cnB/(cn2.t))
0 0, 0. 0. 0. 0. 0 0, 0. 0. 0, 0. 0. 0. 0. 0. 2 2. 2.
00000E+00 O 0 0. 0. 0. 0. 0 0. 0. 0. 0 0. 0. 00000E+00 0. 2. 2. 2.79609E-05 2.79614E-05 2.79614E-05
00000E+00 O 0. 0. 0. 0. 0. 00000E+00 0O 0. 0. 0. 0. 0. 2.50000E+00 2.50000E+00 5.06548E-05 5.06548E-05 1.48462E-09 5.66595E-10 5.66720E-10
00000E+00 O 0. 0. 0. 0. 0. 0 0. 0. 0. 2. 2. 5. 87404E-05 5.87404E-05 2.41047E-09 1.19039E-09 -1.78968E-13 -4.00513E-14 -4. 00513E-14
0 0, 0. 0. 0, 0. 0. 0 0. 2. 6.96467E-05 6.96468E-05 3.32720E-09 1.63667E-09 -3.20327E-13 -9.92262E-14 4.44089E-16 4.44089E-16 3.05311E-16
0. 0. 0. 2 2 2 2 2 2 8.50572E-05 4.84587E-09 2.36993E-09 -5.46563E-13 - 1. 67255E- 13 - 2. 22045E- 16 - 2. 22045E- 16 - 2. 22045E-16 0. 00000E+00 0. 00000E+00
00000E+00 0. 00000E+00 0. 00000E+00 3.91269E-09 1.08272E-04 1.08276E-04 1.08276E-04 1.08276E-04 1.08276E-04 1.08272E-04 7.59782E-09 -1.45289E-12 -3.08253E-13 -2. 77556E- 16 -2. 77556E-16 -2. 77556E- 16 -2. 77556E- 16 -2. 77556E-16 -5.55112E-16 0. 00000E+00
00000E+00 0. 00000E+00 0. 00000E+00 -1.58717E-12 6.35136E-09 6.34978E-09 6.34978E-09 6.34978E-09 6.34978E-09 6.35136E-09 -2.23588E-12 7.77156E-16 4.44089E-16 4.44089E-16 4.44089E-16 4.44089E-16 4.44089E-16 4.44089E-16 7.77156E-16 4.44089E-16
0.0 0 3.33067E-16 -1.67988E-12 -1.67921E-12 -1.67921E-12 -1.67921E-12 -1.67921E-12 -1.67988E-12 5.55112E-16 -2.22045E-16 -2. 22045E-16 -2. 22045E-16 -2. 22045E-16 - 2. 22045E- 16 - 2. 22045E- 16 -2.22045E-16 -8.88178E-16 -8. 88178E- 16
0 0. 0. 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 O 0. 0 0 0. 0, 0, 0, 0 0
00000E+00 O 0 0. 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 8.88178E-16 1.77636E-15 1.77636E-15
00000E+00 0. 00000E+00 0. 00000E+00 -1.33227E-15 0. 0. 0. 0. 00000E+00 0. 0 0. 0. 0. 0. 00000E+00 0O 0 0. 0. -1.33227E-15 -1.33227E-15
00000E+00 0. 00000E+00 0.00000E+00 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15 1.33227E-15
0 0, 0, 0, 0 0 0 0. 0, 0, 0. 0 0 0. 0, 0, 0. 8.88178E-16 8.88178E-16
00000E+00 O 0. 0. 1.77636E-15 0. 00000E+00 0. 00000E+00 0. 00000E+00 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 1.77636E-15 -3.55271E-15 3.55271E-15 -7.10543E-15 8. 88178E-15
00000E+00 O 0. 0. 1.77636E-15 5.32907E-15 1.77636E-15 1.77636E-15 1.77636E-15 1.77636E-15 1.77636E-15 1.77636E-15 1.77636E-15 1.77636E-15 5.32907E-15 -1.77636E-15 1.06581E-14 -7.10543E-15 1.24345E-14 -1. 95399E-14
97380E-14 1.06581E-14 0.00000E+00 0.00000E+00 -1.77636E-15 -5.32907E-15 -1. 77636E-15 -1. 77636E-15 -1. 77636E-15 - 1. 77636E-15 -1.77636E-15 -1. 77636E-15 -1. 77636E-15 -1. 77636E-15 -5. 32907E-15 5. 32907E-15 -1.24345E-14 1.42109E-14 -2.30926E-14 3.73035E-14
97380E-14 1.06581E-14 O 0. 0. 0. 0 0 0. 0. 0. 0. 0 0 0. -1.42109E-14 1.42109E-14 -3.01981E-14 4.44089E-14 -7.46070E- 14
40332E-13 -4.08562E-14 1.06581E-14 -1.06581E-14 0. 0. 0. 0 0. 0. 0. 0. 0. 0 0. 1.95399E-14 -3.01981E-14 4.08562E-14 -7.99361E-14 1.20792E-13
29150E-13 9. 05942E-14 -3.01981E-14 1.95399E-14 0. 0. 0. 0 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 1.06581E-14 -1.95399E-14 4.08562E-14 -4.97380E-14 1.10134E-13 -1.59872E-13
80140E-13 -1.59872E-13 7.99361E-14 -3.01981E-14 1.95399E-14 0. 0. 0 0. 0. 0. 0. 0. 0 -1.06581E-14 3.01981E-14 -4.08562E-14 6.92779E-14 -1.20792E-13 2.29150E-13
40012E-13 2. 80664E-13 -1.59872E-13 7.99361E-14 -6.03961E-14 1.95399E-14 0. 0 0. 0. 0. 0. 0 0 1.95399E- 14 -4.08562E-14 4.08562E-14 -7.99361E-14 1.40332E-13 -3.00204E-13
59028E- 13 -4.19220E-13 3. 00204E-13 -1.40332E-13 1.20792E-13 -1.95399E-14 4.08562E-14 1.95399E-14 4.08562E-14 1.95399E-14 1.95399E-14 4.08562E-14 1.95399E-14 4.08562E-14 -1.95399E-14 7.99361E-14 -4.08562E-14 1.20792E-13 -2.00728E-13 3.19744E-13
06262E-13 3. 99680E-13 -3.19744E-13 2.13163E-13 -1.33227E-13 6.75016E-14 -5. 32907E-14 1.42109E-14 -2.66454E-14 0.00000E+00 -1.42109E-14 -2.66454E-14 0. 00000E+00 -4. 08562E-14 2.66454E-14 -6.75016E-14 7.99361E-14 -1.20792E-13 1.86517E-13 -2. 54019E-13
00000E+00 O 0. 0. 0. 0. 0. 0 0. 0. 0. 0. 0. 0. 00000E+00 0. 0. 0. 0. 0. 0.

Net total
Tot al

flowinto fl ow domain
anmount that passed top |ayer

4. 0000000000E+02 m /d

4. 0000000000E-03 m




B T N

FOCENPAWND COCOO0O0000000000

cococcooccoooooooooe

Tot al
Tot al
Tot al

TIME =

Tot al
Tot al

1. 00000000E+01

wat er
change water :

Bal ance wat er

Rel ati ve water

Water content (-)

anmount that passed bottom | ayer
anobunt that passed |eft boundary
anount that passed right boundary :

1. 5964384250E+04 m
4. 0595898950E+02 m
-1.1008670507E- 01 ni
- 6. 8957689405E- 06

0. 0000000000E+00 m
3. 7490011096E-19 m
0. 0000000000E+00 ni

00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.94572E-01 3.94572E-01 3.94572E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.94583E-01 3.94583E-01 3.94583E-01 3.94583E-01 3.94583E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.94609E-01 3.94612E-01 3.94613E-01 3.94614E-01 3.94615E-01 3.94614E-01 3.94614E-01
00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.94666E-01 3.94678E-01 3.94692E-01 3.94702E-01 3.94709E-01 3.94713E-01 3.94713E-01 3.94711E-01 3.94708E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 3.94798E-01 3.94847E-01 3.94902E-01 3.94952E-01 3.94990E-01 3.95014E-01 3.95023E-01 3.95020E-01 3.95010E-01 3.94997E-01
00000E-01 4.00000E-01 4.00000E-01 3.85437E-01 3.91892E-01 3.93744E-01 3.94446E-01 3.94766E-01 3.94915E-01 3.94989E-01 3.95178E-01 3.95394E-01 3.95603E-01 3.95777E-01 3.95904E-01 3.95977E-01 3.95999E-01 3.95977E-01 3.95930E-01 3. 95866E-01
00000E-01 4.00000E-01 4.00000E-01 3.89667E-01 3.92293E-01 3.93941E-01 3.94894E-01 3.95499E-01 3.95780E-01 3.95630E-01 3.96290E-01 3.97087E-01 3.97829E-01 3.98458E-01 3.98960E-01 3.99337E-01 3.99602E-01 3.99773E-01 3.99869E-01 3.99930E-01
00000E-01 4. 00000E-01 4.00000E-01 3.92760E-01 3.94153E-01 3.95400E-01 3.96707E-01 3.98269E-01 3.99563E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 3.96434E-01 3.98131E-01 3.99945E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 3.98060E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 3.98666E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4. 00000E-01 4.00000E-01 3.99153E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 3.99513E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4. 00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E- 01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01 4.00000E-01
Pressure head (cm)
00000E+00 O 0 0. 0. 0. 0. 0 0. 0. 0. 0. 0. 0 0. 0. 0. -6. -6. 1 -6. 1
0 0 0. 0, 0, 0 0 0 0. 0, 0, 0, 0 0. 00000E+00 - 6. 18038E+00 - 6. 18023E+00 - 6. 18017E+00 - 6. 18020E+00 - 6. 18030E+00
00000E+00 O 0. 0. 0. 0. 0. 00000E+00 0O 0. 0. 0. 0. 0. 00000E+00 -6.15511E+00 - 6. 15318E+00 - 6. 15139E+00 - 6. 15045E+00 - 6. 15023E+00 - 6. 15047E+00 - 6. 15098E+00
00000E+00 0. 00000E+00 O 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 -6.10113E+00 - 6. 09005E+00 - 6. 07679E+00 - 6. 06661E+00 - 6. 05987E+00 - 6. 05675E+00 - 6. 05662E+00 - 6. 05823E+00 - 6. 06087E+00
0.0 0 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 0.00000E+00 -5.97526E+00 -5.92817E+00 -5. 87561E+00 -5. 82768E+00 -5. 79119E+00 -5. 76866E+00 -5. 76003E+00 -5. 76275E+00 -5. 77180E+00 -5. 78499E+00
00000E+00 0. 00000E+00 0. 00000E+00 - 1.44366E+01 -8.67679E+00 - 6. 97099E+00 - 6. 30992E+00 - 6. 00643E+00 -5.86374E+00 -5.79241E+00 -5. 61035E+00 -5.40098E+00 -5.19820E+00 -5.02713E+00 -4.90218E+00 -4.82949E+00 - 4.80833E+00 -4.83011E+00 -4.87603E+00 -4.93977E+00
00000E+00 0. 00000E+00 0.00000E+00 -1.06817E+01 -8.31073E+00 - 6. 78624E+00 -5. 88377E+00 -5. 29912E+00 -5. 02410E+00 -5. 17105E+00 - 4. 51848E+00 - 3. 70534E+00 - 2. 91548E+00 - 2. 20887E+00 - 1. 60741E+00 - 1. 11839E+00 - 7. 41885E-01 -4.73229E-01 - 3. 03905E-01 - 1. 85544E-01
00000E+00 0. 00000E+00 0. 00000E+00 -7.88291E+00 -6.58730E+00 -5. -4. -2, -8.00354E-01 4.24095E-01 1.50384E+00 2.61224E+00 3.65116E+00 4.58166E+00 5.38785E+00 6.06357E+00 6.60689E+00 7.01740E+00 7.29426E+00 7.50525E+00
0. 0. -4.37306E+00 -2.58148E+00 -1.51976E-01 2.05812E+00 4.16494E+00 6.25440E+00 8.17584E+00 9.63491E+00 1.08869E+01 1.19876E+01 1.29484E+01 1.37711E+01 1.44565E+01 1.50052E+01 1.54176E+01 1.56937E+01 1.59021E+01
0. 0. -2.66143E+00 2.08435E-01 3.69012E+00 6.71544E+00 9.07641E+00 1.12107E+01 1.31043E+01 1.46378E+01 1.59425E+01 1.70735E+01 1.80512E+01 1.88836E+01 1.95743E+01 2.01259E+01 2.05395E+01 2.08157E+01 2.10236E+01
00000E+00 0. 00000E+00 0.00000E+00 -1.96502E+00 1.75805E+00 5.24605E+00 8.29446E+00 1.07226E+01 1.28724E+01 1.47615E+01 1.63146E+01 1.76346E+01 1.87750E+01 1.97580E+01 2.05934E+01 2.12859E+01 2.18383E+01 2.22523E+01 2.25286E+01 2.27363E+01
00000E+00 0. 00000E+00 0.00000E+00 -1.36162E+00 3.25159E+00 6.81956E+00 9.89828E+00 1.23800E+01 1.45446E+01 1.64322E+01 1.80007E+01 1.93339E+01 2.04827E+01 2.14707E+01 2.23089E+01 2.30030E+01 2.35562E+01 2.39706E+01 2.42469E+01 2. 44545E+01
00000E+00 0. 00000E+00 0.00000E+00 -8.72658E-01 4.71280E+00 8.41264E+00 1.15260E+01 1.40500E+01 1.62278E+01 1.81157E+01 1.96962E+01 2.10406E+01 2.21968E+01 2.31893E+01 2.40302E+01 2.47257E+01 2.52798E+01 2.56944E+01 2.59708E+01 2.61783E+01
00000E+00 0 0, 0, 6.16902E+00 1. 00292E+01 1.31773E+01 1.57339E+01 1.79226E+01 1.98114E+01 2.14012E+01 2.27548E+01 2.39175E+01 2.49141E+01 2.57572E+01 2.64541E+01 2.70088E+01 2.74238E+01 2.77002E+01 2.79076E+01
00000E+00 O 0 5. 1.08147E+01 1.49643E+01 1.82021E+01 2.08298E+01 2.30431E+01 2.49345E+01 2.65445E+01 2.79203E+01 2.90996E+01 3.01067E+01 3.09561E+01 3.16564E+01 3.22129E+01 3.26285E+01 3.29050E+01 3.31121E+01
00000E+00 O 0. 1. 1 2.02228E+01 2.41011E+01 2.71869E+01 2.97374E+01 3.18990E+01 3.37543E+01 3.53509E+01 3.67261E+01 3. 79086E+01 3.89187E+01 3.97698E+01 4.04708E+01 4.10271E+01 4.14422E+01 4.17180E+01 4. 19244E+01
50000E+01 2.50000E+01 2.50000E+01 2.76699E+01 3.09755E+01 3.40303E+01 3.67070E+01 3.90337E+01 4.10614E+01 4.28326E+01 4.43788E+01 4.57247E+01 4.68901E+01 4.78896E+01 4.87338E+01 4.94299E+01 4.99826E+01 5.03951E+01 5.06692E+01 5.08742E+01
69471E+01 3.72923E+01 3.79702E+01 3.97040E+01 4.19791E+01 4.43377E+01 4.65772E+01 4.86291E+01 5.04803E+01 5.21361E+01 5.36068E+01 5.49038E+01 5.60373E+01 5.70158E+01 5.78459E+01 5.85323E+01 5.90784E+01 5.94864E+01 5.97577E+01 5.99608E+01
86640E+01 4.91368E+01 4.98845E+01 5.11967E+01 5.28993E+01 5.47641E+01 5.66347E+01 5.84254E+01 6.00946E+01 6.16245E+01 6.30087E+01 6.42465E+01 6.53396E+01 6.62905E+01 6.71016E+01 6.77751E+01 6.83123E+01 6.87145E+01 6.89822E+01 6. 91828E+01
00657E+01 6. 05488E+01 6.12345E+01 6.22988E+01 6.36573E+01 6.51848E+01 6.67723E+01 6.83431E+01 6.98482E+01 7.12585E+01 7.25569E+01 7.37338E+01 7.47840E+01 7.57049E+01 7.64951E+01 7.71540E+01 7.76813E+01 7.80769E+01 7.83407E+01 7.85385E+01
11453E+01 7.15973E+01 7.22057E+01 7.31069E+01 7.42463E+01 7.55454E+01 7.69267E+01 7.83263E+01 7.96968E+01 8.10045E+01 8.22266E+01 8.33478E+01 8.43578E+01 8.52500E+01 8.60198E+01 8.66645E+01 8.71821E+01 8.75712E+01 8.78310E+01 8.80262E+01
19235E+01 8. 23388E+01 8.28841E+01 8.36769E+01 8.46755E+01 8.58238E+01 8.70627E+01 8.83388E+01 8.96080E+01 9.08361E+01 9.19973E+01 9.30729E+01 9.40494E+01 9.49173E+01 9.56698E+01 9.63022E+01 9.68112E+01 9.71947E+01 9.74511E+01 9. 76439E+01
24248E+01 9.28120E+01 9.33148E+01 9.40410E+01 9.49550E+01 9.60116E+01 9.71615E+01 9.83582E+01 9.95605E+01 1.00735E+02 1.01854E+02 1.02897E+02 1.03850E+02 1.04700E+02 1.05440E+02 1.06063E+02 1.06566E+02 1.06945E+02 1.07199E+02 1.07390E+02
. 07790E+02 1. 08155E+02 1.08626E+02 1.09305E+02 1.10161E+02 1.11153E+02 1.12240E+02 1.13379E+02 1.14531E+02 1.15665E+02 1.16751E+02 1.17770E+02 1.18704E+02 1.19540E+02 1.20270E+02 1.20886E+02 1.21383E+02 1.21759E+02 1.22011E+02 1.22201E+02
Fluxes in x-dir. (cnB/(cnR.t))
0. 0. 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 0. 00000E+00 0. 0. 0. 0. 0. 0. 0. 1.47451E-06 2. 25730E- 06
0. 0. 0. 0. 0. 0. 0. 0 0. 00000E+00 0. 0. 0. 0. 0. 0. -3.70560E-05 -1.52021E-05 8.24541E-06 1.55951E-05
0 0. 0, 0. 0. 0. 0. 0, 0. 0 0. 0. 0. -4.83920E-04 -4.51136E-04 -2.35908E-04 -5.34728E-05 6.00699E-05 8.39712E-05
0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 2.79892E-03 -3.35133E-03 -2.57668E-03 - 1. 70991E-03 -7.91450E-04 -3.13624E-05 4.07453E-04 4.46624E-04
0 0. 0. 0. 0. 0. 0 0. 00000E+00 0. 00000E+00 0. 00000E+00 -1.20705E-02 -1.35435E-02 -1.24174E-02 -9.49559E- 03 -5.88215E- 03 -2.25690E-03 7.12411E-04 2.36707E-03 2.29508E-03
0. 0. 0. -9.23617E-01 -3.65577E-01 -1.58098E-01 -7.61626E-02 -3.66437E-02 -1. 85260E-02 -4.79259E-02 -5.62932E-02 -5.57715E-02 -4. 80514E-02 - 3. 56929E-02 -2. 10049E-02 -6.14971E-03 6.32702E-03 1.32891E-02 1.22052E-02
0, 0. 0. -4.40796E-01 -3.34903E-01 -2.22611E-01 - 1. 55796E-01 -7.68262E-02 4. 13460E-02 -1.89166E-01 -2.57987E-01 -2.79553E-01 -2. 80989E-01 -2.69469E-01 -2.46953E-01 -2.13927E-01 -1.70834E-01 -1.19001E-01 -6. 15063E- 02
0 0. 0. -2.92916E-01 -3.04661E-01 -3.81753E-01 -6.00049E-01 -7.95587E-01 -1.11581E+00 - 1. 51920E+00 -1.55952E+00 -1.46176E+00 - 1.30921E+00 -1.13431E+00 -9.50735E-01 -7.64453E-01 -5. 77584E-01 - 3. 89540E-01 -1.97910E-01
0. 0. 0. -6.23799E- 01 -1.39005E+00 -2.38524E+00 -2.96429E+00 - 2.93987E+00 - 2. 70346E+00 - 2. 05292E+00 -1. 76155E+00 - 1. 54874E+00 -1.35178E+00 -1.15762E+00 -9.64325E-01 -7.71940E-01 -5. 80282E- 01 - 3. 88509E- 01 - 1. 95459E-01
0. 0. 0. -2, -4.89873E+00 -4.25663E+00 -3.32188E+00 -3.00293E+00 -2.66433E+00 -2. 15764E+00 - 1. 83563E+00 -1.59142E+00 -1.37564E+00 -1.17108E+00 -9. 71936E-01 -7. 75995E-01 -5. 81969E-01 -3. 88655E- 01 - 1. 94953E-01
0, 0. 0. -2.93534E+00 -4.90761E+00 -4.28911E+00 -3.41644E+00 -3.02474E+00 -2. 65801E+00 -2. 18516E+00 -1.85721E+00 -1.60450E+00 -1.38314E+00 -1.17535E+00 -9.74345E-01 -7.77270E-01 -5.82503E-01 -3.88720E-01 -1.94817E-01
0 0. 0. -3.88287E+00 -5.02013E+00 -4.33177E+00 -3.49176E+00 - 3. 04554E+00 - 2. 65593E+00 - 2. 20689E+00 - 1. 87578E+00 - 1. 61634E+00 - 1.39011E+00 -1.17935E+00 -9. 76596E-01 -7.78453E-01 -5.82997E-01 - 3. 88789E-01 -1.94707E-01
0 0. 0. -5. - 5. -4 -3.55133E+00 - 3. 06409E+00 -2.65623E+00 -2.22389E+00 - 1.89148E+00 - 1. 62684E+00 - 1. 39645E+00 - 1. 18303E+00 - 9. 78662E- 01 - 7. 79528E- 01 -5.83442E-01 - 3. 88853E-01 -1.94611E-01
0. 0. -2.23351E+01 -8.67981E+00 -5.43124E+00 -4.42936E+00 -3.59723E+00 - 3. 07946E+00 - 2. 65751E+00 - 2. 23691E+00 - 1. 90448E+00 - 1. 63598E+00 -1.40211E+00 -1.18635E+00 -9.80519E-01 -7.80481E-01 -5. 83826E-01 - 3. 88902E- 01 -1.94527E-01
0. 0. -1.05263E+01 -8.18134E+00 -5.83837E+00 -4.55562E+00 -3.69720E+00 - 3. 11406E+00 -2. 66120E+00 -2. 26536E+00 -1.93578E+00 -1.65924E+00 -1.41693E+00 - 1. 19511E+00 -9.85396E-01 -7.82934E-01 -5.84771E-01 - 3. 88986E-01 - 1. 94284E-01
0 0, -1.11051E+01 -7.34854E+00 -5. 45668E+00 -4.34173E+00 -3.58852E+00 -3.04146E+00 -2. 61031E+00 - 2. 24651E+00 - 1. 93494E+00 - 1. 66375E+00 - 1.42115E+00 - 1. 19759E+00 - 9. 86276E-01 -7.82722E-01 -5.83969E- 01 - 3. 88042E-01 - 1. 93600E- 01
. 00000E+00 0. 00000E+00 0. 00000E+00 - 3. 75652E+00 - 4. 65107E+00 - 4. 29809E+00 - 3. 76611E+00 - 3. 27368E+00 - 2. 85295E+00 - 2. 49208E+00 - 2. 17542E+00 - 1. 89372E+00 - 1. 63966E+00 - 1. 40634E+00 - 1. 18781E+00 -9. 79400E-01 -7.77709E-01 -5. 80339E-01 -3. 85615E-01 -1.92354E-01

00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00
00000E+00




0. 00000E+00 -3.23818E-01 -9.53819E-01 -2.43941E+00 -3.20115E+00 -3.31850E+00 - 3. 15093E+00 - 2. 88716E+00 - 2. 60458E+00 -2. 32964E+00 -2. 06938E+00 - 1.82488E+00 -1.59482E+00 -1.37675E+00 - 1. 16792E+00 -9. 65804E-01 -7.68374E-01 -5. 74064E-01 -3.81723E-01 -1.90502E-01 0. 00000E+00
0. 00000E+00 -4.43515E-01 -1.05205E+00 -1.84616E+00 - 2. 39562E+00 - 2. 62381E+00 -2.63196E+00 - 2. 51944E+00 - 2. 34858E+00 - 2. 15251E+00 - 1. 94757E+00 - 1. 74158E+00 - 1. 53800E+00 - 1.33793E+00 - 1. 14130E+00 -9.47527E-01 -7.55917E-01 -5. 65822E-01 -3. 76711E-01 -1.88171E-01 0. 00000E+00
0. 00000E+00 -4.53202E-01 -9. 64694E-01 -1.49756E+00 -1.91135E+00 -2.14917E+00 - 2.23367E+00 - 2. 21005E+00 -2. 11778E+00 -1.98427E+00 -1.82681E+00 -1.65588E+00 -1.47766E+00 -1.29567E+00 - 1. 11182E+00 -9. 27089E- 01 -7.41944E-01 -5.56594E-01 -3.71129E-01 -1.85592E-01 0. 00000E+00
0. 00000E+00 - 4. 24029E-01 -8.55971E-01 -1.26802E+00 -1.60307E+00 -1.82785E+00 - 1.94350E+00 - 1. 96931E+00 - 1. 92821E+00 -1.83997E+00 -1.71952E+00 -1.57747E+00 -1.42109E+00 - 1.25527E+00 - 1. 08322E+00 -9. 07065E-01 -7.28178E-01 -5.47482E-01 -3.65617E-01 -1.83050E-01 0. 00000E+00
0. 00000E+00 -3.89580E-01 -7.67143E-01 -1.11548E+00 -1.40507E+00 -1.61565E+00 -1.74316E+00 - 1.79548E+00 - 1. 78580E+00 -1.72788E+00 -1.63383E+00 -1.51338E+00 -1.37396E+00 -1.22109E+00 - 1. 05874E+00 -8.89771E-01 -7.16219E-01 -5.39541E-01 - 3. 60806E-01 -1.80831E-01 0.00000E+00
0. 00000E+00 - 3. 63144E-01 -7.07544E-01 -1. 02167E+00 - 1. 28607E+00 - 1. 48654E+00 - 1. 61802E+00 - 1. 68366E+00 - 1. 69161E+00 - 1. 65192E+00 - 1. 57455E+00 - 1.46826E+00 - 1. 34030E+00 - 1. 19638E+00 - 1. 04087E+00 -8.77062E-01 -7.07387E-01 -5. 33656E-01 -3.57234E-01 -1.79181E-01 0. 00000E+00
0. 00000E+00 -3.42234E-01 -6.63557E-01 -9.55556E- 01 - 1. 20348E+00 - 1.39634E+00 - 1.52906E+00 - 1. 60248E+00 - 1. 62178E+00 - 1. 59452E+00 -1.52899E+00 - 1.43309E+00 -1.31375E+00 -1.17670E+00 - 1. 02653E+00 -8. 66797E-01 -7. 00221E- 01 -5.28868E-01 -3.54322E-01 -1.77834E-01 0. 00000E+00
Fluxes in z-dir. (cnB/(cn2.t))
0. 00000E+00 0O 0 0. 0 0. 0. 0 0. 0. 0. 0 0. 0. 00000E+00 0O 0. 0. 2 2. 2. 50000E+00
0. 00000E+00 0O 0. 0 0 0. 0. 00000E+00 0O 0. 0. 0. 0. 0. 0. 00000E+00 0O 2. 2. 2. 2. 2. 50000E+00
0. 00000E+00 0O 0 0 0 0. 0. 0 0. 0. 0. 0. 0. 2.50000E+00 2. 50000E+00 2.50004E+00 2. 2. 2. 2.50002E+00
0. 0 0. 0. 0. 0. 0. 0 0. 0. 0. 2 2. 2 2.49997E+00 2. 49982E+00 2.49980E+00 2.49986E+00 2.49997E+00 2.50010E+00
0. 00000E+00 0O 0 0 0 0. 0. 0 0. 0. 2. 2.50280E+00 2. 50055E+00 2.49971E+00 2.49910E+00 2.49890E+00 2.49904E+00 2.49942E+00 2.49993E+00 2.50055E+00
0. 00000E+00 0O 0. 0. 2. 2. 2.50000E+00 2 2 2. 2.51207E+00 2.50427E+00 2.49943E+00 2.49679E+00 2.49549E+00 2.49528E+00 2.49607E+00 2.49777E+00 2.50000E+00 2.50284E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 9.23614E-01 1.94196E+00 2.29252E+00 2.41806E+00 2.46048E+00 2.48188E+00 2.52940E+00 2.52044E+00 2.50375E+00 2.49170E+00 2.48443E+00 2.48080E+00 2.48042E+00 2.48359E+00 2.49081E+00 2.50109E+00 2.51505E+00
0. 0 0. 1.36441E+00 1.83606E+00 2.18023E+00 2.35125E+00 2.38151E+00 2.36371E+00 2.75991E+00 2.58925E+00 2.52531E+00 2.49314E+00 2.47290E+00 2.45828E+00 2.44739E+00 2.44049E+00 2.43897E+00 2.44359E+00 2.45354E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 1.65732E+00 1.84780E+00 2.25732E+00 2.56954E+00 2.57704E+00 2.68393E+00 3.16329E+00 2.62958E+00 2.42755E+00 2.34058E+00 2.29801E+00 2.27470E+00 2.26111E+00 2.25362E+00 2.25092E+00 2.25196E+00 2.25563E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 2.28112E+00 2.61405E+00 3.25250E+00 3. 14859E+00 2.55262E+00 2.44752E+00 2.51274E+00 2.33820E+00 2.21474E+00 2.14361E+00 2.10384E+00 2.08140E+00 2.06872E+00 2.06196E+00 2.05915E+00 2.05890E+00 2.06017E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 2.70643E+00 3. 16848E+00 3. 12407E+00 2.96164E+00 2.48882E+00 2.37979E+00 2.41140E+00 2.27379E+00 2.16589E+00 2. 10044E+00 2.06292E+00 2.04157E+00 2.02952E+00 2.02315E+00 2.02048E+00 2.02016E+00 2.02118E+00
0. 0 0. 3.29350E+00 3.56292E+00 3. 00036E+00 2.78709E+00 2.41047E+00 2.30643E+00 2.31682E+00 2.20819E+00 2.11533E+00 2.05616E+00 2.02135E+00 2.00135E+00 1.99010E+00 1.98418E+00 1.98171E+00 1.98137E+00 1.98220E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 4.07007E+00 3.79036E+00 2.86267E+00 2.61908E+00 2.32122E+00 2.22850E+00 2.22700E+00 2.14196E+00 2.06343E+00 2.01090E+00 1.97919E+00 1.96079E+00 1.95046E+00 1.94508E+00 1.94286E+00 1.94254E+00 1.94326E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 5.07605E+00 3. 82550E+00 2.69762E+00 2.45324E+00 2.22376E+00 2. 14692E+00 2.14052E+00 2.07546E+00 2. 01050E+00 1.96481E+00 1.93649E+00 1.91991E+00 1.91062E+00 1.90586E+00 1.90394E+00 1.90369E+00 1.90432E+00
0. 00000E+00 0. 00000E+00 0. 00000E+00 2.34500E+00 3.17578E+00 2.49724E+00 2.28681E+00 2.12020E+00 2.06253E+00 2.05639E+00 2.00897E+00 1.95679E+00 1.91803E+00 1.89333E+00 1.87874E+00 1.87061E+00 1.86652E+00 1.86495E+00 1.86481E+00 1.86541E+00
0. 00000E+00 O 0 0. 8.32806E-01 1.21449E+00 1.42838E+00 1.53706E+00 1.60966E+00 1.66054E+00 1.67939E+00 1.68024E+00 1.67572E+00 1.67150E+00 1.66902E+00 1.66814E+00 1.66835E+00 1.66916E+00 1.67010E+00 1.67113E+00
-2.73952E+00 -3.22525E+00 -7.93558E+00 -3.75652E+00 -1.05905E+00 9.95397E-02 6.75163E-01 9.89997E-01 1.17851E+00 1.29674E+00 1.36782E+00 1.40904E+00 1.43313E+00 1.44793E+00 1.45771E+00 1.46459E+00 1.46960E+00 1.47323E+00 1.47566E+00 1.47753E+00
-2.73952E+00 -3.22525E+00 -4.17907E+00 -2.86196E+00 - 1.41204E+00 -4.32443E-01 1.82736E-01 5.69262E-01 8.17632E-01 9.80076E-01 1.08612E+00 1.15497E+00 1.19981E+00 1.22940E+00 1.24929E+00 1.26289E+00 1.27223E+00 1.27850E+00 1.28239E+00 1.28517E+00
-2.41570E+00 -2.59525E+00 -2.69348E+00 -2.10022E+00 -1.29469E+00 - 6. 00008E-01 -8. 10395E-02 2.86682E-01 5.42687E-01 7.19812E-01 8.41618E-01 9.24914E-01 9.81738E-01 1.02056E+00 1.04718E+00 1.06546E+00 1.07791E+00 1.08616E+00 1.09117E+00 1.09467E+00
-1.97219E+00 -1.98672E+00 -1.89936E+00 -1.55076E+00 -1.06650E+00 -5. 91859E-01 -1.93567E-01 1.15821E-01 3.46621E-01 5.14866E-01 6.35627E-01 7.21329E-01 7.81667E-01 8.23928E-01 8.53406E-01 8.73844E-01 8.87817E-01 8.97044E-01 9.02626E-01 9.06494E-01
-1.51899E+00 -1.47523E+00 - 1.36650E+00 -1.13697E+00 -8.28684E-01 -5.07362E-01 -2.17191E-01 2.35468E-02 2.13109E-01 3.57406E-01 4.64695E-01 5.43106E-01 5.99675E-01 6.40077E-01 6.68674E-01 6.88698E-01 7.02464E-01 7.11576E-01 7.17088E-01 7.20901E-01
-1.09496E+00 -1.04328E+00 -9.54456E-01 -8.01913E-01 -6.03908E-01 -3.91714E-01 -1.91379E-01 -1.75523E-02 1.24864E-01 2.36954E-01 3.22641E-01 3.86727E-01 4.33851E-01 4.68030E-01 4.92514E-01 5.09808E-01 5.21767E-01 5.29708E-01 5.34520E-01 5.37849E-01
-7.05377E-01 -6.65723E-01 -6.06124E-01 -5.12320E-01 - 3. 93323E-01 -2. 64206E-01 -1.39061E-01 -2. 72407E-02 6.69467E-02 1.42904E-01 2.02188E-01 2.47308E-01 2.80972E-01 3.05680E-01 3.23545E-01 3.36254E-01 3.45087E-01 3.50971E-01 3.54543E-01 3.57017E-01
-3.42233E-01 -3.21323E-01 -2.91998E-01 -2.47921E-01 -1.92858E-01 -1.32724E-01 -7.34183E-02 -1.92960E-02 2.72590E-02 6.55285E-02 9.59000E-02 1.19346E-01 1.37049E-01 1.50171E-01 1.59733E-01 1.66577E-01 1.71354E-01 1.74547E-01 1.76488E-01 1.77835E-01
0. 00000E+00 0O 0. 0. 0. 0. 0 0 0. 0. 0. 0. 0 0 0 0. 0. 0. 0. 0
Net total flowinto flow domain : 1.2351356875E-02 m/d
Total anmount that passed top |ayer : 2. 7563620809E+03 mi
Total anopunt that passed bottom | ayer : 0. 0000000000E+00 m
Total anmount that passed |eft boundary : -2.3504030914E+03 m
Total anount that passed right boundary : 0. 0000000000E+00 m
Table 15-31. Example of solute results file SNAME.
TIME = 0. 00000000E+00
Total nutrient : 1. 2078535348E+02 mmol
Total change nutrient : 0. 0000000000E+00 Mol
Total uptake nutrient : 0. 0000000000E+00 Mol
Bal ance nutri ent : - 3. 2684965845E- 13 mmol
Rel ative nutrient : -2.7060371895E- 15
Concentration (mol /1) NGB
0. 00000E+00 0O 0 0. 0. 0. 0. 0 0. 0. 0. 0. 0. 0. 00000E+00 0. 0. 0. 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 0. 0. 0. 0. 00000E+00 0O 0. 0. 0. 0. 0. 0. 00000E+00 0. 1 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 0. 0. 0. 0. 0 0 0. 0. 0. 0. 1. 00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 1
0. 00000E+00 0O 0. 0. 0. 0. 0 0 0. 0. 0. 1 11 11 11 11 1 1. 11 11 11 1
0. 00000E+00 0O 0 0. 0. 0. 0. 0 0. 0. 1. 1 1. 1 1. 1 1.00000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 11 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 11 11 11 1 1. 1 1. 1 1. 1 1.00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 1
0. 00000E+00 0O 0 1 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 1
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 1 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1.00000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 11 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 11 11 11 1 1. 1 1. 1 1. 1 1.00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 1
0. 00000E+00 0O 0 1 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 1
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 1 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1.00000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 11 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 00000E+01
0. 00000E+00 0O 0 1. 1 1. 1 1. 1 1. 11 11 11 1 1. 1 1. 1 1. 1 1.00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 1
0. 00000E+00 0O 0 1 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 1
1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1.00000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01
1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 00000E+01
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. 00000E+01 1.00000E+01 1. 00000E+01 1.00000E+01 1. 00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1.00000E+01 1. 00000E+01
. 1 1 11 11 1 1. 1 1. 1 1. 11 1 1 11 1. 1 1. 1 1. 1 1. 11 1. 11 11 1 1. 1 1. 1
. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 11 1 1 1 1. 1 1. 1 1. 1 1. 1 1. 1 1 1 1. 1 1. 11 1 1. 1 1. 1
. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01
. 00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 11 1 1 11 1 1. 1 1. 1 1. 1 1.00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 00000E+01
1 1 11 11 1 1. 1 1. 1 1. 11 1 1 11 1 1. 1 1. 1 1. 11 11 11 11 11 1 1. 11 1
Total anmpunt of N that passed bottom | ayer : 0. 0000000000E+00 mmol
Total anmount of N that passed right boundary : 0. 0000000000E+00 Mol
TIME = 1. 00000000E+01
Total change nutrient : -3.2799203275E+01 mmol
Total uptake nutrient : 0. 0000000000E+00 Mol
Concentration (mmol /1) NGB
0 0, 0, 0. 0 0 0 0, 0. 0. 0. 0 0 0. 0. 0. 8.69203E-02 9.05722E-02 9. 09460E- 02
. 00000E+00 O 0 0 0. 0. 0. 0 0. 0. 0. 0. 0. 0. 00000E+00 0. 00000E+00 1.17236E-01 1.41105E-01 3.29641E-01 3.50692E- 01 3. 52426E-01
00000E+00 0O 0 0 0. 0. 0. 0 0. 0. 0. 0. 0. 1.17767E-01 1.42609E-01 3.52211E-01 4.21021E-01 7.88078E-01 8.39031E-01 8. 43335E-01
. 00000E+00 O 0 0 0. 0. 0. 0 0 0. 0. 1.18284E-01 1.44689E-01 3. 53854E-01 4.24994E-01 8.15128E-01 9.52387E-01 1.54305E+00 1.63527E+00 1.64335E+00
0 0, 0, 0, 0. 0 0 0. 0. 1.45404E- 01 3.55220E-01 4. 33688E-01 8. 19928E-01 9.63033E-01 1.57265E+00 1. 79162E+00 2.59842E+00 2. 73457E+00 2. 74671E+00
. 00000E+00 0. 00000E+00 0. 00000E+00 1.73339E+00 2.97713E-01 1.43876E-01 1.28059E-01 1.26719E-01 1.32734E-01 1.77557E-01 4.33812E-01 8. 25580E-01 9. 96766E-01 1.58735E+00 1.82499E+00 2. 63292E+00 2.93013E+00 3. 87793E+00 4. 04950E+00 4. 06422E+00
00000E+00 0O 0 2.7 7.73373E-01 4.58101E-01 4.02126E-01 3.97211E-01 4.23771E-01 5. 64622E-01 1.03499E+00 1. 62358E+00 1.95432E+00 2. 69374E+00 3. 06569E+00 3. 95289E+00 4.32911E+00 5. 26319E+00 5. 44132E+00 5. 45256E+00
. 00000E+00 0. 00000E+00 0. 00000E+00 3.94734E+00 1. 59948E+00 1.05948E+00 9. 40486E-01 9. 70621E-01 1.13998E+00 1.51005E+00 2.22944E+00 2.92019E+00 3. 44606E+00 4. 16609E+00 4. 66329E+00 5. 43906E+00 5.85983E+00 6. 61226E+00 6. 76325E+00 6. 77121E+00
0 0, 4.56010E+00 2. 40109E+00 1.83598E+00 1.78911E+00 1. 95698E+00 2.26181E+00 2.73931E+00 3. 67405E+00 4.46061E+00 5. 07910E+00 5. 73646E+00 6. 23915E+00 6.85871E+00 7.23584E+00 7. 78305E+00 7.89460E+00 7. 90000E+00
0. 0. 4.32573E+00 2. 48202E+00 2. 04760E+00 2. 06923E+00 2. 33520E+00 2. 71940E+00 3. 28845E+00 4.23704E+00 5.02678E+00 5. 65348E+00 6. 28030E+00 6. 76803E+00 7. 32877E+00 7.67937E+00 8. 15454E+00 8. 25099E+00 8. 25603E+00
00000E+00 0. 00000E+00 0. 00000E+00 4. 14585E+00 2.56087E+00 2. 23393E+00 2. 31360E+00 2. 64287E+00 3.08137E+00 3. 70264E+00 4. 64605E+00 5. 42609E+00 6. 04591E+00 6. 64410E+00 7. 11268E+00 7.62984E+00 7.95772E+00 8. 38453E+00 8. 47045E+00 8. 47486E+00
. 00000E+00 O 0 3. 2.67323E+00 2.46267E+00 2. 60835E+00 2 3 4.1 5.07565E+00 5. 83580E+00 6. 43889E+00 7. 00304E+00 7.44639E+00 7.91807E+00 8. 22031E+00 8.59949E+00 8. 67493E+00 8. 67868E+00
. 0 0, 3.87062E+00 2.83175E+00 2. 75282E+00 2. 96858E+00 3. 40763E+00 3. 94010E+00 4. 63170E+00 5.52792E+00 6.25607E+00 6. 83170E+00 7.35575E+00 7.76780E+00 8. 19219E+00 8.46617E+00 8. 79873E+00 8. 86378E+00 8. 86687E+00
. 00000E+00 0. 00000E+00 0. 00000E+00 3. 76036E+00 3. 07900E+00 3. 14557E+00 3. 42769E+00 3. 90596E+00 4. 46644E+00 5. 16575E+00 6. 01353E+00 6. 69352E+00 7. 22858E+00 7. 70479E+00 8.07862E+00 8. 45322E+00 8.69607E+00 8. 98279E+00 9. 03739E+00 9. 03980E+00
. 00000E+00 0. 00000E+00 0. 00000E+00 4.65220E+00 4. 59553E+00 4. 92462E+00 5. 33329E+00 5. 83954E+00 6. 37970E+00 6.97113E+00 7.58426E+00 8. 06222E+00 8. 42825E+00 8. 73291E+00 8. 96839E+00 9. 18664E+00 9. 32915E+00 9. 48414E+00 9. 51201E+00 9. 51283E+00
. 00000E+00 0. 00000E+00 0. 00000E+00 8. 44953E+00 7. 7! 7.4 7. 7.83929E+00 8. 16150E+00 8.50874E+00 8. 83998E+00 9. 09295E+00 9. 28351E+00 9. 43592E+00 9. 55202E+00 9. 65372E+00 9. 71995E+00 9. 78748E+00 9. 79859E+00 9. 79868E+00
. 99994E+00 9. 99701E+00 9. 89821E+00 9. 74466E+00 9.56310E+00 9. 37318E+00 9. 19712E+00 9. 20370E+00 9. 29806E+00 9. 42834E+00 9.55676E+00 9. 65648E+00 9. 73228E+00 9. 79229E+00 9. 83784E+00 9. 87647E+00 9. 90150E+00 9. 92596E+00 9. 92945E+00 9. 92934E+00
. 99994E+00 9. 99862E+00 9. 98691E+00 9. 97059E+00 9. 94478E+00 9. 90564E+00 9. 85000E+00 9. 80750E+00 9. 80922E+00 9. 83620E+00 9. 86952E+00 9. 89760E+00 9. 92001E+00 9. 93816E+00 9. 95211E+00 9. 96382E+00 9.97137E+00 9. 97858E+00 9. 97940E+00 9. 97929E+00
. 00000E+01 9.99992E+00 9. 99912E+00 9.99796E+00 9. 99568E+00 9. 99118E+00 9. 98325E+00 9. 97058E+00 9. 96441E+00 9. 96604E+00 9. 97126E+00 9. 97662E+00 9. 98140E+00 9. 98550E+00 9. 98876E+00 9. 99151E+00 9. 99329E+00 9. 99497E+00 9. 99509E+00 9. 99504E+00
. 00000E+01 1.00000E+01 9.99999E+00 9.99993E+00 9. 99979E+00 9. 99944E+00 9. 99867E+00 9. 99718E+00 9. 99554E+00 9. 99505E+00 9. 99541E+00 9. 99605E+00 9. 99675E+00 9. 99742E+00 9. 99798E+00 9. 99847E+00 9.99878E+00 9. 99907E+00 9. 99907E+00 9. 99905E+00
. 11 11 11 11, 1 9. 9. 9 9 9. 9. 99951E+00 9. 99954E+00 9. 99961E+00 9. 99969E+00 9. 99975E+00 9. 99981E+00 9. 99984E+00 9. 99988E+00 9. 99987E+00 9. 99986E+00
. 00000E+01 1.00000E+01 1.00001E+01 1.00001E+01 1. 1 1. 1 1. 11 19 9. 9. 9. 9. 9. 9 9. 9. 1 1 1. 1 9.
. 00000E+01 1.00000E+01 1.00001E+01 1.00001E+01 1.00001E+01 1.00001E+01 1.00000E+01 1 1 1 1 1. 1 1. 1 1. 1 1. 1 1.00000E+01 1 1 1. 1 1. 1 1. 1 1. 1 1. 00000E+01
. 99999E+00 1. 00000E+01 1. 00000E+01 1.00001E+01 1.00001E+01 1. 1 1. 11 1 1 11 1 1. 1 1. 1 1. 1 1.00000E+01 1 11 1 1. 1 1. 1 1. 1 1. 00000E+01
Salt fluxes in x-direction (mml/(cnR.d) NGB
0 o000 0 Doo00Eion 0 ConeDero0 0 0000DEGD B D00%0EK00 0 0OBNELD0 | 00000EKD  © 00000CK00 0 0O0RERDD 0 00000E:00  0.GBO0CI00  0.00000EKD 0 00000EX00  0.0OOBOES00 0 00000EKGD 0 GD000ES00 0. 0O0DESDD D 00000ES0D 2. 3862E.07 -1 sg1s609 0 00000Exa0
QUMMER  RONNE G OMMES QONOEM QUMNE QUMMER DN COMMER QUNME QUNNEM  CUMMES DONWEM QMR ComMER  DoNEWM  oumMER o wmE® 00 BUEEES CIWRER o e
O ooy BTl O tmmncios ¢ cosoocian 6 boorioa o commiibs b cosooticn o cmmcios o coooncian 5 boooscion o commnios 0 cosoction 6 omoecios o oo - oo 3 G ey 5 Ebe hoienmen oo b emnEer o seoomion
GUMIEND  GONUOED  DOMGENMD O OMDINGO QONOOEGD Q00D QOMOINGD  QONOOEAD QN0 QOMMEOD  RONGOMO DONGRGD QoMMr  comEd pOmE LoTBlEGE iR glemce cgamemon -sEMEQT oooe
S ooy DTl O tmmmcios ¢ coseorin 6 bsccios o commibs b oossstich 0 ommmcios o coosteian 0 bsesscios o coomainy 3 oebe L isacor 3 eaEos L oo 3mmce 4 lovaces o oecs oiseccs 4 aamcor o cooomion
QSN punmmGs 0ol DO0NEGO  0OMUEGD  0.0GEMD 00RO O.cmEd) QORGSO QONMNMD ZOmMSRO LUSMEG o3MMLRGT CLOMmEGs cneTMEG o2imess cpaMmEes nimmEd slumbus D00no
S oot o dmecico o ool b oossorics 1 Gibcor 5 GiEas b rMEe 4 oMeEes 3 eamca idmme 1 eMumes hibgben Simcer eeber 7 iutton hhancor o ool 3 were - imesce -4 aens o oo
DOMNES podmes SooMED) ONNEGS LIZREN pHASER CpISMEG it pmmiel DBIEG zdesen olidgRa cpinmeer Lol WMol paitor omieol gaeEar cosmmmal nammesl  oME
ot v o D o= oS et B e 78 b 8 708 S o 8 B B O i
Qo0 QONEID 0OESD  Q00EIS LINNEQY ZIUNES OONEGS SSSZEQY OSMER pMGEG pSMER pNZLEG pMUER pSOER TlINbe psuged ssomEe e 3omiey Lagmeds 0 s
O boambEs  GLOMOCIOG  b.boobicum b soombi0 (G MMM O0S LLONMESS o MIDEo) N0} L0 oMMIE0) 0 AMMEO) LBIUONEGH L0 IMNEO) LG AMREN LDONCE LOMMMED 7 OUME0I LDoMMEls s mmaEes L1iNer iowmEd) b eamms
O oo BN Yoo b oocooriee o Tmecl 1 imeeas Lemmo i ommeol L umiem oamce Lowmco oo ounce o ooare giuce INER SOUEER UMNER IR VEUER e
DoEd  ponems oomnd  o0NEGG noMmEes climiew cLowibe Laeiee cLogeew cLowge Lomeeo clogmea Loneg onum0s caminw Taumn commbl camibe adamEN claeiem 00000m
S oot o becico o oomni 5 ereres b amces 1 amnEos 1 ekme 1 mmo liitbes 1 beemer 1 inEos 1 lenmes ilbmicor 1 OMNEDS o omeer L maeer cadecas oowelcol iaameco yoomian o oococio
SOMNE  poeEs S oM [OSREG iamMEN LUSIEm CpateER lzemtn Lot cLaMsEe Lamel pUmen cLimng losio oo daEs osmem s aloen il 00
ot v 8 R g s R 1 B R R s et O 8 o o ot B s B e R o
QU0 Q00EICO  0.00END S OMEEGE IINNCR LONE SMNEGE IR 2UTHER ZINGEG ISR llSeo LiggER LSNMEQ imebe DulER LEedE poTmme 3 eey lsmmeos 0 o
S oot 4 ecor s eneny JeNelser IINNECL LUNMEN DNIMEel imce o ire omce oeomeo 1eathes iabece 1aemers ldose ahece ] emien oieme imce 1o b oot
QUOE CIIMIOES S ESEED EMICOT ILUEQR SANNED 3NMEGT PO ZIEN ZIMWEGD IOUICQ lUMOEG LSWNER LSENEQ Ew DOONER TSenER pummee 30mEQ lgmmens o o
S oMot e IINCOl L emmTOl lames LonMED S LGMED S iMEe SINNER S HIEE LBSGED LUMEED L BEG eme LIRS iIMEG MIMEN T aEm St igMER )ronEm b
QUOE IIMRER pSENED INTEEE LNNMER ZIU0ER AW DINER CUCIER LORIEN UM oS LAINER LIEIER R 2RNEw THIER pImEm 3NOER lmmen o o
Sotoorn SamEe emaos Liwmee LeMEN LomEn LMAEN IR LIl LomED LOees Lmmes Lahme Liames lohee Gomin rmmics LiSMEn SomER AicwEm oo
QUOE MRS TELER IARMEG LR IGESER LIGVER IIENER M IEIEG LZWER LOMNER 1SRG LIRNER LZIGER IGENEE R0VOEQ TICNER DIMOEG SomEey lUEd oEm
O oot IINES LMMER et e ieice omecer emece demice omacer 1 ommeo 1ismces ivecer b hedmis loedcer newecer 1 ommEes oo aamce i immcar 5ot
Salt fluxes in z-direction (rmml/(cnR.d) NGB
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T O0000E=00 0. O0000EF00 0. 00000E-00 1. 3344003 2. 063B4E 04 1.70847E 04 1.GO7ATE 08 1. 70004E 04 T 70024E 04 2 44TAIE 04 7. B3505E 04  1.00533E 03 1.00250E 03 3 3/575E 03 3 000G2E 03 5 B502BE 03 6. 55214E 03 0. 03481E 03 0. 30110E 03 0. 4B203E 03
0.00000E#00  0.00000E+00  0.00000E*00  3.43753E-03  1.01735E-03  7.06740E-04  6.76274E-04  6.62957E-04  6.62496E-04 1 07256E-03  2.14460E-03  3.51656E-03  4.19656E-03 5. 98876E-03  6.79509E-03  8.97453E-03  9.828326-03  1.21704E-02  1.26148E-02  1.26913E-02
0.00000E+00  0.00000E+00  000000E+00  6.27649E-03  2.49365E-03  1.98936E-03  2.00780E-03  2.08102E-03  2.60072E-03 4 22466E-03 5 35907E-03 6. 54554E-03  7.47605E-03  §.98888E-03  O.99BOBE-03  1.17263E- 02 1 26255E-02 1 43638E-02  1.46937E-02  1.47304E-02
0.00000E+00  0.00000E+00  0.00000E*00  1.04673E-02  5.83037E-03  5.67629E-03  5.43372E-03  4.83948E-03  5.38031E-03  6.72079E-03  8.435206-03  9.66877E-03  1.06418E-02  1.18133E-02  1.27170E-02  1.39299E-02  1.46556E-02  1.57842E-02  1.59964E-02  1.60131E-02
0.00000E+00  0.00000E+00  0.00000E+00 1. 20080E-02  7.21327E-03  5.89360E-03  5.64746E-03  5.34218E-03 5 04968E-03  7.32736E-03  9.055326-03  1.02780E-02  1.12441E-02  1.23445E-02  1.32121E-02  1.43203E-02 1 50003€-02 1 6009BE-02  1.61978E-02  1.62119E-02
0.00000E+00  0.00000E+00  0.00000E+00  1.39625E-02  8.39244E-03  6.17068E-03  5.92752E-03  5.86056E-03  6.54792E-03  7.95601E-03  9.66642E-03  1.08681E-02  1.18141E-02  1.28394E-02  1.36603E-02  1.46638E-02  1.52927E-02  1.61875E-02  1.63526E-02  1.63644E-02
0.00000E+00  0.00000E+00  0.00000E+00 1. 64547E-02  9.32202E-03  6.4664BE 03  6.25295E-03  6.38838E-03  7.16092E-03  8.58979E 03 1 02500602  1.14298E-02  1.23440E-02  1.32013E-02  1.40578E-02 1. 49580E 02 1 55323€.02 1 63176E-02  1.64611E02  1.64711E 02
0.00000E+00  0.00000E¥00  0.00000E00  1.96830E-02  9.91215E-03  6.73710E-03  6.60018E-03  6.91547E-03  7.77298E-03  9.20905E-03  1.0B217E-02  1.19499E-02  1.28226E-02  1.36906E-02  1.43972E-02  1.51974E-02  1.571556-02  1.63983E-02  1.65217E-02  1.65302E-02
0.00000E+00  0.00000E+00  0.00000E+00  B.20410E-03 8. 67231E 03  6.95056E-03  6.95557E-03  7.44080E-03 6 38050E-03 ~ 9.81893E 03 1 13638E 02  1.24363E.02  1.32566E-02  1.40427E-02  1.46851E-02  1.53879E 02 1 58484E 02 1 64346E.02  1.65379E-02  1.G5453E 02
0.00000E+00  0.00000E¥00 0. 00000E+00  -8.20655E-04  3.22828E-03  5.54877E-03  7.24730E-03  8.64028E-03  9.95852E-03 1. 12966E-02  1.24929E-02  1.33228E-02  1.39204E-02  1.44168E-02  1.48083E-02  1.51875E-02  1.54421E-02 1 57288E-02  1.57833E-02  1.57931E-02
2.7 3.22429E-02 -7.85480E-02 -3,71348E02 -1.03935E-02  5.04211E-04  4.90884E-03  7.58584E-03  O.46453E-03  1.09012E-02  1.107856 02 1 27118E 02 1 32155602  1.35852E.02  1.38568E-02  1.40819E-02  1.4234BE-02  1.43780E-02  1.441756.02 144353 02
2.73950E-02 -3.22475E-02 -4.17873E-02 -2.85086E-02 -1.40926E-02 -4.33472E-03  1.61470E-03  5.17480E-03  7.54541E-03  9.10233E-03  1.033936-02 L1 11176E-02 1 16461E-02  1.20122E-02  1.22677E-02  1.24539E-02  1.25804E-02  1.26767E-02  1.27194E-02 1. 27466E-02
-2.41571E-02 -2.50525E-02 -2.69368E-02 -2 10040E-02 -1.29471E-02 -6.00152E-03 -8.20158E-04 2. 79651E-03 5 30820E-03  7.06711E-03 8 29530E-03 0. 14485E-03 9. 73060E-03 1 013556-02  1.04156E-02  1.06110E-02  1.07439E-02  1.08347€-02  1.08854E-02 1. 09201E-02
-1.97219E.02 -1.98672E-02 -1.89938E-02 -1.55078E-02 -1.06651E-02 -5 91878E-03 -1.03647E-03  1.152626-03  3.45116E-03  5.12859E-03  6.33574E-03  7.10446E-03  7.80044E-03  B8.22580E-03  8.523256-03 8 73001£-03 8 87131603  8.96517E-03  ©.02102E-03  9.05960E-03
-1.51899E-02 -1.47523E-02 -1.36651E-02 -1.13697E-02 -8.28686E-03 -5 07364E-03 -2.17107E-03  2.35207E-04  2.12082E-03  3.57193E-03  4.64448E-03 5 42862E-03 5 99455E-03  6.39890E-03 6. 68520E-03  6.88577E-03  7.02365E-03  7.11498E-03  7.17008E-03  7.20818E-03
C109496E 02 -1 04320E.02 -9.54461E.03 -8.01917E-03 -6.03911E 03 -3.91715E.03 -1 O1380E 03 -1.75534E-04  1.24857E-03  2.36939E-03  3.22622E-03  3.86706E-03  4.33831E. 03  4.68013E 03  4.92500E.03  5.09797E.03 5 21757603 520700503  5.34511E-03 5. 37840E- 03
-7.05377E-03  -6.65725E-03 -6.06128E-03 -5.12324E-03 -3.93326E-03  -2.64207E-03 -1 39062E-03 -2.72400E-04  6.69465E-04  1.42904E-03  2.02188E-03  2.47308E-03  2.80971E-03  3.05679E-03  3.235456-03  3.36254E-03  3,45086E-03  3.50971E-03  3.54543E-03  3.57017E-03
3.42233E.03 -3.21324E-03 -2.92000E-03 -2.47922E.03 -1 02850E 03 -1.32725E-03 -7.34186E-04 -1 92960E-04  2.72590E 04  6.55285E 04 9 50001E 04 1 19346E 03  1.37049E.03  1.50171E.03  1.59733E-03  1.66577E-03  1.71355E-03  1.74547E-03 1. 76489E.03 1. 77835E 03
0.00000E+00  0.00000E¥00  0.00000E+00  0.00000E+00  0.00000E+O0  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E00  0.00000E+00  0.00000E+00  0.00000E+00  O.00000E+00

Tot al
Tot al
Tot al
Tot al

anount
anount
anount
anount

of
of
of
of

N t hat
N t hat
N t hat
N t hat

passed top | ayer
passed bottom | ayer
passed | eft
passed ri ght boundary

boundary

1

1.2423346852E+01
0. 0000000000E+00
-2.0375856423E+01
0. 0000000000E+00

nmol
nmol
nmol
nmol




15.6  The rerun facility

There is a special utility in the TTUTIL library (van Kraalingen and Rappoldt, 2000)
which makes it possible to make reruns. For each run one or more variables can be
changed. Reruns are carried out when in the current directory a file named
RERUNS.DAT is present. In this file the new data for one or more variables (as
appearing in any of the files discussed in Section 15.4) are given. It is required that
for each run the same variables are used and in the same order. An example of a
rerun file is given in Table 15-32. Note that the first run is described by the
individual files, while the following runs use the same initial data, except for the new
data given in the RERUNS.DAT file. In this example the user is interested in the
effect of different rain intensities for two soils, and for each run a different output
file for water is used.

Table 15-32. Example of a RERUNS.DAT file.

* run 2

soilns = 1*‘ zandb3’
rain = 365*1.0
wnane = ‘zand2’

* run 3

soilns = 1*‘ zandb3’
rain = 365*1.5
wnane = ‘zand3’
*run 4

soilns = 1** kl ei b10’
rain = 365*0.5
wnane = ‘kleil’
*run 5

soilns = 1** kl ei b10’
rain = 365*1.0
wnanme = ‘klei2
*run 6

soilns = 1* kl ei b10’
rain = 365*1.5
wnane = ‘klei 3

In this example six runs are done, three with a soil named ‘zandb3’ and three with a
soil named ‘kleib10’. For the two soils three rain regimes are considered: either 0.5,
1.0 or 1.5 cm/d precipitation. For each case a separate output file is used.

A RERUN.LOG file is produced in the current directory in which the adapted values
are given, or where explanations for possible errors are given.
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