The model AMBET]I

A detailed description of a soil-plant-atmosphedei

von

Harald Braden

June 2012: revised version of
"The model AMBETI - A detailed description of allgglant-atmosphere model”,
Berichte des Deutschen Wetterdienstes 195, Oftdnbdm Main, 1995.

Anschrift des Autors:

Dr. Harald Braden

Deutscher Wetterdienst

Zentrum fur Agrarmeteorologische Forschung
Bundesallee 50

38116 Braunschweig



Correctionsto pdf-version (2012) of “Braden, (1995 : ‘AMBET Berichte des DWD 195)*

A lot of figures are damaged and could not be ezl/isith acceptable effort.

p. 3 Fig. 1.1: leass
p. 60, 61 In Fig. 4.6 should be replaced oy as in eq. (4.7a).
p. 83 Fig. 5.5 is not perfectly correct:

The resistances;; shouldstart at the top of the layer

The symbol " has been omitted five times.

Abstract

This paper gives a detailed description of the-glaiht-atmosphere model AMBETI. This model
calculates transpiration and soil evaporation dsagemicroclimatic conditions in the canopy and in
the soil. The interception of precipitation, thenfation of dew and the development and melting of a
snow cover on the soil surface and of soil ch#l ealculated. The model contains a sophisticatied su
model for the calculation of components of the nagliation fluxes of plants and of the soil surface.
Another important basis for the whole model istti@ough treatment of the relevant processes in the
soil: the transport of heat, of liquid water andwaiter vapour.

The model includes several empirical relations, elgrfor the calculation of the intercepted radiatio
fluxes, the soil thermal and hydraulic propertied ¢ghe plant reactions. Most of these relationghav
been taken from literature or calibrated within doeresponding sub-model. The only component of
the model that requires a further calibration ie thulk stomatal resistance. The corresponding
coefficients have to be calibrated using the winodelel.

Several results of the model are presented asstagies in order to show the possibilities for the
model. The model is used in the Agrometeorolods=adtion of the German Weather Service (DWD)

for research purposes as well as for routine agjpics and has therefore been intensively tested.

Zusammenfassung

Mit der vorliegenden Arbeit wird ein Modell des &ms Boden-Pflanze-Atmosphare detailliert
beschrieben. Dieses Modell berechnet Transpiratiod Bodenevaporation getrennt und erlaubt
dariber hinaus die Bestimmung mikroklimatischer f&rd in Bestand und Boden. Auch die
Interzeption von Niederschlag, die Taubildung, Ertstehung und das Schmelzen einer Schneedecke
an der Bodenoberflache sowie von Frost im Bodenl@ebestimmit.

Das Modell enthélt ein hochentwickeltes Teilmodeil Berechnung der von den Pflanzen und der



Bodenoberflache absorbierten Strahlungsstrome.sbigféltige Behandlung der mal3geblichen im
Boden ablaufenden Prozesse der Warme- und Wasskdhi@uund des Dampftransports stellen eine
wichtige Grundlage des gesamten Modells dar.

Das Modell enthélt zahlreiche empirische Beziehongaum Beispiel fur die Berechnung der
Strahlungsinterzeption, der thermischen und hydeh#n Bodeneigenschaften und der
Pflanzenreaktionen. Diese Beziehungen wurden degratur entnommen oder - wie bei der
Strahlungsinterzeption - innerhalb des jeweiligerilmiodells kalibriert. Die einzigen am
Gesamtmodell zu kalibrierenden Grol3en sind die fkaefiten zur Beschreibung der Stomatareaktio-
nen.

Als Beispiele fur die vielfaltigen Moglichkeiten slédviodells werden einige Ergebnisse vorgestellt.
Das an der ZAMF Braunschweig entwickelte Modelldasowohl zu Forschungszwecken eingesetzt,
als auch fur die Routineanwendung im Rahmen deragteorologischen Beratung und ist dadurch

grundlich getestet worden.
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1 Introduction

1.1  The history of the development of the model AMB
1.2 Model structure

This paper gives a detailed description of the h@ddBETI”, developed by the author during
several years in the ZAMF. This chapter first ekahe individual steps in the development of the
model and the purposes of its application. The rskcpart of the introduction gives general

information about the structure of the model aadamporal and spacial discretization.
1.1  Thehistory of the development of the model AMBETI

The first version of the model AMBETI was developed years ago. The initial purpose was to
determine daily evapotranspiration values for tineestigation of water and mass budgets in small
catchments over a whole year. The energy budgdtseafystem had to be simulated because it was
not possible to use sophisticated measuring equipfike lysimeters, eddy correlation and Bowen-
ratio instruments.

When the distinction of soil evaporation and tramgn turned out to be relevant, it became
necessary to determine the extinction and trangmiss radiation. For this purpose a new method
was developed on the basis of results of Cowan81B®71) and Goudriaan (1977) with the help of a
"Successive Orders of Scattering Approximations"dehoBraden, 1982, p. 22). Moreover, the
vertical aerodynamic transport through the cana@aytb be simulated. This was done with the help of
results of a numerical model of the shear stresgek on the plants (Braden, 1982, p. 74).

The interception of precipitation by the foliagesmacluded in the simulations (Braden, 1985) ireord
to allow model runs for all periods, including ri@ith Model runs during winter periods were enabled
by considering soil chill in the calculation of teeil heat and water budgets, and by including the
development and melting of a snow cover on thessoface in the simulations.

In the application for agrometeorological advidee tmodel should provide micrometeorological
conditions from inside the canopy as input quasgifor phytopathological models. For this purpose,
the model AMBETI was generalized to calculate enperature and humidity at two levels inside the
canopy, and to properly determine leaf wetnessd@ral994). This version of the model is running
under MS-DOS and under UNIX-systems.

" AMBET! is the abbreviation for "grometeorological Mdel for the Calculation (in German
'‘Berechnung’) of #aporation, Tanspiration, andchterception”.
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For the same purpose, the model AMBETI was suppiedewith modified input/output sub-
programs for direct application in the AMBER-systefrthe ZAMF (Lopmeier, 1990). This version
of the model, called BEKLIMA, is running under MS-DOS and was tested intensifeel different
meteorological boundary conditions, crops and typiés during 1993. As of 1994, this program is
routinely applied by the Agrometeorological Sectioh the German Weather Service (DWD).
Recently, a version of the model BEKLIMA was implemted on the NOS-VE main frame of the
DWD with special input/output programs for direpplcation with synoptic and forecasted data.

A new development in the model AMBETI/BEKLIMA, thgeneralized application of the so-called
pedo-transfer functions for the description of thal hydraulic properties, was advanced by
cooperation inside the "Collaborative Research mrag(SFB) 179" of the German Research
Society (Deutsche Forschungsgemeinschaft, DFGxelfunctions, that allow a better representation

of the soil hydraulic properties, were evaluatethia project (Tietje and Tapkenhinrichs, 1993).
12 Modd structure

In the model AMBETI the vertical transports as wadl plant and soil heat and water budgets are
numerically simulated in a one-dimensional maniiée plants are considered as a single layer, but
the soil is divided into several horizontal layeFae temporal resolution of up to one hour is Ugual
determined by the meteorological boundary conditi@uring this global time stefy, the equations

of the whole system are not implicitly solved, bime time step is internally divided and
accommodated to the corresponding sub-systems.

For the calculation of the soil temperatures, ilme tstep depends on changes at the soil surfati@sin
context special regard is contributed to the foiomaand melting of snow cover and of soil chill.eTh
time step for the calculation of the soil water teon is determined by the infiltration of watertla¢

soil surface. The time intervals also are divided properly calculating evaporation of water
intercepted by plants.

The shortest but over-simplified characterizatidntre model AMBETI is: "It is twice Penman-
Monteith, once for the plants and once for the soiface". Some more insight to the model will be
given with the help of Fig. 1.1. Additionally theangle sub-programs of the model AMBETI and their

purpose are listed in appendix Al.1.

) Abbreviation for "canopy microclimate” (in Germdestandsklima).

**)

‘Water and Matter Dynamics in Agro-Ecosystemstlifgcal University of Braunschweig)
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AMBETI Input: meteorol. boundary values

Input - parameters
overview Rg,RI,T,r.h.,u.Pr PP
e;c‘igyrglir:ic separation: visible/nir radiation

< site inclination
f windspeed ¢ for inclined surfaces

Agbsorbe: rac{latgon anig aelrodénamlc < plants
ansport resistances for plan
tation land soil surface (height, LAI)

y
?
rainfall interception . .
nfiftration, precipitation at the soil surface ‘ y < soil hydraulic
oil water | properties
udget >
Evapo_ratlpn of intercepted water ' EZIS?
rner y tt;é\ré'nce, aerodyn. transp. P
lant water or pants . i
Eptake ’ nopy microclimate distribution
| vapotrans-
iration
now cover, snow melt
nergy balance for soil surface
oil evaporation
oil heat budget < thermal soil
. freezing, melting of soil water properties
Fig. 1.1 Overview of the model AMBETI

The meteorological boundary conditions are reconu®érwith temporal resolution of one hour or
less. These are

- global radiation,

- incident long-wave radiation or cloud information

- temperature and humidity from a reference hdiglgt 2 m) outside the canopy,

- wind speed from a reference height and

- precipitation as well as irrigation, if applied.

Should values of incident long-wave radiation bessimg, they can be estimated with parameteri-
zations using cloud information. The global radiatiincident on the horizontal plane, is dividetbin
visible and near infra-red components and transtdrifi the considered surface is inclined. The
reference wind speed can also be converted ifdiresponding input quantity does not come from the
regarded surface. If vegetation is considereddd&tion components absorbed and transmitted by

the plants are calculated, as well as the resissafoc the vertical aerodynamic transports thraigh
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canopy. If it is raining, the interception of praitation by the plants is determined as well as the

through-falling portion, which is considered in tbail water budget. If it does not rain, the fokag

may still be wet from precipitation or dew. In tlogse the evaporation of the intercepted wateewr d

is calculated in addition to the transpiration frdime energy balance of the foliage and the

aerodynamic transport. Microclimatic conditionselitemperature and humidity inside the canopy, as
well as dew formation are also determined.

The soil evaporation and the soil heat flux areemeined from the energy balance and the

aerodynamic transports at the soil surface. Thesased as boundary conditions for the calculaifon

the temperatures and water contents in the satdayhe development and melting of a snow cover at
the soil surface is considered as well as the ifigeend melting of water inside the soil.

The quantities given in Fig. 1.1 and even many neare be given as output with different temporal

resolution. The standard output is referred tohaier 6.

The details of the model are described in the Watlg chapters:

- Chapter 2 deals with the calculation of the reflection, samssion and absorption of the
radiation components by foliage with the aim ofedetining the net radiation balances of the
plants and the ground surface.

- Chapter 3 describes the calculation of the energy budgedstla@ aerodynamic transports of
the plants and the soil surface, as well as theldpment and melting of the snow cover.

- Chapter 4 deals with plant-water relations. The parametgamaof the combined effect of the
stomata is described. This is the only elementiregua calibration of the model in total. The
method used for the calibration and the correspmndesults are reported. Moreover, this
chapter deals with the conduction of liquid watemf the soil to the leaves, and with the
interception of precipitation by the plants.

- The treatment of the soil is describedCinapter 5. The calculation of temperatures and water
contents in the soil layers considering soil clitid the derivation of the thermal and hydraulic
soil properties from the soil composition are dessad. Moreover, the treatment of water
vapour transport in the top soil is explained.

- Chapter 6 deals with the use of the model. The recommendhguliti quantities are
summarized. The file structures for the two inputpot versions of the model, called
AMBETI and BEKLIMA, are discussed. Finally, somesu#is of the model are presented as

examples of the model's capabilities.
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2 Thenet radiation of plantsand of the soil surface

2.1  The components of incident radiation and tbsiimation

2.2  Some existing solutions and estimates forrdresimission and reflection by a plant cover
2.3  The determination of the reflected and trartschportions in the model AMBETI

2.4 The treatment of direct radiation

2.5  The optical properties of the ground surfaoé ¢ snow surface)

2.6 The calculation of the net short-wave radiatioxes for the plants and the ground surface
2.7  The exchange of thermal radiation

The exchange of radiation is treated namely inra@eetermine the net radiation fluxes of the fdan

and of the soil surface, because they are imposerhents of the respective energy balances.

Moreover, the long-wave emission of the whole cgrisg@an important measure for the water supply

of the crop. The remote-sensed detection of sutEog@eratures allows the control of evapotranspi-

ration, respective of the water supply (Braden Blaghke, 1993).

Because of different optical properties and exchamgchanisms (Ross, 1975, p. 22; Gates, et al.,

1965), three spectral ranges are distinguished:

- the long-wave or thermal range with the wavelenigt3 um,

- the near infra-red radiation 0.@#&</,<3 um and

- the rangel,<0.72 um which includes the visible range and parts of & is considered to
coincide with the photosynthetically active radiat{PAR).

The distinction of only two short-wave ranges @raplification in view of spectral properties (Rpss

1975, p. 22; Gates and Tantraporn, 1952), bueiinseto be acceptable for the purpose of this model.

The justification for the near infra-red rangehs trapid decrease of incident radiation fgel pum.

For this reason, the change of optical propertg®ibd 1um is beyond consideration. The short-wave

radiation which must be given as meteorologicalnolauy condition is divided into the two short-

wave components, which are distributed over niassds of inclinations (see Section 2.1). For these

distributions the scattering by the plant eleméntsonsidered, resulting in the reflection at e of

the canopy, the transmission through the plantrcamd the absorption inside. In Section 2.2 basic

relations for the transmission through and reftectby canopies as well as existing estimates are

presented. The method used in the model AMBETEescdbed in Section 2.3 and the modifications

required for direct solar radiation are given irctém 2.4. Some few coefficients needed for the

calculation of canopy reflection and transmissienehto be determined from comparisons with the

results of a "Successive Orders of Scattering Apprations (SOSA)" model (Braden, 1982) (see

Appendix A2.1). The direct use of that SOSA moaeAMBETI would take too much computing

time. So far, the treatment does not consider #flection at the soil surface. The transmitted
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components of radiation are considered to be figneflected at the ground, with optical propestie

described in Section 2.5. The net short-wave radiatomponents of the plant cover are composed
from the components considered above (see SectynThe presented method is also applied to the
calculation of coefficients for the exchange ofgemave radiation (Section 2.7), which are used for
the absorption and emission terms in the energgnbat of the plant cover as well as of the soill

surface.

21  Thecomponentsof incident radiation and their estimation

For short-wave radiation as a boundary conditidfferent forms of input are possible. They are
- measured or forecasted values of global radiaéind possibly additional

- measurements of diffuse radiation (shade ring) or

- measurements of direct radiation or

- observed or forecasted information about totalidiness.

The visible and near infra-red portioRg andR;, of the global radiatioR, are determined by

Ri = 0.52R, , (2.1a)
and
Ri =Ry - Rii : (2.1b)

The factor 0.52 is inferred from results of Schulxz@70, p. 121) and accounts for wavelengths 0.28-
0.72um (R,) and 0.72-3.um (R,j). Consequently, if no input values of the directiffuse radiation
components are available, the separation in disetar) Rs.i, Rsn) and diffuse portionsRj i, Rani)

is calculated according to results of Kasten angplak (1980, p. 180),

Ravi/Ri = Ryn/Rai =d + (1 -d) ne’ , (2.2)

with the total cloudiness (0<n.<1). The quantityl is related to the sun elevatibg by

d = 0.65 - 0.40 sisg , for hsg=0 (2.2a)
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otherwised=1 is used.
The sun elevatiohsy above the horizontal earth surface is easily deted from the scalar product of
the sun beam vector and the normal vector to thih sarface (Braden, 1982, p. 27; Jolly, 1986). For

the horizontal surface at the geographic latitpide<O in the southern hemisphere) the expression

sin(hsg) = Sing SINS + COSp COSS COS() (2.3)

results. For the sun declinatiérat the day of yeal the relation

sins = 0.3978 sink - 1.3528 + 0.00335 sit) . (2.3a)

holds with the abbreviatiax=0.017202] - 0.0475 (Kasten, 1989).
The local time angley is zero at noon and is related to the local timso = 15 -12), if the time is
expressed in hours and the angle in degrees. Blapa inclined withl to os, the sun heighhs is

determined from

sin(hs) = sinfsg) cos. + coshsg) SiNM cosEy - o) . (2.4)

For the irradianc€sB(R), resulting from observations of overcast skiestaadard distribution of the

radiant intensity
I =1o (1 + 2 siR)/3 (2.5)

is used according to Anderson (1966) and Goudr{da8i7). The integration over the solid angle
results in irradiancB(f3) at a horizontal receiving surface as listed ial(T2.1) for the nine ten-degree

classes of angles of inciderfge

Table2.1 The distribution of the irradianc&(3) for a standard overcast sky

1 2 3 4 5 6 7 8 9
R () 0-10 10-20 20-30 30-40 40-50 50-60 60-70 (@0-880-90
B((3) 0.015 0.057 0.106 0.150 0.180 0.184 0.160 (0.110.038

) The irradiance (W f) is the incident radiant energy received per serfait area.
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2.2  Some existing solutions and estimates for the transmission and reflection of the plant

cover

As already stated above, the transmission as wélieareflection of the canopy are considered witho
reflection at the soil surface in this section. Effect of reflection at the soil surface is coesétl
later (Section 2.5) and superimposed on the restilisis section (Section 2.6). In the radiatiob-su
model presented, the fractions of transmitted asflated radiation are estimated on the basis of
results for simplified situations. The generaliaat work semi-empirically with coefficients resngi
from comparisons with the results of a SOSA moBedden, 1982, see Appendix A2.1).

The method used in the model AMBETI (Section 2.83 been developed on the basis of existing
analytic solutions for horizontal foliage on theedmand, and for black foliage on the other hand, as
well as additional estimates for the transfer dfaton that will now be described.

Cowan (1968, 1971) examined horizontal foliage \thign transmission coefficiehaind the reflection
coefficientr, that are randomly distributed over the horizoptahe. The leaf area indéxis defined

as the portion of the total one-sided foliage are¢éhe area of the ground surface. Cowan (1968,)197
considered the appropriate differential equaticstesy for the downward and upward radiation fluxes

¢ andg’, respectively

Ap oL =r ¢ - (1-t) ¢ (2.6a)
and
dploL=-r ¢ + (1-t) ¢ . (2.6b)

In contrast to Cowan, here the cumulative leaf amdax L is defined with zero at the top of the
canopy and, above the soil surface. From the correspondingtisal with the boundary conditions
¢ (L=0)=po" at the upper boundary ang(L=l,)=rq ¢'(ls) (rg=ground reflection) the transmitted

portion results as

T=exp{Knl}/[1-d@-T)] (2.7)

with the abbreviations
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d=1%-% (1 4)/Kx, (2.8)
and
Ti? = exp{ - 2Kp I3 . (2.9)

In this case the extinction coefficient is

Kn=[@1-t)2-rg¥? | (2.10)
which forr=t simplifies to

Kn=(1-2)"2 . (2.10a)
From the same differential equation system the maneflectionon, results as

on=r (1 -TA)/[Kn+1-t+Kp+1-t)T?] . (2.11)

The index h ofT},, Ky and o, stands for thedrizontal foliage. ForK |5) = 1.5 the canopy reflection

(2.11) simplifies to
on = (1-t-Kp/r=r/(1-t+Ky) : (2.11a8)

On the other hand, a solution can be given forkbleaves tr=0) with inclinations! that are again
randomly distributed over the horizontal plane andreover, randomly distributed over the azimuths.

For this case oflack leaves Anderson (1966) gave the extinctiorfficoent
Ku(R) = P'(R)/sinl3 : (2.12)
wherel is the angle between the penetrating beam oftradiand the horizontal plane, aRdR) is

the average leaf projection into a plane vertisdhe angle of incidence. For a continuous lediriae
tion distributionF (1) with
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JEQ) dh =1

the average projectid?(d) is

P'(R) = /F(1) P(BA) dA . (2.13)

Here, the quantity

P(R.) = /|sine| do /(27) (2.14)

is the projection for the leaf inclination averaged over the azimuths whereo is the angle of

incidence between the beam of radiatiBnand the leaf element,{). The integration results in the

expression
/|sir cos for0< 4 <
PR = 7 (2.13a)
[ 2 { Y sin cost + (sirfA - sirfR)¥?} for0< |} < 4

with the abbreviation

Y = arcsin( tad / tart ) ) (2.13b)
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For reasons of practicability,

discrete inclination distributions

F(4) with nine classes of T » planophil *

inclination and z; F(4)=1 are

used in the following, and the

integral in (2.13) is replaced by

summation. Three inclination

distributions are given as ex-

amples in Tab. 2.2 and Fig. 2.1. T
The spherical distribution i

IS

" erectophil "

equivalent to the surface distribu-
tion of a sphere, and thus has the
same projection for all angles of
incidence. For this reason

spherical distribution is fre-

bS5

T " spherical "
The inclination distributions (in polar coordiaa}
radiation transfer (e.g. Goudriaan, and the corresponding leaf shapes

quently used in models of,:ig_ 21

1977). However, it can be seen in Fig. 2.1, thatdistribution represents only extremely upriglainp
elements. In contrast, typical distributions\Fhave been empirically evaluated from two typical
leaves of maize. They are denoted as "planopht’ "@nectophil”’, and illustrated in Fig. 2.1 in a
projection to a vertical plane.

Table2.2 The inclinations distributions and correspondiegf shapes

angle of inclinatiori. (°) 0-10 10-20 20-30 3040 40-50 50-60 60-70 70-800-98

class i 1 2 3 4 5 6 7 8 9

"planophil” F(4) 0.202 0.228 0.179 0.125 0.105 0.093 0.041 0.0130140
"erectophil” F(4) 0.020 0.030 0.060 0.120 0.200 0.280 0.200 0.0700200
sphericalF(4;) 0.015 0.045 0.074 0.099 0.124 0.143 0.158 0.168174

For horizontal black leaf elements the solutio2educes to

Tp = exp{Knp la} (2.15)
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with Kp=1.

The extinction coefficienkq(r,t) (2.10) for_lorizontal leaves with optical propertidg ) together with
Kp(3) (2.12) for_ltack leaves with inclination distributioR(4;) represent the most important canopy
properties which influence the transmission. F@& thason the simple exponential expression (2.15)

was used by Goudriaan (1977) with a generalizedaidn coefficient

Kn=aKKp+C (2.16)

where the constanta and ¢ have been determined by a regression of (2.15heoresults of
Goudriaan's SOSA model.
With the irradiance8([3) for the standard overcast sky (Tab. 2.1) thedaitransmission for diffuse

radiation is determined from

Ta = 3 B(R) exp{ Kn Ky la} : (2.17)

However, that method has some essential shordiadigails in some common situations:

- The transmission and reflection coefficientshaf keaves are assumed to be identical.

- Stems are ignored.

Moreover, the SOSA model of Goudriaan (1977) wavikh some simplifying assumptions, e.g., the
radiant emittances scattered by the leaves aremassiio be distributed like the radiance of a
horizontal Lambertian emitter.

For the reflected portion of the incident radiattéoudriaan (1977, p. 30) gave the expression

P'a=5i B(B) (1 -exp{-20onKp(R)/[1+Knl3)]}). (2.18)

This expression does not hold for Ityy moreover, it ignores stems.

For these reasons the attempt was made to geeetadizolution (2.7, 2.11) given by Cowan (1968,
1971) for horizontal elements, allowing all optigaloperties and leaf inclinations. However, the
generalization of the differential equation systéh®) would result in integro-differential equatson
which cannot be resolved analytically. Moreovee, dttempt failed to find acceptable estimates @f th

transmitted and reflected portions including thecgd cases of the horizontal and the black foliage
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2.3  Thedetermination of thereflected and transmitted portionsin the model AMBETI

Instead of a real generalization, another estitasebeen developed, improving on the one discussed

in Section 2.2 in several regards:

- The transmission coefficient of the leaves méfgdfrom the reflection coefficient.

- Stems can be considered with independent opticgerties (transmission coefficieft
reflection coefficienty).

- The canopy reflection also is valid for smallgdensities.

The resulting formulae have been determined wighhiblp of the relations presented in Section 2.2

and additional empiric relations which have beeawdr from comparisons with results of the SOSA

model (see Appendix A2.1). The transmission ofudiéf radiation is determined as the sum over the

nine classes (i) of incident radiation considessg(Tab. 2.1)

Ta = 5 B(R) exp{ - Kni 1o/Fi - Kins, &/Fsi } , (2.19)

where the two terms in the exponential functiorrespond to leaves and stems. The expression is
evaluated separately with the individual opticadgarties {, r andrg) for the three spectral ranges

distinguished. The coefficielt,; is determined similar to (2.16) as

Kt = bo + by Kpi(13) Kn(t,r) , (2.20a)
with the coefficient (2.10) for horizontbdaves and the transmission and reflection coefficieotslie
corresponding spectral rangigand r. The coefficientK (%) is the extinction coefficient forldck

leaves (2.12). The coefficiertts andb; (see Tab. 2.3) have been determined from comperisith
the results of the SOSA model (Braden, 1982), ex@thin Appendix A2.1.

Table2.3 The coefficients used in the equations of se@i8n

bo bl bsO bsl fC

0.0917 0.8961 0.01264 0.84329 121

From these comparisons the correction term

F|i =1 -fc T'|i ,O*|i2 (2.213.)
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with the abbreviation

T = exp{Kmiilat . (2.22a)
also has been found to be suitable. The quantity

o' = 1 - exp{ -on € Kni(R) /[ + Kni(3)] } (2.23a)
with the abbreviation

c=[2+t-Knt,r) ¥/ [t + Kn(t,)]

is a modification of the "limiting reflection” (28) proposed by Goudriaan (1977, p. 30) wiih

according to (2.11a).

In general the reflection of the leaves is deteemtifrom the sum of the nine classes of incident

radiation

o = i B(3) oii (2.24a)
with

oi=p i [1-exp- Kmila] . (2.25a)

The transmission (2.19) and reflectionstégms are calculated similarly to equations (2.20at@%a)

with the following modifications. The stem areaemrdor cylindric stems is defined as

Sa = (7/2) Ns Os Zs (2.26)

with the number of stems per square meiethe stem diametek and the height of the stems and
the extinction coefficient (2.12, 2.14) for bladkrmsKp{[?) is

KodR) = (2k) oty . (2.27)
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Since the transmission of stems is zero, the efffeitte stem reflectivitys is considered with
Kos= (1 -r&)*? (2.28)

according to (2.10), where the index stands fptical properties oftems'. Similar to (2.20a) the

coefficientKnsis determined from

Kims,i = bso + Ds1 Kp{[3) Kos , (2.20b)
where the coefficientbsg andbs; (see Tab. 2.3), once again, result from the coisgarwith the
SOSA model of Braden (1982), see Appendix A2.1. dbreection ternt in (2.19) is determined
similar to (2.21a)

Fsi=1-f.Tsip s (2.21b)
with the abbreviation

T'si= exp{KmsiSt - (2.22b)
The "limiting reflection” for stem canopies

0'si = 1 - exp{ 10s Knd B)/[7/4 +Kpd3)] } - (2.23Db)
Here the quantity

Pos=T's (2 - Ko™/ [(1 +Kog Kod (2.11b)

is an empirical modification of (2.11a) represeqtine reflection of the stems.

Like in (2.24a), the reflection of a stem canopgakulated from

s = %i B(l3) osi (2.24b)
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with the abbreviation
5= 0'sil[ 1+ exp{-(2h) Kms }/ sa] : (2.25b)

In contrast to the simple expression (2.19) for tla@smission of stems and leaves, the combined
reflectanceo. has been elaborated - generalizing the individetdéctances of the leaf and stem

canopies (2.25a,b) and comparing with the restilissoSOSA model - to the following formula:

Oc = 2j B(G) { ,Oli/[ 1+ exp(:r'si) (2 -Kos - Tlli) Kos (1 + Kol)]
+ psi/[ 1+ eXp(:rlli) (2 -Koi - T'si) Kol (1 + Kos)] } (2-29)

HereT'; andT's; are the abbreviations of (2.22a,b).

0.30 —7 0.30
R

<" 1027
0.24

0.21

simulated transmission
o
i

0.18

0.15

0.12

0.09

0.06

0.03

003 1 g4
e

000 L 0.00
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30
transmi ission accor ding to Braden (1982)

Transmitted portions of diffuse radiation for difént optical properties, densitjgs
and leaf shapes (see text)

Fig.2.2

Some typical comparisons of simulated results ugngO) and (2.29), with results obtained by the
SOSA model (Braden, 1982) (see Appendix A2.1) aesenmted in Figures 2.2 and 2.3. The dashed
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curves indicate a deviation of the simulated raaliefiluxes of +1% relative to the incident radiatio
The corresponding transmitted and reflected pastiare given for a variety of different optical
properties, i.e. two leaf shapes (see Tab. 2.4%iaaglant densitiegy=l.+s=1.2, 2.4, 5.0, 8.7, 10.7).
These canopies consists of leaves (WitlD.5, 1.0, 2.0, 4.0, 6.0) and 600 stenfsith diameters and
heights as listed in Tab. 2.6. The results fordifferent plant densities are designed with idextic
symbols if the other properties are the same (sbe 4.4). In all cases a good agreement is achieved
with deviations less than about 1% of the incidedtation for the transmitted radiation and up% 3
for the reflected near infra-red radiation.

For stems without leaves as well as for leavesawitistems the agreement is remarkably better, with

deviations usually less than 1% of the incident

radiation. Table2.4 The optical properties and leaf incli-
nation distributions used in Figs. 2.2
and 2.3

5 57 e "leaf shape": "erectophil" "planophil”

; oz ; o optical properties

. oz t=0.10,r=0.10;rs=0.10 X +

g o t=0.07,r=0.13;rs=0.13 0 O

t=0.40,r=0.40;r=0.60 0] \4

t=0.30;r=0.50;r=0.60 g

0.12 0.12 -

0.09 0.09

0.06 0.06

0.03

0.03 1 f

0.00 T T T T T T T T T 0.00
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30
reflection according to Braden (1982)

Fig. 2.3 Reflected portions of diffuse radiation for ditéet optical properties, densitips
and leaf shapes (see text)
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24 Thetreatment of direct radiation

To calculate the transmitted and reflected postiafi the incident direct (solar) radiation, the
equations of Section 2.3 are evaluated in a simianner without summations in (2.19) and (2.24a)
and (2.24b). For leaves combined with stems theatefd portionog of the direct component froffis
calculated similarly to (2.29) but without summatié-orKy(3) andKy4[?) instead of3 , the angle of
incidencel} is used in the Equations (2.20) and (2.17). Frioenrésulting transmitted portiofg the
corresponding extinction coefficiel is determined by

Kg=-In(Te) / (la+ ) . (2.30)

However, this is only the first step for the tnaumssion, since the resulting extinction coefficierlt
generally not remain constant during the transimmstirough the canopy. For example, a direct beam
of radiation from a small angle of incidence wi# bcattered strongly into different directionshet t
top of the canopy. Below the top of the canopyréeilting downward distribution of the radiances
changes towards a diffuse distribution. Thereftine, further extinction will be similar to that of
diffuse radiation as determined with (2.19). Theesponding extinction coefficieity for the diffuse

radiation is obtained from

Ka=-In(Ta) / (la+ ) : (2.31)
In the model this effect is considered in the feilog manner:

The effective extinction exponehtis calculated from the integral over the profifetite extinction
coefficientK(L)

E=/K(L) dL . (2.32)
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The integration is carried B

out with the cumulative A
plant area indexL from L'
i

zero at the top of thei

canopy to L=ls+s, just Fig. 24 The extinctipn qoefﬁcient for direct radiaticsngall
angle of inclination)

above the soil surface. The

extinction coefficient is

allowed to vary fromKg to

Kq (see Fig. 2.4).

The transition point., of

the K(L) profile is deter-

mined with the prerequisite

that the remaining direct

portion d(Ly) of the irradiance is reduced to a certain ratiof the scattered portiog(Ls) of the

irradiance, i.e.

d(L) =a gL (2.33a)

Similar atL, the remaining direct irradianciLy,) is further reduced to the portitwa of the scattered
irradiances(Ly), i.€.

d(Lp) =b L) (2.33b)

For the determination af, andL,, the direct portion of the irradiance is estimaded

d(L) = exp(Kp' L) (2.34)

with the weighted mean extinction coefficient ofi@) and (2.27) for black plant elements

Ko = [ Kpi(13) 1a+ Kps(R) Sa ]/(la + S0) . (2.35)

The scattered portiomof the irradiance fok<L, is estimated as the difference of the remainitg to

and direct portions



2 RADI ATl ON 21

(L) = exp(Ks L) - d(L) . (2.36)

From the demand (2.33a) the first transition pbiresults as

La=In(L + 18)/(Ky - Kr) . (2.37)

At the second transition poiht the scattered porticsfLy) of the irradiance is estimated as

s(Ly) = exp{ /K(L) dL } - d(Lp) , (2.38)

where the integration has to be carried out fter@ toL=L,. From (2.33b) the second transition point

results as

L = [ IN(L + 1b) + La (Kg - Ka)/2 1 Ky - (Kg - Kg) ] . (2.39)

With this profile of K(L) the portion of the total irradianag(Lo) at the bottom of the canopy is

determined from

= exp{ /K(L) dL} (2.40)

with the integration in the boundariesO to L=ls+s, . SinceK(L) has a simple shape (Fig. 2.4), the

integration is carried out analytically.
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From the comparison with the results of tl?%b|625 The coefficients andb used for

SOSA model (see Appendix A2.1) the ratis the calculation of the transmitted
direct radiation

andb have been calibrated as listed in Tab. 25
a b

In Figs. 2.5 to 2.13 the resulting transmitted andeayes+r<0.5 390  0.08
reflected portions of the direct radiation areﬁg‘rfss:’foof 3-18 8-82
presented for the angles of incidenés&85° .  stems r=0.3 330 0.07

plants:
The results of the SOSA model, which works[(t+r) I, +rss)/p.<0.3 350  0.05

_ [(t+r) I, +1sS)/pa< 0.3 460  0.04
only for discrete mean values of the ten degree-

classes, are represented by the symbols. In egquate fithe results of both methods are compared for
canopies with different densities as describechendaptions. The deviations between the results of
both models are expressed in the comments as pefdée incident radiation flux (irradiance).

The results for leaf canopies with different deasivf the leaf area indéxare shown in Figs. 2.5, 2.6
and 2.7. The agreement for the transmitted visidigation (Fig. 2.5) is good with deviations ofdes
than 1.5% of the incident radiation in all cases. the transmission of near infra-red radiatiorg(Fi
2.6) the deviations are somewhat larger. But theaatlens amount up to 5% only for radiation
incident from small angled3€5°) on small leaf densities. In the other cases thgations of the
transmitted near infra-red radiation do not exc¥dof the incident radiation.

Also, for the reflection, the agreement is gengrgthod with deviations of less than 1.5% of the
incident radiation, except for radiation from amgl&=5°, where deviations of about 3% occur.
However, these small angles of incidence are tapgiitant, since they usually occur with only small
amounts of the incident radiation during sunrisel aunset. The results for the "erectophil”

distribution of the leaf inclinations are similar.

) The simulations with the method presented indaigion have been carried out fx5°, 1,
15°, 20, 25, 35, 45, 5%, 65, 75, 85°. The intermediate values in the plots have been
interpolated with third order polynoms.
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Fig. 2.5 Transmitted portions of direct visible radiation leaves {=0.10,r=0.15) with
[,=0.50 ), 1.00 (+), 2.00 (), 4.00 (x), 6.0®)
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Fig. 2.7 Reflected portions of direct visible and nearanfed radiation for leaves=0.10,
r=0.15;t=0.30,r=0.50) withl,=0.50 @), 1.00 (+), 2.00 (Y), 6.00%)
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transmitted portion of radiation
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reflected porfion of radiation

~ : model AMBETI ; +, Y, : SOSA—model

| Reflected portlons =ef direct visible and nearanfed radiation for stemss£0.15,
0.50) withs,=0.39 ), 0.79 (+), 1.57 (Y), 4.71®)

Fig. 2.10

The results for stem canopies with five differeansitiess, are presented in Figs. 2.8, 2.9 and 2.10.
For the transmission of visible radiation (Fig.)2080d agreement is obtained for each stem density
and angle of incidence. The deviations do not ekcé® of the incident radiation. For the
transmission of the near infra-red radiation (R2g9) the agreement is somewhat poorer, with
deviations mostly of less than 1.5% of the incideutiation. Only for radiation from angl@s15° on
small stem densities deviations of up to 5% areheg

The reflectances of stem canopies are pre-

sented in Fig. 2.10 for two different reflectio-’:l"’lblez'6 The comblnatlorjs of leaf deneltles
and stem geometries used for Figs.

coefficientsr=0.15 (lower part) ands=0.50 2.11,2.12 and 2.13

(upper part). Obviously good agreements wereymbol O + Y X ©)

achieved for each case. I 050 1.00 200 400 6.00

The results for plants consisting of leaves andOI m 0003 0003 0004 0005 0.005
X . : : . :

stems are presented in Figs. 2.11, 2.12 an& (™M 025 050 080 100  1.00
S 071 141 302 471 471

2.13. The plants have been combined from
, , 1.2 2.4 5.0 8.7 10.7
n=600 stems/fand leaves with "planophil"

inclination distribution. The combination of

leaves (leaf area indey and stems used for the different curves aredlisterab. 2.6. The plant area
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densityp, is the sum of, and the stem area indgx which results from the stem dengity the stem

diameterds and the length of the stemsaccording to (2.26).

In general the results for plants combined of stantsleaves are not as good as those for onlydeave

or only stems, except for the transmission of \estadiation, where good agreements are attaired (s

Fig. 2.11). For near infra-red radiation (Fig. 3,1@viations of up to 5% appear for small angles o

incidence, as well as for high plant densities. Téfected portions of visible and near infra-red

radiation are presented in the lower and uppess parfig. 2.13. The deviations account for up to

about 2% of the incident radiation for near infeg-radiation ang1.5% in the visible range.

0.70
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Fig. 2.11

Inclination distribution “planophll”

€
€

,,,,,,,,,,,,,

T T 7 Y Y
. 50. 60. 70. 80. 90.

H
coopooo0o0p000

Transmitted portions of direct visible radiatiam plants (=0.10,r=r=0.15) with

p=1.21 @A), 2.41 (+), 5.02 (Y), 8.71 (x), 10.7®]

The remaining deviations between the radiationefugalculated with the presented method and the

SOSA model taken as reference (see Appendix Azldcprobably be diminished with a more

thorough fit of the model. However, it should b@tki® mind that the larger deviations appear ooty f

the direct near infra-red components of the raatiatinat account



28

2 RADI ATI ON

0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Fig. 2.12

Fig. 2.13

0.¢
Inclination distribution “planophil” . 0.3
o 0.3
e 0.¢
e 0.¢
e - 0.t
+
.- o 0.t
- 0.4
a.. . * 0.4
4 o 0.:
-+ < lou
)

e v {ou
4 v 0.:
- v o1

7
o - 0.1
T - e 0.
N~ v =— o

40. 50. 60 80.  90.

angle of Incldence

Transmitted portions of direct near infra-red atidn for plantst€0.30,r=0.50,

r=0.60) withp;=1.21 ), 2.41 (+), 5.02 (Y), 8.71 (x), 10.7®]

Inclination distribution "planophil”

o.

1. 2o. Jo.

do. so. 0. 70. 8o.

angle of incidel

Reflected portion

n

s of direct visible=0.07,r=r=0.13) and near infra-ret=0.30,
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for less than 50% of the total global radiation.rbtaver, most of the stronger deviations occur for
small angles of incidence, which usually appeay diring sunrise and sunset with small fluxes of
direct radiation.

Consequently, the presented method acceptably atstinthe radiation transmitted through and
reflected by plant stands for arbitrary values of

- the transmission and reflection coefficientshef keaves and the stems,

- angles of incidench,

- canopy densities and structures as well as

- different distributions of leaf inclinations.

These capabilities of the presented radiation madgéther with its low amount of computing time

required are good precautions for its use in mddelsAMBETI.

25  Theoptical propertiesof the ground surface (soil or snow surface)

In the foregoing treatment the reflectance at tloeigd surface was not taken into account. Befage th
calculation of the net radiation fluxes is desdtilble Section 2.6, the determination of the optical
properties of the ground surface will be explainBdese optical properties are distinguished in the
visible (,<0.72 um), the near infra-red (0.£2,<3.0 um) and the infra-red (thermal},£&3 um)
spectral ranges. For the direct radiation in theecaf bare soil only hemispherical reflection
coefficients are considered. In each spectral ratigetype of the ground surface, soil or snow, is
considered.

The reflectancesy of dry soils have to be given as input parameters for theleisibd near infra-red
ranges (see Section 6.1). From these, the corrdsppwet soil reflectancas, are determined with a

semi-empirical relation of Angstrém (1925)

Fow=Trsd[ N° (1 -Tsg) +rsa] , (2.41)

where the refraction indaxof water takes the values 1.33 in the visible &8@ in the near infra-red
range. Between the two extremes the reflectancesvanied with the water contemt; of the

uppermost layer by an empirical relation accordin@Graser and van Bavel (1982)

rsoi| = (rsd + rsw)/z + 0.75 W]_ = 0.13) . (2.42)
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Relation (2.41) has been
validated with reflectances;ﬁ o
measured for different plots ==

of soil. Fig. 2.14 shows the :j”

measured reflectances for

25 030 035 ok o
vol. soil water confent (0-1em)

sand (+), loam (x), |OamYF|g 2.14 Measured and simulated soil reflectances for késind
sand @) and sandy loam tneexatl)r infra-red radiation of different types of {site

(Y) together with the simu-

lated relations (----) ac-

cording to (2.41) and

(2.42). The agreement for

the considered soil types

seems to be acceptable.

According to van Bavel and

Hillel (1976) the emissivity of the soil surfaegy; is varied between the values 0.98 and 0.90 for wet

and dry soil surfaces, by
£s0il = 0.90 + 0.18v; for 0Ocw,<0.44 : (2.43)

The reflectances for fregmow covers are taken ag,=0.95 in the visible angs,=0.65 in the near
infra-red range. For older snow covers, the snoall@sved to compact and the snow density/ds,

to increase (see Section 3.6). With the increasefifs, from 100 kg ¥ for fresh snow to 500 kg th
for old snow the reflectances are linearly decrgdse,=0.75 for the visible angs,=0.33 for the
near infra-red range. For direct radiation from K@uagles of incidencés the reflection is augmented

as used by Dickinson et al. (1986)
PsnoulNs) = osno+ 0.4 (1 -psno) f(hs) . (2.44)
The function ffi) is zero forhs=30° and else increases up to unityigrQ° according to

f(h) = [ (@+1)/(L + 2 a sihg) - 1 J/a (2.44a)
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with a=2. Relation (2.44) is also used for the atlies c5, Of bare soil for small angles of
incidence.

The emissivities are linearly decreased from tHeevagno,~0.99 for fresh snow teg,,=0.82 for old
snow, according to Oke (1978, p. 15).

For thin snow coversgs<1lmm of HO, the optical properties of the surface are liyewaried

between the values for the snow cover and the sdtudhe snow-free soil surface.

26  The calculation of the net short-wave radiation fluxes for the plants and the ground

surface

In this section the calculation of the net shortrveadiant fluxes of the plants and the groundeserf

is described. In addition to the portions of thiierted and transmitted fluxes considered in Saestio
2.3 and 2.4, the reflectances of the ground suréd®e are taken into account. The procedure as
illustrated by Fig. 2.15 is carried out separatehthe visible and near infra-red ranges:

From the incident radiant

flux ("1") with its diffuse 1
and possibly direct com-
ponents (see Section 2.1); ?

the portions reflected at the 2
top of the canopy Eo" in /_\/\
Fig. 2.15) are first calcu-/\

lated according to (2.29). /—§
The portions transmitting

the plant cover () are ’\/
determined with (2.19) and

(2.40) for the incident dif- r-
. Fig. 2.15 The components of the net radiation fluxes
fuse and direct components.

From then on, the remaining fluxes are assumee wiffuse (see Section 2.4). At the ground surface
partly diffuse reflection is considered with théleetion coefficientry, equal to the reflectance of the
soil or snow according to Section 2.5. The remainipward reflected portion is allowed to be partly

reflected at the bottom side of the plant cover agadtly transmitted through the canopy. In
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consequence of the reflections at the bottom ofplhat cover and at the ground surface, the re-
maining portions are repeatedly reflected. Theltiegueffects can be expressed by geometrical serie
in the relations for the additionally reflected iead fluxes (ba"), as well as in the relations for the
fluxes absorbed by the plants and absorbed byrthund surface.

For reflection at the bottom of the plant coverwaal as for the transmission directed upward, the
relations for the diffuse reflectiony and transmissioiy, (2.29) and (2.19), are used. Therefore the
geometrical series all include the term Ii{}), which remarkably deviates from unity only forane
infra-red radiation. For the direct component & thicident radiation the total portion reflectedthy

canopy is

ew=or+ Trlg (1 -0d) Ta /(1 -rg o) (2.45)

with the direct and diffuse portions reflectedts top of the canopy;z andpg, according to (2.29).
The transmissivities for directz] and diffuse Ty) radiation are determined with (2.40) and (2.F9y.
the diffuse components of the incident radiatiom tibtal reflected portiopyy is calculated similar to

(2.45) withpog andzg replaced byyq andTy, respectively:

o= pa+ Td g (1 - 0g)/(1 - g og) : (2.46)
The portion of the incident direct radiation flusxsarbed by the soil surface is

Asg=1g (1 -rg)/(1 -rg o) : (2.47)
The portion of the direct radiation flux absorbedlie plants is given by

Ane=1-pg- 1+ 1T (1 -pa)(L - T/ -rg o) . (2.48)
Similar to the diffuse reflection, the absorbedtipois Asq andAyq of the diffuse incident radiation are
determined according to (2.47) and (2.48). With dmect (solar) and diffuse components of the

visible radiancesRs\i and Ry.i , (see Section 2.1) the visible net radiation fafxthe plants is

determined as

R vi,pt = Rsvi Api + Ra,vi Apd : (2.49)
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This visible net radiation flux controls the stoalaesistance according to Section 4.1. The visiblte

radiation flux of the ground surface is

Rovig=RsviAse+ RaviAsa - (2.50)

For the near infra-red range, the net radiatioreBuR, nip and R nig are determined in the same way
with the corresponding optical properties useddorog, rg, Tq andz. The net short-wave radiation
fluxes of the plants R, and the ground surface, Byare the sum of the corresponding net fluxes in

the two short-wave ranges

Rn s,p1= Ravipl + Ranipi (2.50a)

Rnsg = Ravig + Ranig . (2.50b)

2.7  Theexchange of thermal radiation

With the emissivity of the ground coveg equal to the emissivity of soil surface or of srawer (see
Section 2.5), and the emissivity=0.96 of the plant elements, the absorbed portdrike incident
long-wave radiation are determined the same wayeasribed for the diffuse short-wave radiation.
For the incident long-wave radiation, the inclinatdistribution of the standard overcast sky (sae T
2.1) is used. The reflection coefficients of thanplelements and the ground surface in the above
equations have to be replaced byyland 1«4, and the transmission coefficient is zero.

The transmitted and reflected portiohg and or of the incident flux of long-wave radiation are
calculated with (2.19) and (2.29). The portionsoabsd by the plants and the ground surface are
determined similar to (2.48) and (2.47), resulimgoefficients for the equations (3.5) and (32)e
geometrical series can be omitted, since the sjoreding term 1/[1-(Jy) o] is very close to unity.
Thus, the coefficient in (3.2) for the absorptidrih@ incident long-wave radiation by the plantsutts

as

au=[1-or-TrR*+TrR (1 -g9)(1-pRr)(L-TR) ) p (2.51)
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The coefficient in (3.5) for the absorption of ireund surface 8Tk -

The exchange of long-wave radiation, due to thdivat emission of the plant elements and the
ground cover, is considered in the energy budgeatean of the plants (3.2) with the coefficients
aplo £g and eyl ape @and in the budget equation for the ground surfacsg with ey asap £pi and £g Asae.
These coefficients are estimated fr@i and pr : For the absorption of thermal radiation from the

ground surface by the plants

aplo = (1 -Tir)/ epi (2.52)

is used. The coefficient describing the upward@manward long-wave emission of the plants is

ape=(1-Tr) [2-(1-2g) or (1 -Tir) ]/ €pi : (2.53)

In the net radiation balance of the ground surtheecoefficientssa=1-Tir for the radiation emitted

by the plants and

asae= 1 -pRr (1 - &g (2.54)

for the emission by the ground surface are used.

For the interpretation of remotely sensed long-wiagkationfrom crops in general the origin of the

single components has to be considered. These are

- parts of the incident long-wave radiation fluwattfare reflected by the plants and the ground
surface according to (2.45) and (2.46),

- radiation emitted by the plants and

- radiation emitted by the ground surface.

For narrow spectral ranges, the Planck law resnltstrong deviations from the T “-emission

according to the Boltzmann law (see Widger and Wpoil@76), which are not considered here. The

hemispherical emission in broad spectral rangesbeanerived with the above relations. For the

detection of radiation emitted to an an@lethe single components can be derived accordirigeo

above equations for direct radiation with the cgponding transmissivities and reflectances. Tah hi

degree of accuracy the long-wave radiant interdatgcted with the inclinatio from a canopy is

proportional to
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Re=0Ta =[os+Tr(1-eg(L-00) ] R
+[(1-t) + (L -TRI(L - £(L - o) 78] o Tpi* (2.55)

+e9(1-pop) w o Ted

HereT, is the "apparent surface temperature” or equivdllEctk body temperature and, or, 3,

and Tr are the canopy reflections and transmissions ii@cidand diffuse radiation according to
(2.29), (2.40) and (2.19) with the correspondintjoap properties=0, r=rs=1-s,. The above equation
considers that for small plant densities the "WSilamount of the ground surface increases with the
anglel3. For example in a typical situation with the tengperesT,=30 °C, Ts=22 °C andR=250 W

m? the apparent surface temperatiigevaries between 28.5C for =15 and 24.6°C for R=65°,
which amounts to a difference of 3.7 K dependinlg on the angle of incidence.

For dense crops, the transmission can be neglaotethe above equation simplifies to
Re=oTa'=orR+(1-Tr) o T = (1 - ep) R + pi o Ty, (2.55a)

which is valid for hemispherical emission and ckso &de used for the radiant intensities detecta fr
discrete angles of view.

The correction by (2.55a) still accounts for anaappt temperatur€, of about 1.5 K below the actual
surface temperature for the above conditions wjj0.96. For crops with smaller, (Gates and
Tantraporn, 1952) the deviations may be severakdsg

With the help of the remotely sensed control of tleparent) surface temperatures, the results of
models like AMBETI are allowed to be validated adjusted in large scale applications as pointed
out by Braden and Blanke (1993). Examples of appanerface temperatures simulated with (2.55a)

and measured are given in Section 6.3.
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3 Energy budget and transport inside and above the canopy

3.1  The energy budget of the plants and the ermigyce of the soil surface

3.2  The aerodynamic transports in the "no-microatet option

3.3  The aerodynamic transports in the "microclithafgion

3.4  Additional remarks on the solution of the egebbgdget and transport equations (dew and
evaporation of intercepted water)

3.5  The resistances for the aerodynamic transports

3.6 Development, melting and insulation of a snowec

This chapter deals with the heat budget equatioplémts and for the soil surface; the arrangeroént
the resistances for the aerodynamic transport idilsie and latent heat inside the canopy, and the
solution of the resulting equations in the model B®TI. Since the model is one-dimensional, only
the vertical turbulent components of the aerodynanainsports are considered. The heat budget and
transport equations are solved for discrete tirapssit, which usually are chosen equal to the time
step of the meteorological boundary conditions.

In order to allow for a simple notation, the aemalyic transports are expressed in the form
flux density = - concentration difference/(aer odynamic resistance)

(see Thom, 1975, p. 65). This notation has beeptaddrom the Ohm's law in electricity and is
commonly used in agrometeorological models (see/aggoner et al., 1969; Goudriaan, 1977). The
aerodynamic resistance replaces the diffusiity{e.g. eddy diffusivity or molecular diffusivitypy

the integral of the reciprocal diffusivity

ra=/K'dz

The notation with the resistances offers the adwgnthat Kirchhoff's laws for the calculation of
fluxes in networks can be used.

Two varieties of the model exist, differing in tagangement of the transport resistances: in ther ol
version, the aerodynamic transports of the plamd #he soil surface are treated without an
aerodynamic coupling inside the canopy (see Se&tidn In the more sophisticated version, used for
the calculation of microclimate, the aerodynamamgports are linked to each other inside the canopy
(see Section 3.3). A few comments for the modificest recommended for wet leaves (from dew or
intercepted precipitation) are offered in Sectioh Jhe determination of the transport resistames
described in Section 3.5. Section 3.6 deals withdgvelopment and melting of the snow cover at the

soil surface and its insulating effect.
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3.1 Theenergy budget of the plantsand the ener gy balance of the soil surface

In this section, only the basic form of the endoggget equations is presented. The determination of
the additional flux densities and the solutionw equations are described afterwards. In the gnerg
budget of the plants the fluxes of sensible latnd latent hea¥, are regarded as well as the net

radiation flux densitieR, , and the heat storage term

For the specific heat capacity of the plant a value of (4.18) J K* m? is used with the plant area
indexpa. (see Chapter 2). This corresponds with the speuifat of water and the estimate of 1009 m
of plant area, which is reasonable for many crdps. plant temperaturd$, andT,, correspond to the
actual and the previous time step, respectivelydescribed in Sections 2.6 and 2.7 the net radiadio

expressed as

Rapl = Raspit pl (@ R+ apio g C7Tsa4 - dple UTpI4 )- (3.2)

HereR, spiis the net short-wave balance of the plant elesp@nts the incident long-wave radiation
andTs, the temperature of the soil surface or the tentpexaf the snow cover (see Section 3.6). The
emissivities e and g4 of the plants and the ground surface are describefection 2.5. The
determination of the coefficiengg, for the absorption of the incident long-wave rédm ay, for the
interception of thermal emission of the ground acefandye for the thermal emission of the plants is
explained in Section 2.7.

For the simplification of the solutioF” is linearized by
Tp|4 — Tx4 + 4TX3 (Tpl _ TX) , (32a)

whereTy is a suitable estimate liKig, or the air temperaturg at reference level.

When all signs of fluxes towards the plants aretpesthe energy budget reads
Ropi+ Hpi +Vpi +5=0 : (3.3)

For soil, only the surface energy balance is resghid this chapter. The heat and water budgetsein t
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soil layers are calculated from the surface comatitias described in Chapter 5.
With the vertical turbulent flux densities of sésiheatHs; and latent heafs, at the soil surface, the

net radiation flux densitiR, s;and the ground heat flux densiithe energy balance is
Risat Hsat Vsa+ G =0 . (3.4)

Again, all fluxes towards the soil surface are posi

The latent heat flux density at the soil surfslggs regarded in this balance equation only in tees

of dew formation and when the soil water potentadishe uppermost soil layéy| are less than 10
J/kg (see Section 5.5), which is equivalent to asueface. Otherwise, the corresponding latent heat
flux densities are regarded as sink terms in thaulzdion of the soil heat budgets (see Sectiol), 5.1
since the vapour is extracted from below the sarf{aee Section 5.6).

The net radiation at the ground surface is caledlatith
Rnsa= Rnsgt €g (@sasR + 8sap €pl OTpI4 - Asae 0 Tsa4 )- (3.5)

The calculation of the short-wave component of ¢heund surface net radiatidR, sg and the
coefficientsasas, 8sapandasacfor the exchange of long-wave radiation are dbedrin Sections 2.6 and
2.7.

The expressions for the fluxes of sensible andiidteat and the solution of the equations arerdifite

for the two model versions.

3.2  Theaerodynamictransportsin the" no-microclimate’ option

In the "no-microclimate” option, the vertical tutbnt fluxes of sensible and latent heat from thie so
surface on the one hand, and from the plants oattiex hand, are calculated separately correspgndin
to Fig. 3.1 . The upright resistanagsandr . stand for the vertical turbulent transports, ttieers for
the laminar transports at the surfaces of the pl@r) and the soil surface.f. The resistance,
accounts for the transport between the referenight® and the level of the main energy exchange

inside the canopy whilegc accounts for the transport between that leveltbedround surface.
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o -
Fig. 3.1 The architecture of the aerodynamic resistanagbhéosensible and latent heat fluxes in the

"no-microclimate™ option

With specific latent heat of vaporizaticn the densityo, and the specific hea, of the air, the

densities of the sensible and latent heat fluxéiseglant are

Hpi =0 G (Tr - Tp)/(rap + 1'a) (3.6)
and
VoI = Zpl (0 = Os,p)/(Fap + Fa+ pl) . (3.7)

Here, T, and o, are the temperature and humidity at referencd, lame o5, is the saturation humidity

at leaf temperature. The saturation humidity wél used either in the case of transpiration, for the
formation of dew, and the evaporation of dew, dertepted rainfall. However, in the case of

transpiration, the saturation humidity holds ordy the vacuoles of the plant stomata (e.g. Thom,
1975, p. 87). Therefore in this case, the bulk stahresistance,=rs: (see Section 4.1) occurs in the

transport equation; in the other cagg=0 is used.

For the purpose of a straightforward solution efélquations, the saturation humidity is linearizgd

Ps.pi= o Tp) = o(Tx) + 2o (Tpi - Ty) ) (3.7a)

whereT, again is a suitable estimate r; os(Tx) is the saturation humidity &%, ands, is the slope

of the saturation humidity function.
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The aerodynamic heat flux densities at the sofbserare described by

Hsa= o G (Tr - Tsa)/(ra Rl P ras) (3.8)
and
Vsa=4sa(or - 0sd/(ra+rac+ rag . (3.9)

For the soil surface temperatufe,, the value calculated in the soil thermal sectiming the
preceding time step is used for simplicity. Thecgktion of soil evaporation is described in deitail
Section 5.6 .

The total vertical turbulent flux densities of sefesand latent heat are

Hea=Hpi + Hsa (3.10)
and
Vea=Vpi + Vsa . (3.11)

The flux densities of sensible and latent heabatlantsHp andV,, and the plant temperatuiiy,

are calculated from Equations (3.1) to (3.7) assddrin Appendix A3.1.

3.3  Theaerodynamictransportsin the" microclimate' option

The arrangement of the resistances and aerodyrfaxés used in this option are presented in Fig.

3.2. With the air temperatur&;,, and humidity,oca, inside the canopy the transport equations for the

aerodynamic heat flux densities at the plant are

Hpi =0 G (Tea- Tpi)/rap (3.12)
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‘sufaca of
ol or gnow

Fig. 3.2The architecture of the aerodynamic resistanagbhéosensible and latent heat fluxes used
in the "microclimate-option”

and

VoI = Zpl (Oca- Os,p)/(Fap + Ipl) . (3.13)

The meaning of, and the linearization ¢fs  is the same as described for Equation (3.7).

The aerodynamic heat fluxes at the soil surfacel@seribed by

Hsa= 0 G (Tea- Tsd/(ractras (3.14)
and
Vsa=4sa(0ca- 0sa/(Fact a9 . (3.15)

For the soil surface temperatulig,, the remarks to (3.9) hold. The calculation of sgaporation is
described in Chapter 5.6 .
As can be seen from Fig. 3.2, the aerodynamicaldknsities of the soil surface and the plantsltresu

in vertical turbulent flux densities for the whaanopy of sensible heat

Hea=Hpi + Hsa= 0 G (Ty - Teg)/ra (3.16)
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and of latent heat

Vca = Vp| + Vsa= i (pr = pca)/ra . (3.17)

A simplification for the solution of the EquatioBsl to 3.3, and 3.12 to 3.17, results from thestwi

of the solution for one time step into two steps:

- At first, the fluxes and the temperature of thenfs Hp , Vo andTy), as well as the canopy
climate T¢; and oca, are determined with the fluxes at the soil swfassumed to be known
(taken from the last time step).

- Afterwards the calculations for the soil surfaamee carried out with the values for the
temperature and humidity inside the canoRy &ndocJ), just calculated.

This simplification will cause only minor errorgdause

- the influence of the soil surface to the plaatsmall compared to the other exchange processes
at the plants, and

- the temporal changes at the soil surface belplara cover are relatively slow.

The flux densities of sensible and latent heahatplantsH, andV,,, the plant temperatur&y, , the

temperatureJ.,, and humidity,oc,, inside the canopy are calculated from Equatiohst@® 3.3 and

3.12 t0 3.17 as derived in appendix A3.2.

For the temporary calculation of the temperature lammidity in the lower part of the canopiya

and pcau, the resistances is divided intorac o andrac , hereafter. The corresponding air temperature

and humidity are determined from

Teau=Teat (Tsa- Tca) Mac,d(Fac+ a9 (3.18a)
and
Peau= Pcat (Osa- Oca) lacd(Fac + as (3.18b)

The fractionr,. =0.85r,c has been determined empirically by comparing efrtiodel results with

corresponding measurements from the lower paheo€anopy.
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3.4  Additional remarks on the solution of the energy budget and transport equations (dew

and evaporation of inter cepted water)

In both options (3.2 and 3.3), two special cases abe regarded:

1) If the plants are partly wet from dew or raiterception, the flux densities of the latent rafat
evaporation from the plantg, is calculated with the resulting resistamgefor the combined
diffusion through the stomatas§ on the one hand, and from the wet leaf surfagg ¢n the

other hand

Mot = stlint /(Fst + Fint) . (3.19)

The resistance,; for the evaporation of water from the plant swefais calculated from

Fint = Fim max{ 1 +fy2 ,Pi/(2P) - 1} , (3.19a)

with rim=40 s/m in the case of intercepted precipitatiow, rg,=4 s/m in the case of dew. The
resistance;,; accounts for plant senescend jg.2a) and for the amount of dew or intercepted
waterP; (4.10, 4.11).

After this calculation according to Appendix AA3.2,V, is divided into transpiratiol’;

and evaporatioN, of dew or interception according to

Vi =Vpi I'st (1 - PilPim) / Tint ) (3.20a)
Ve=Vo-Vi . (3.20b)
2) If os,p1 < or OF pspI < pcain the "microclimate” optiorr,, is set equal to zero and dew can form.

Since the stomatal resistance is related to thealptant water potential (see Section 4.1), fahea
time step after the calculation &fy , it is tested whether the stomatal resistance usethe
calculations is still in accordance with the actuater potential.

Once the energy balance and the aerodynamic flogities Hs, and Vs, are determined at the soil
surface (see Section 3.2 or 3.3), the microclimatinditions, which are calculated for each time ste
are adjusted to these fluxes with the help of (Bab@l (3.17):
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Tea={[Trrap+ Tpiral(Fac+ ragd + Tsalalap}/(ra+rac+rad (3.21a)

Pca= { [,Or Fapt Ospl ra](rac + ras) + psalalap }/( la+Tact ras)- (3-21b)

35 Theresstancesfor the aerodynamic transports

In this section, the resistanagsandr,. for the vertical turbulent transports of senséuhel latent heat
above and inside the canopy; as well as the rasesa,, andr,s for the laminar transports at the
surfaces of the plant elements and the soil suffsee Sections 3.2 and 3.3) are described. These ar
all calculated from the reference wind speed (inyariable), from geometrical properties of the
canopy, and from surface properties of the grosaddce of soil or snow). The stratification iseak
into account in the calculation of the resistarmcddrbulent transport,.

To allow calculations for one canopy (or surfacéhwhe input wind speed from a nearby surface,
the model offers the possibility of temporarilyrtséorming the reference wind speed. The relation fo
the logarithmic wind profile (e.g. Thom, 1975, 8) &

u(z, d, zp) = w/x In[(z - d)/z] (3.22)

with the friction velocityu- and the von Karman constan{x=0.4).
This relation is applied to both sites with theuasgtion that the wind speed at the heightusually
taken aH=20m) does not differ above both sites. This alltlees conversion of the wind speed,

measured at a height, into the reference input wind spagatz by

Ur = U IN[(H - du)/zol] In[(z - d)/z] / { IN[(H - d)/zo] In[(z, - du)/Zo] }, (3.23)

where stratification effects are omitted. Heteand z, are the zero plane displacements and the
roughness lengths for momentum at the site of gptication of the model and, andzy, are the
respective quantities at the site where the wimgdhas been measured.

The zero plane displacemattand the roughness lengthof the canopy, as well as the aerodynamic
resistance 5 for the turbulent transport inside the canopy @getermined according to results of a
discretized numerical model of the shear stresad@r, 1982, p. 74). In that model, with the help of

an estimate for the mixing length profile, depegdam the structure and density of the canopy, the
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downward decrease of the shear stress was retatibe tstress exerted on the plant elements. The
profiles of wind speed and turbulent diffusivitysudting from that model have been evaluated for a

variety of reference wind speeds, as well as strastand densities of the canopies. These resalts a

introduced into the present model by means of nizsaldables of4 andF; for d andr,c, respectively.

The displacement heigtltis determined as a portion of the canopy height

d=Fl)z (3.24)

whereF4 is related to the leaf area indgxas listed in Tab. 3.1.

Table3.1 The relation betwedRy and the leaf area indéx

la 0.0 0.53 1.06 1.59 213 2.66 319 3.72 4.25 478 531 100
Fq"e" 0.0 0.120 0.176 0.251 0.310 0.362 0.406 0.445 0.489 0518 0.544 0.560
Fqa"p" 0.0 0.140 0.223 0.312 0.378 0433 0.480 0519 0.561 0.589 0613 0.630

Two different relations are available for more &sd upright leaves, referred to as "erectophildeyl’
"planophil (p)" (see Tab. 2.2). For intermediatéuea of the leaf area index the resulting valuesof
are interpolated with the help of third order palgrs.

The resistance,. for adiabatic stratification is determined from

r'ac = FI’(ZC) |a 25”20 ) (325)

whereuy is the wind (in m/s) speed resulting from the tdganic profile (3.22) at the height of 20m.
As above, the relation d% to the canopy heiglt. is available for more ("e") or less ("p") upright
leaves (Tab. 3.2).

Table3.2 The relation betweeR, and the canopy height

Z 0.0 0.2 04 0.6 038 1.0 12 14 16 18 20 22
F "e" 65.0 80.0 934 1024 107.0 1136 1216 132.0 1494 166.3 186.6 200.0
Fr"p" 60.0 720 80.7 85.2 87.2 90.4 94.4 99.9 109.8 1194 130.8 140.0

The roughness length of the canopy for the aeradinabove the canopy is determined as

2=F, 2 (3.26)

with F=0.16 for the more ("e") arfd,=0.12 for the less ("p") upright leaves.
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The resistance for the turbulent transport from résference height; to the top of the canopy is

calculated from the integral

ra=/Kn'dz (3.27)
with the commonly used eddy diffusivity or eddyoasity (see e.g. Thom, 1975, p. 70)

Kn(Z) =u x (z-d) . (3.27a)
This results in the aerodynamic resistance forbadii@ lapse rate

Ia=In[(z - d)/(z - d)/(u- x) : (3.28)
where the friction velocity- can be eliminated from (3.22) and (3.23).

In order to regard the transport from the uppet pithe canopy, but not the top of the canopyhwit

the resistance, and withr,. down from there, the two resistances for the adialzase are modified

by
ra(o) =r'a+0.02r'y (3.28a)
rac(o) =0.98r'yc . (3.25a)

According to Campbell (1985, p. 67) the resistangds m?) for the transport through the laminar

layers of the plant elements (both sides of thedggis expressed as

Fap= 90 €y/uc)" , (3.29)
whered, is a typical dimension of the plant elements takethe leaf width, see also Braden (1982, p.
61). The wind speed. at the upper part of the canopy is estimated f(8r@2) with z=z.. The

resistance,s (s m?) for the laminar transport at the ground surfaaeaiculated according to Campbell
(1985, p. 67) from

ras= 307 dJUs)llz . (3.30)
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Hereds is an input parameter which is usually sed4e0.02 m as a characteristic length of the surface
structure. For a snow coveyis set to 7.5 mm.

The wind speeds atds above the ground surface is determined from aikbgaic profile

Us=Ws/x IN(ddzo9) (3.31)

with z,e=d47.5, according to Brutsaert (1982, p. 113). Tawbthe required friction velocitys at the
ground surface, the two logarithmic wind profilesg above the canopy and the other near the ground,
are matched at the heightz: giving

Us = U IN[(2 - d)/20] / In(zdZ05) . (3.31a)

Here u- results from (3.22) with the boundary valueu(z) andd andz from (3.24) and (3.26),

respectively.
The influence of the stratification on the resistn is regarded according to (Brutsaert, 1982, p. 66)

by
ra=ra” - %(Q)(x ) : (3.32)

using the logarithmic wind profile. For unstablesfication the functiorw is determined according to
Brutsaert (1982, p. 70) as

() =2 1In[(1 +X)/(1 +Xy)] (3.33a)

with the abbreviations

X =@1-160)" | (3.33b)

and

1= (& - d)/L- : (3.33c)
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{2 = (z - d)/L+ . (3.33d)
For stable stratificatiorL.¢>0) the functionw is determined from
v=7(l2- 1) ) (3.33¢)

which is limited to¥>-0.85, since the formulation does not hold for rafig stable situations. The
Monin-Obukhov length.- is calculated according to Brutsaert (1982, p.a&) Thom (1975, p. 85)

L =06 Tyt g x (Hea+ 0.61Vea Gy T/2) | , (3.34a)

whereg is the gravitational acceleratiogr0.81 m &).
In order to avoid recursions fét., andVe, the Monin Obukhov length- for the actual time step is

estimated from the one of the previous time stefnéyempirical relation

L = L. (RyOIRy) (3.34b)
with the "climatic net radiation”

R'=Rs+R-oT" |

including the net short-wave radiati®a=R, s pirR s gaccording to Section 2.6. HeRg, R/ are the
climatic net radiation fluxes from the actual ahd previous time step (marked wit}). The Monin
Obukhov length_-© has been determined from (3.34a) in the previious $tep after the calculation
of the aerodynamic fluxdd., andV.,. With this relation, the expected impact of tharae in shear
stress and global radiation on buoyancy is tempprastimated. Of course, this treatment of the
turbulent vertical transport is not fully satisfgirbut it seems to be acceptable for the purposeisof

model.
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3.6  Development, melting and insulation of a snow cover

The effects of a snow cover on the soil surface.ek@ample, its insulation, have to be regarded in

order to enable the proper calculation of the smiface temperatures, and the temperatures abeve th

surface, as well as the temperatures and the w@téents of the soil layers. These are recommended

for agrometeorological purposes like estimating/isat conditions for insects at the soil surface, a

well as for winter crops above the surface, andrffitration and leakage during winter. Moreover,

these are important for the reliable determinatibiihe lower boundary in mesoscale applications.

In order to decide whether precipitation is frozmnnot, the corresponding weather information,

included in synoptic data, are evaluated. If thegenot available, the reference air temperaiiyrds

used as an indicator. FO{<Ts,, the precipitation is assumed to be frozen. Fronogljc data of

Braunschweig (1951 until 1980) it was found that wialueTs,=1.5°C gives the best agreement with

the observed types of precipitation. Of courseateridecisions at this point may cause severe devia

tions in the succeeding simulations.

In the case of frozen precipitation, the additiceralount of water is added to the water contepbf

the snow cover. The height of the snow calsgrs defined byws, and the snow densitys/ds,, which

is initially set equal tons/ds=100 kg nt® of water for fresh snow. Afterwards the snow dgnisi

increased in the cases of rainfall or temporanyintelip to the value of 500 kg

The existence of a snow cover is accounted fohéyrodification of various surface properties:

- The roughness length is diminished (see Section 3

- The emissivity for long-wave radiatiaf is changed (see Chapter 2.5).

- The reflectivities of the short-wave componeritsadiation are raised remarkably (see Chapter
2.5).

- The resulting net short-wave radiation is congddo penetrate into the snow cover with and
the extinction 0.3Qvs, (Wsh In MMy20)). This extinction coefficient has been estimateainf
data of Dirmhirn (1964, p.160) and Thomas (19630 wnly gave results for visible radiation.
Thus, a thin snow cover withs=2.31 kg ni¥ only absorbs half the incident radiation, while
the other half is transmitted to the soil surface.

The most important effect, however, results frore thsulation by the snow cover. The lower

boundary condition for the aerodynamic transpoftg, no longer coincides with the soil surface

temperatureTso . The heat transport between the top and the botibithe snow cover due to

conduction is
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Gsa= 4sn (Tsa- Ts9/Osn ) (3.35)

whereTg is the temperature at the lower boundary of trevscover. The heat conductivity of the
snow cover is linearly varied between the valugs 0.08 W n K™ for fresh snowws,/ds=100 kg

m* of water) andisn = 0.42 W i K™ for old snow Ws/ds=500 kg n* of water) given by Oke (1978,

p. 38).

In a first step, from the preliminary energy baksof the top and the bottom of the snow cover, the
internal time step is determined for the subsequaluulations of soil and snow heat budgets. The
latent heat of snow or rain in the case of preaiijgih and the heat capacity of the snow are indude
The resulting time step is limited in order to avphase transitions between the stages "frozen”
"melting"” or "melting"— "liquid" during one internal time step (see alszt®n 5.2). The soil surface
heat flux is determined from the energy balancéhefsoil surface, including the transmitted short-
wave radiation, as well as the fluxes of sensilnld Etent heat (molecular diffusivitgz=1mm).
Doing this, spotted melting is accounted for, fointlayers of snowds<17 mm) considering an
increasing portion of the soil surface to be alydagke of snow.

The soil heat budgets are calculated with thenaldrme step according to Sections 5.1 and 5r&gusi
the soil surface heat flux as a boundary condition.

The heat budgets of the upper and the lower péttseecsnow cover are calculated separately on the
basis of the resulting surface temperature. Aasarossible, the changes in the heat capacitiethand
latent heats of freezing (see Chapters 5.2 andd&SYestricted to the upper and lower parts.

From a physical point of view this part of the mioidesimple, but controls (not explained in detail
here) are recommended at the freezing point inrdadenable proper operation in all situations. The
treatment of the phase transitions is reportedarerdetail for soil chill in Section 5.2.

The balance equation (3.4) is generalized to tleeggrbudget equation of the upper part of the snow

cover

Rn sgt Hsa+ Vsat+ Gsa= Wen Cw (Tsa' Tsa,c)/2 + Qph,s"’ Qph,p (3.36)

whereTs, 0iS the surface temperature of the previous tirap, indC,, is the heat capacity of frozen
water (see Tab. 5.1). The te@n, accounts for the freezing heat of precipitatiod aacurs if its
phase state differs from that of the snow covee ffhezing heat of the snow cov@gs s has to be
overcome in the case of melting. The different sase carefully distinguished in the model to easur

its proper operation.
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4 Plant-water inter actions

4.1 The bulk stomatal resistance and its calibmatio
4.2 Plant water conduction
4.3  The interception of precipitation

The stomatal resistance is the control mechanisrth@éplant heat and water budgets. In contrast to
the passive role of the plants in the transmisamhreflection of radiation, the stomata are inedhin
complex physiological mechanisms, which will not dmnsidered here (see Larcher, 1976; Ziegler,
1978 or Zelitch, 1971). The combined effect of thk stomata in the canopy is considered to be
unified in the so-called bulk stomatal resistarioeorder to account for its most important reaction
these are empirically related to the significardrgities of influence, as described in Section #itiis

part of the model is the only element that needibreion using the whole model. Water transport
through the plant roots, stems and leaves is cergid(Section 4.2), because it enables a realistic
presentation of the extraction term for the soiltawaas well as for the plant water stress, that
remarkably influences the stomatal resistance.dttitian to the water fluxes inside the plants, the
passive impact of the plants on the water budgetntgrception of precipitation is empirically

simulated, as described in Section 4.3.

41 Thebulk stomatal resistance and its calibration

The bulk stomatal resistancag,, is calculated from the visible radiati® i, absorbed by the plants,

the leaf area indek,, and the plant water potentia,

rst={ rsmi + rsdplant age) ¥r(Rnvipi, 13} / f1(la) + rpw(¥p) (4.1)

The minimum stomatal resistanagy, , is an important quantity, which must be spedifiche
calibrated to the respective crop. The additioraistancers., accounts for the fact that older crops
are unable to transpire as much as they can inggoigtages, because the stomata can no longer fully
be opened or because they dry out, as in the dasraals. For young, fully transpiring cropsis
equal to zero. Similar to Thompson et al. (19824), this senescence resistance is related fahe

age by

rse=rs1fy+rs2 fJ3 1 (4-2)
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with
f1=@-I)(Je-Jp)  forJp<I<de . (4.2a)
The resistancess; and rs; have to be r

calibrated. The value of the senescence resis-
tancers. depends on the days of yeds &nd ' * ot
Jo) of the two corresponding phenological

stages of the crop (see Zadoks et al. 1974; r
Biologische Bundesanstalt, 1979; Hack et al.,

1992). For days of the yed&J, the resistance

rse iS equal to zero and fai>J. it equals fo1

Fs1trso.

For intermediate daygerises from zero to its ! '
Jo Je day of year

maximum value. A typical shape tis pre- Fig. 4.1 The senescence resistange

sented in Fig. 4.1. The phenological stages,
that have turned out to be relevant dgprandJ. of the different crops according to Schrodter ()98
and Loépmeier (1991), are listed in Tab. 4.1.

Table4.1 The phenological stages for the beginnify 4nd the endJf) of senesence accordit
to Lopmeier (1991)

crop NS N

winter wheat heading + 10 fully ripe
spring wheat heading + 5 fully ripe
winter barley heading + 10 fully ripe
spring barley heading + 10 fully ripe
oats heading fully ripe
winter rye heading + 10 fully ripe
maize flowering dough stage
sugar beet crop cover complete + 10 full maturity
potatoes crop cover complete + 5 crop cover cetapi 110
rape begin of flowering fully ripe

For the reaction on the absorbed visible or phaotibgyically active radiation a corresponding reladi
given by Feddes et al. (1978, p. 27) has been deavand listed in Tab. 4.2.
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Table4.2 The relation between the resistangand the absorbed visible radiati@hyi,
modified according to Feddes et al. (1978, p. 27)

Rwpl 0 40 60 80 100 110 500
rr 2800 237 141 69 10 0 0

For leaf area indicek>1 the input quantityR', iS equal to the absorbed visible radiatRnpi
calculated according to Section 2.6, 88, ;=R vip/la iS used. Intermediate quantities are interpolat-
ed from Tab. 4.2 with the help of third order pagms.

The functionfy(ls) in (4.1) reflects the main impact of the leafaaiadex on the bulk stomatal
resistance: Since transpiration fpr. 0 becomes zer®y(I;=0) is zero. On the other hand, transpiration
is limited even for an unlimited increase lgf. This is due to the fact, that, in contrast to the
simplifying network for the aerodynamic resistan¢eg. 3.1 and 3.2), the aerodynamic transports
from the deeper canopy layers have to overcomeemgptary resistances uprg additional tor, .

For this reasorf; is limited to 1 fol>2.15 resulting in

fi(l) = min{1, 1.2 [1 - exp(x/1.2)]} : (4.3)

The resistance,,, for the water stress reaction,

is zero if no water stress occurs. This is assumed
to be provided as long as the plant water po- r
tential, yp , (see Section 4.2) exceedso
(Wpl<l¥pol). Otherwise, for [ypl<2lyel, the
resistancerpy increases linearly up tgm, as
shown in Fig. 4.2. The water potentigiso and

Uer are determined during the calibration and the

resistance,m is assigned to 8000 s/m, a typical™ Z/} ! w'
| 10
value for the transport through the cuticular, thaﬂgp_ 4.2 “ The resistance for r[))lant water

remains possible even if the stomata are totally stress

closed.

This parameterization of the (bulk) stomatal resiseé certainly is not satisfying from a plant

physiological point of view. However, it seems t@ lacceptable for the purpose of this
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agrometeorological model.

In summation, the parameterization of the bulk stiaresistance consists of five quantities, thath

to be calibrated for each different crop (see Rabat the end of this Section). These are

- the minimum resistanagm;,

- the resistances; andrs,, that are responsible for the shape of the ineredshe senescence
effect and

- the water potentialg,o andiye, that determine the reaction on water stress.

The calibration parameters have been determined by comparing lagotanspiration courses,
resulting from the model AMBET]I, with correspondingeasured courses of evapotranspiration. The
five calibration parameters have been adjustedategdly according to the preceding model runs until
there was a good agreement between the simulateth@measured course of evapotranspiration.
This procedure implies the impact of other elemehthe model on the parameters determined during
the calibration. Especially the choice of soil-tayaic properties - the retention functions and
conductivity functions - might remarkably influenite calibration potentialg,o andy (see below).
Since the model properly describes all the prosesslevant for the water and heat budgets of the
system, the calibration parameters will represety the properties of the crops themselves. This
gives justification for the hypothesis of the tri@nability of the calibration to soil types othéah the
sandy loam that had been used in the calibrates Tab. 4.3).

For the purpose of calibration the

evapotranspiration has been detery o413 The composition and properties of the

mined from the mass balances of two sandy loam used with the calibrations
weighing lysimeters. Each has a depthdepth m m, my Ob Ks
of 1.5 m, is drained with the suction off ™ % % % g e cm/day
1m column of water at the bottom and 0-15 10 42 1.5 1.50 30
has a surface of 1.7 m by 1.7 m (seel5'25 10 42 11 1.50 20
25-70 10 42 0.4 1.51 20
von Hoyningen-Huene and Bramm, > 70 10 42 0.4 1.60 2

1978). For the evaporation experi-
ments, the crops were cultivated on

the lysimeters, in as similar a manner as possibtde surrounding fields of about 45 m by 45 m.
Starting in winter, the corresponding model rungehbeen realized with the respective measured
meteorological boundary conditions and with thenptéevelopment#, |,). For the root distributions

and densities measurements of Westing and Sodi@Rp) and Kiicke and Loffler (1990) from com-
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parable soils have been considered. Additionadllyybung crops root densities had to be augmented
occasionally in order to avoid severe water stndgsh did not in reality occur.
In general, the need of the model for courses of density profiles as input quantities appears to
obstruct its application. On the other hand, theaathges of the implementation of the plant water
conduction are described in Section 4.2. Fortupat¢lleast in the case of agricultural crops imltu
climates, the requirements of root distributioro{rdepth), and root densities as input paramesens s
to be a minor problem. With a certain experienceéhim use of the model, the knowledge of root
densities can be adjusted from the demand to giveenere water stress under normal conditions.
However, the supply with the input quantity "rogtidepth” still is a disadvantage, since it may
depend on the individual crop, on the stratifiaaind soil types, and even on the previous developme
of the water distribution in the soil. Eventualifais problem can be solved in the future by the
implementation of a sub-model for the root grovRichiter and Kiicke, 1994).
Calibrations had been carried out with an earkesion of the model for
- winter wheat from the vegetation period of thary&985,
- for winter barley from the vegetation periodsl683 and 1986 and
- for sugar beet from the

vegetation periods of 1983 and

1984. s

10 7.
The resulting calibration coefficients s s
~ 10 6.
are listed in Tab. 4.4. S .
. . 10 5.
The time courses of evapotranspiratios .
resulting from the calibrated model are!: 10 4
a 2
cumulatively plotted in Figs. 4.4a-4.4e, 10 5
2 \
together with the measured courses Eg 10 2.
evapotranspiration. In the cases of two f 1.
vegetation periods available for one 10— 0.
0.00  0.10 0.20 0.30 0.40
crop, the model runs have been vol. fraction of water
calculated with identical calibratiorFig. 4.3 Retention functions used in the calibrations:
arameters . after Vereecken (1989)
P e . fitted to measured retention (x,0) (two
For the calibration the model has been dephts)

run with van Genuchten retention
functions (5.23) and conductivities
(5.25a) with the coefficients fitted to the measuretention curves (see Fig. 4.3). This has thamdv
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tage that deviations of the pedo-transfer functi@e® Section 5.5) for the sandy loam used do not
effect the calibration. In accordance with infitices experiments the hydraulic saturation con-
ductivities have been set to the values given im 483 . Figures 4.4a and 4.4b show the resulthéor
two vegetation periods available for winter barlgyith the calibration, a good agreement of the

measured and simulated courses of evapotranspiraéie achieved for both vegetation periods.

275, precitation - v |275.
250. l2s0.
25. l225.
200, |200.
1. 175.
150. 7 150.
125. 125.
100. 100.
7. 75.

.
2. 25.
°.

. 2l b a1
120, 150, 180. 210, 240, 270, 300, 330.
day of year 1983

T cumulsted evapotranspiration (rmm)

ig. 4.4a Comparison of the courses of cumulative evapagpieatton for winter barley (har-
vest 189th day of year)
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Remarkable deviations occurring after harvest i8618re probably caused by shortages in the soil

evaporation sub-model used in this earlier versiche model AMBETI.

RS,

Fig. 4.4b Comparison of the courses of cumulative evapagpieattson for winter barley (har-
vest: 195th day of year 1986)

b

-I-I et g bl

ig. 4.4c Comparison of the courses of cumulative evapgpieatton for sugar beet
(vegetation period: 122nd to 293rd day of year)

Also for the calibration of sugar beet, two vegetaperiods have been available (see
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|

1

Fig. 4.4d Comparison of the courses of cumulative evapgpieatton for sugar beet
(vegetation period: 120th to 290th day of year 1984

Figs. 4.4c and 4.4d). During 1983, the sugar heets irrigated on the 194th, 206th-207th, 215t an
239th days of the year. The calibration for sugeet® did not succeed in giving totally satisfying
agreement for both vegetation periods. During 1984, simulated cumulative evapotranspiration

exceeded the measured one by about 4%.

|

i

Fig. 4.4e Comparison of the courses of cumulative evapgpieatton for winter wheat
(harvest 240th day of year 1985)

The results of the calibration for winter wheat jpresented in Fig. 4.4e.
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With the new version of the _

(mm)

270.
40.

model up to now calibra-; =

acipitation (mm)

tions for spring barley,

winter rye, winter wheat: .

and potatoes have been “«
Fig. 4.5a Simulated ( ) and measured (----) courses-of cu

realized by Blanke (pers. : e
T mulative evapotranspiration for summer barley (bstv
communication). For these 219th day of year 1991); PTF after Vereecken;

simulations  pedotransfer precipitation; (see text)

functions according to

Vereecken et al. (1989,

1990) have been used for

the sandy loam (with

my=1% in Fig. 4.3). Fig.

4.5a shows one example for spring barley duringyégetation period of 1991.

270,

240.

of the retention functions:

and hydraulic : =

conductivities (see Section'

T
140.

1o, 120, 160  180. 200, 2
5.5) on the calibration, the s — wme 1 . wmginie
for summer barley; |: precipi

cun. eutp r
| pitation; (van Genuchten/Meg)

simulation was repeated9- 4.5b Simulated ( ) and measured (----) courses-of cu
_ . ' mulative evapotranspiration for summer barley

with the soil hydraulic (harvest: 219th day of year 1991); fitted retenfiamc-

functions used in the old tions; |=precipitation

calibrations of Figs. 4.4.

The resulting cumulative

courses of evapo-

transpiration are presented

in Fig. 4.5b. All the other

input parameters, namely the calibration coeffigesind the starting conditions at the first day of
January 1991 had been identical in both simulati@isviously the influence of the deviations

between the two sets of soil-hydraulic functionsgloot require modifications of the calibrationr Fo

this reason, the old calibration coefficients (Figgl) are used even for the new version of theeinod

AMBETI with the pedo-transfer functions accordirmg\Mereecken et al. (1989, 1990). The results of

the new calibrations are listed in Tab. 4.4 togetith the old ones.
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Table4.4 The results of the calibration procedure
crop fsmi Ts1 r's2 Yoo Yer vegetation periods
(s/m) (s/m) (s/m) (kJ/kg) (kJ/kg)
winter barley 70 400 200 -04 -19 1983,1986
sugar beet 45 20 0 -0.5 -0.9 1983,1984
winter wheat 55 30 2370 -0.3 -15 1985,1989
spring barley 37 10 70 -04 -19 1990,1991
winter rye 40 10 480 -04 -15 1989,1990
potatoes 50 10 70 -0.3 -0.9 1988,1991

4.2 Plant water conduction

The transport of liquid water from the soi'

through the roots and stems into the leav

is treated in a mechanistic manner. Tt J e

fluxes are calculated with the help of . '“"" o T
resistance network with differences ¢ ' T — .. AN~ i"ﬂ_ i :_
water potentials between the soil layel e ' i '!.5 -

and the upper part of the plant as tt e T .'-l s ed

driving forces. In spite of the difficulties of . " -
properly defining the resistances from th CH - !

distribution of the roots, this methoc wi |

implies two advantages: i "_"" _ ol -

- The extraction terms for the soi o

water (see Section 5.4) are easikig. 4.6 The resistance network for the plant

. water transport
determined. b

- In the case of water stress the plant
realistically reacts on both soil water potentrad &ranspiration demand.
In simpler models, plant water stress usually isatliy related to soil water content. The additlona
dependence on transpiration demand has to be eoadidmpirically (see e.g. Slabbers, 1980).
In the resistance network (Fig. 4.6) the resistainggfor the water transport from the surrounding soil

in layer i to the root elements are regarded as agethe resistanceg; for the following transport
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through the corresponding roots to the central. rbloé resistancg, accounts for the transport from
the central root to the upper part of the plardqrded as the "bulk stomata”).

According to literature the resistanggis set to 0.01 Ry20) M sY/(J kg* m™) (Denmead and Millar,
1975; Hansen, 1974). The root resistanggsare set inversely proportional to the respectoat r

length densitieslo,; (m m?®)
Mo, = [ C2 (C3 + Ca Tso,) Choji AZ ]-1 ) (4.4)

with the thickness of the soil layar, . The observed temperature dependence (Slatyer, f9@04)

is obtained by;=0.1 andc,;=0.045 K. The constant;, takes the value 28" m®y,0) m? sY/(J kg*
m™) in accordance with Busscher and Fritton (197@ns¢n (1974), Denmead and Millar (1975) and
Slatyer (1967, p. 207).

According to Hullugalle and Willatt (1983) and Gaed (1960) the resistanceg; for the transport

along the cylindric geometry through the soil toleaingle root element are
Fs0i = IN{ (7 Cho,j Ro> ) Y( 4 7 Ghoj Ky A7) : (4.5)

The radius of the root elemerRg is usually taken as 0.5 mm, aldgl; is the hydraulic conductivity in
the respective soil layer (see Sections 5.4 and lB.®rder to account for the reaction on the latk
oxygen available to the roots (Hoogland et al.,1)98he resistancg,,; between the water potentials

Ui " inside the soil layensand at the central rogt is raised for nearly saturated soil layers:
Fgi= (fro,i + 'so,)/b . (4.6)

If the air filled portion of the soil layep,; exceeds 0.05, thdw=1, otherwiseb linearly approaches
zero forgai — 0.

From the resistance network presented in Fig. 46 &qg. (4.6), the resulting fluxes can be caladat
from Kirchhoff's and Ohm's laws. From the demandefuilibrium between the liquid stem flow and

the transpiratiof,,,=Vp/A (see (3.7 and 3.13)), the plant water potentiab determined as

Yol = [fvzo (L +1piSu) +Sp ISy , (4.7a)

" sum of matric and gravitational potentials (segise 5.4)
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with the abbreviations

Su=zrgt (4.7b)

Sp =3 Z/It,i/rg’i . (4.7¢)

In solving Eq. (4.7), care is taken to restrict fuenmations to the fluxes out of the respectivé soi
layers. The evaluations of the stomatal resistéhdg, the transpiration (3.7 and 3.13) and thatpla
water potential (4.7) are carried out recursivetyilithe water potential, as control variable (4rid

4.7), is stable. The resulting root extraction ®ifn, ;<0 ) for transpirationf,, <0, are determined

from

Oroi = (e - tidlrgi (4.8)
if the water potential

Y = Sp + vz 0/Su (4.9)
in the central root is exceeded y ([we|>[ut,l)-

The reaction of the plant on water deficit desatibbove, works as a control circuit: The plant wate

potential controls the transpiration via the butknsatal resistance (4.1 and 4.4).
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4.3  Theinterception of precipitation

The interception of precipitation by the plares, is empirically related to the leaf area indigx,the

portion of soil covered by plants,, and the amount of precipitatid®,, by the formula
P’ =Pim [1- (1 +bo P/Pim)™ ] (4.10)

presented by Braden (1985). The limiting intercapR;, is estimated aB=a l,, where the factor a

is increased froma=0.3 up toa=0.6 during senescence according to

a=0.3 (1 +#) (4.10a)

with the functionf; (4.2a). This accounts for the fact that leaveslgally become able to hold more
water at the surface during senescence. The raasthrat the surface becomes cracked and less
slippery. The portion of soil covered by vegetatimy) is related to the leaf area index by

bo=1-exp(-0.3y) . (4.10b)

According to (4.10) small amounts of precipi-
10

tation are almost totally intercepted by densez oo

crops b~1). Since more and more of the in- & *°
0.7 1
tercepted water falls to the ground?’ 06 |
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relative interception

asymptotically approache®;, for increasing el
amounts of precipitation (Fig. 4.7). In the case of o3
interception present from previous time steps or Zj

rests from preceding precipitation events, this oo

0 2 4 6 8 10
water is regarded cumulatively according to precipitation (mm)

(4.10). Fig. 4.7 The relative interceptio®;'/Pim
for b,=0.9

Additionally, higher amounts of interception are "~ " slope at the origin

allowed to drop due to wind effects by limiting

the interception to

P = P;' exp{-(P/Pim - 0.1) - 0.2)} (4.11)
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for P;>0.1P;, and friction velocitiesk>0.2 m/s (see Section 3.5). The intercepted watalidwed to
evaporate (see Section 3.4). The through-fallingigro (P-P;) of the precipitation is regarded in the

upper boundary for the soil water (Section 5.4).
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5 Soil heat and water transport

5.1 Soil heat transport: basic equations and soluti

5.2  The treatment of soil chill

5.3  Thermal soil properties and soil composition

5.4 Liquid soil water transport: basic equationd solution
5.5  The hydraulic soil properties; Pedo-transfecfions
5.6  Water vapour transport in the soil and at tilessirface

Soil heat and water transport are incorporated tiomodel AMBETI because of their important
influence on evaporation and transpiration. Moreow®y are a requirement for the proper calcutatio
of the microclimate. The coupling of evaporation aranspiration with the soil water content results
in a stabilization of long-time evaporation valaesing drying periods, which works by the following
feed-back mechanism: If evaporation is "too" highdne or more days, the resulting reduction ih soi
water leads to a decrease of the further evapardtioconsequence, the deviation of the calculated
cumulative evaporation from the actual one is reduand vice versa.

The calculation of soil heat transport is descrilme8ection 5.1 including the solution method, tlsat
used also for the liquid water and the vapour prarisin the soil. The treatment of soil chill is
explained in Section 5.2 . Section 5.3 deals withthermal soil properties which are related toesom
basic soil properties describing the soil compaositiThe treatment of liquid soil water transpordis
in the model is described in Section 5.4. The nmattieal formulations of the required hydraulic soil
properties as well as their relation to basic paijperties - the so-called pedo-transfer functioae
presented in Section 5.5 and Appendix A5.1. Vaghuwr from the uppermost soil layers must be
treated carefully for the proper calculation of mmation. Moreover, vapour flux in the soil may
exceed liquid water flux for low water contentseTdalculation of these vapour fluxes is descrilmed i
Section 5.6.

Both soil heat and soil water vapour transportscateulated alternatingly with the global time stép
about 900 to 3600 s. In both cases, the global ste is divided into smaller time steps according
the corresponding changes of the upper boundarglitemms. This creates the possibility of some
simplifications like linearizations, steady stateatment, and the decoupling of the calculatioheait
and water movement. The liquid water transport @y temperature gradients is not implemented
in the model. It is relevant only for high watentents and strong gradients (Campbell, 1985, p), 102

as in subterranean systems for transport of hega(pipelines).
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51  Soil heat trangport: basic equations and solution

Soil heat transport is determined most of all e/ dipper boundary soil heat flix (see Section 3.1).
Inside the soil, the vertical heat fldx is proportional to the temperature gradient ared tiiermal

conductivityn
frh = An 0T/0Z : (5.1)

As temporal changes of the volumetric soil heatcdy (C T) are caused by divergences of the soil

heat flux, the one-dimensional heat budget equadion
0(Ch T)/0t =0/0z (An OT/OZ + fx ) + O + Opn : (5.2)

Here C;, is the volumetric specific heat of the soil (sedot), g, is an extraction termg{<0) andfy

will be used for the heat transport that is corgxbetith the soil water transport. The teypaaccounts

for the latent heat that is coupled with meltingl dreezing of water (see Section 5.2). The specific
heatC;, can be taken as constant during the time stegincef, accounts for these changes connected
with the transport of liquid water. So the disa@ation of the parabolic differential Equation (5.2)

according to Crank and Nicolson (see Marsal, 1p7%30) for soil layer i gives
Chi (T!-TiMat = {Ani [(Tid+Tid™) - MHTIN(2201+02)
i [(THTEY) - M+ T D(82+0200) + i - i Y 02
+0hi  +Qpn, : I=1,...0n : (5.3)

Here the specification of Fig. 5.1 is used, witmperaturel; and thicknesaz of layer i and fluxes;;
andfy ;1 , respectively, at the upper and lower border af thyer. The upper index j stands for the
actual time step, for which the calculations amgi@a out. A non-equidistant vertical discretizatis
used with smallaz at the top and thick layers in the deeper soik §a@ke of simplicity, the
calculations are usually expanded down to a defpbaut 12 m, since the lower boundary condition

can be taken as constant there.
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! fho, fwo, fuo

Azy, T1,W1, ov1

g, fwa, fua
Az, T2, Wo, py2

Ufho, fw2, fu2
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ey fwjie, fvjien

Fig.5.1 The discretization scheme for soil heat and wsa@sport

The Equations (5.3) can easily be rearranged ttritdeagonal form
AiTi1+BiT,+C Ty =D : I=1,...nn : (5.4)
whereA’;, B'; andC’; form the tri-diagonal matrix aridl’; is the right-hand side vector with the known

components. The temporal index j of each unknd@ws omitted in (5.4) for sake of clarity. For the
solution of (5.4) a recursive procedure is used [8arsal, 1976, p. 116)

Ti=a-b T : (5.5a)
with
a=0i-Aia.)(B-Aib.) (5.5b)
and
b =Ci/(B’i - A'i bi.y) : (5.5¢)

At the upper boundary, the soil heat fi@x calculated according to Section 3.1, is given Ard0 is
used in the recursion. At the lower boundary a t@tgemperature (of about@)
below the lowest layer in the calculation and tfeeeeC =0 is used.
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The time stept initially is set equal to half the time constant
Ate = (022)? Chali (5.5d)

of the uppermost soil layer. Then the expected ghani the surface temperatuk&s, is calculated
from the energy balance of the soil surface (3Ml)its heat capacity. The initial time step is dedb
whenever one of the following conditions holds:

- if the temperature changds,is less than 0.2 K,

- if the change of the soil heat flux is less tBarwW m? and

- if the soil heat flux does not exceed 50 W.m

In this way some few cycles are calculated ungl tiilme steps sum up to the global time step
which is commonly set to 900 s or 3600 s dependimghe temporal resolution of the boundary

conditions.

52 Thetreatment of soil chill

In the calculation of the soil heat budgets, thet fier melting and freezing of water in the soyides is
taken into account in the following way. For eadil fayer three states are distinguished: liquid,
freezing/melting ("f/m") and frozen.

The melting or freezing heat is added or extraatatl the whole freezing heat
Qph.i = ow Cpn Wi 47 (5.6)

of the soil layer is achieve@f, = 33216° J/kg specific latent heat of melting, volumetric soil water
content,on=10° kg/nT density of liquid water). In this state, the geinperaturd; is kept constant at
the level of the freezing temperatdig, usually taken a$,=0 °C.

The fixing of the soil temperatuf® at Ty, is achieved by defining the coefficiemis=C’ =0, B'i=1
and D*i:Tph in (5.4). The latent heats of freezingy,(>0) and melting dpn,<0), respectively, are

calculated from

Oph,i = (i - fnjca ) At (5.7)
and cumulated until the maximum possible amountredzing heaQpn; is obtained. The proper
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transitions between the three states of wateuidjdreezing/melting and frozen - in each soilelay

are managed with the help of the following controls

If in the liquid Qpn,=0) or frozen stateggn,=Qpn,) the temperaturd; calculated from (5.5)
deviate fromT,, by more than 0.05 K, then the soil heat budgetudation is interrupted and
repeated with a smaller time step, in order to dtbe phase transition. For the marginal

transitions, the excess heat capacity density

Qe;i=Chji (Ton-Ti) 82 (5.8a)
is added to the freezing heat density

G = Gpn,i + Qe : (5.8b)
whereC;; is the volumetric specific heat (see Section &®)T; is set toT pn.

If the cumulated latent heat of freezigygy, (5.7) exceed®pn,; during freezing, then the excess

Is converted into latent heat, giving
T) = Ton - @pni - Qon)/ (82 Ch) , (5.99)
anddpn,i is set taQph,-

If the cumulated heat of freezirgyn; goes beyond zero during melting, then the excess i

converted into latent heat, giving
T = Ton - Gon /(82 Ch)) : (5.9b)

andqpn, is set to zero.

This procedure involves a simplification since sedter usually is not pure but consists of solutes,

which lead to a reduction of freezing temperatiiereover, most of the soil water is more or less

bound to the soil particles, which leads to an tamithl reduction of freezing temperature for paits

the soil water. However, in spite of this simpkfion, under humid conditions in "normal agricugdur

situations", freezing is satisfactorily modelede(Section 6.3).
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53  Thermal soil propertiesand soil composition

The thermal properties of the individual soil lasydepend on the composition of the soil, namegy, th
quantities of different mineral and organic ma@ed of water. Though the specific heat and the
thermal conductivity are calculated for each indiisl soil layer, the index of the individual laysr
omitted hereafter for clarity. The volumetric spiecheat C, (see Equation 5.2) is the sum of the
specific heat€,, Cn, C, andC,, of the constituents
Ch=Cq (pq+Cm (pm+Co (po+CWW y (5.10)
wherew, ¢4, ¢m ande, are the volume fractions efater,quartz, otheminerals, and organic matter,

respectively. According to de Vries (1963) for tmecific heats of the individual constituents the
quantities listed in Tab. 5.1 are used in the m{zke Campbell, 1985).

Tableb5.1 The specific heats and densities of the maincemistituents
material quartz clay minerals organic matter  water ice
volumetric specific heat | C=2.13 C.,=2.39 C,=2.50 C.,=4.18 1.73 MJ/(r'hK)
density 0g=2.66 on=2.65 0,=1.30 0w=1.00 0.92 g cfi

Because of the low density, the specific heat oisainore than three orders of magnitude smalldr an
is neglected.

For the calculation of thermal conductivitya method given by Campbell (1985, p. 32) is usestd
on results of de Vries (1963) and Mc Innes (1981).
h=A+Bw+ (D -A) exp[-Cw)] (5.11)

The coefficientsA, B, C andD are related to soil properties more or less ecally, andE=4 is used.

With the volume fraction of solids

Ps= @qt Om T Qo
(5.12a)

the coefficients are calculated from
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A= (0.57 + 1.73q + 0.93pm)/(1 - 0.74pq - 0.4%,) - 2.8p(1 - ) (5.12b)
B=28¢ps (5.12c)
and

D=0.03+0.9 . (5.12d)

With the mass fractiom of clay (particle size diameter <i2n)
C=1+26M)*" (5.12¢)

is used.
Some examples of the shapes of thermal conduesvig{w) are given in Fig. 5.2 for sandy loam

(¢=0.45, p=0.15 andm=0.01, 0.02 and

1975). Since the thermal conductiviy; (in

Equation 5.3) refers to heat transport

T §ji . 0.03) and clay loamg(=0.25, pn=0.25 and
§ gg : m:=0.30). For low clay contents, a marked
;; 1:*2 : increase of the conductivities for low water
% 1.4 1 contents is due to the formation of heat
‘g 1?, : conducting bridges by water films between
; 8:2 : neighbouring soil particles (see de Vries,
.,E, 0.4 1

£

0. 0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 R
vol. water content between the layers i and i+1, the results of

. S .
Thermal soil conductivity after Campbell (1985) (5.11) are weighted forzl with the
) : sandy loam (g=.45;m=.15;t=.01,.02,.03) Corresponding thicknessegi and AZiy1 of
(—=———- J: silt loam (g=.25;m=.25;t=.30) ]
the layers to givey;.

Different representations characterizing soil

Fig.5.2 Thermal soil conductivities after
Campbell (1985) composition have to be converted because
_ ‘sandyloam the thermal properties are related to the
----------- : clay loam

mineral composition, and the hydraulic
properties depend on the particle size distributidoreover, soil compositions may be given in

different forms, either as mass or volume fractigh®f materials, or as masses of particle size



72 5 SO L HEAT AND WATER

fractionsm . The main particle size fractions considered enriodel are listed in Tab. 5.2 according
to the German classification. The conversion tduilfD.A. classification, that usés0.05mm as the
boundary between silt and sand, is performed withs = myc + 0.0666m, ¢ (Diekkrliger, pers.

communication).

Tableb5.2 The main patrticle size classes (German classditat

fraction particle size diameter arithmetic mean mass fraction
clay d<0.002 mm d. =0.001 mm m
silt 0.002<d < 0.063 mm d, = 0.0325 mm m,
sand 0.062d<?2 mm ds = 1.0315 mm my

The solid materials considered in the model aramicgmatter ify, , ¢o)”, quartz (y, v and other
minerals (nn, ¢m) including clay minerals and feldspar, see Tah. Bhe three representations of

input compositions are listed in Tab. 5.3, where

©Ob = Pq Pq T Om Pm + Lo Po (5.13)

is the dry bulk density. For these quantities #iationships

me+m,+me=1 (5.14a)

for the masses of patrticle sizes fractions (saldr clay) and

My+My+my=1 (5.14b)

for the mass fractionsy=0; ¢; (i=q,m,0) of the mineralgy(artz, otheminerals ancorganic matter)
hold. Moreover, a link between particle sizes amaenals is recommended for the conversion. This is
taken from Scheffer und Schachtschabel (1992,32)y.where the average mass fractions of minerals

is related to the particle size fractions for smder moderate humid climates. From that figure the

relationship

) Instead of organic matter contentsoften organic carbon conte@fq is given as input
parameter. For conversiom, = 1.72Cqq is used.
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My/(My + M) = 0.84ms + 0.56m, + 0.08m. (5.14c¢)

is evaluated. With the help of (5.13) and (5.14)itiput representations for the composition (TaRk). 5
of each soil layer are converted into the recomredrather variables. In the third casghas to be

chosen in consistence with (5.14c).

Table5.3 The three possible input representations of soilgositions

1.) My, Mg, My OF ®o , Pb
2) n.h, n}_;, rrb or <PO 1 /Ob
3) (pQI rrbl <Po, fpm

54  Liquid soil water transport: basic equations and solution

The driving force for the liquid water transporttire soil is the gradient of the total water pasdni;.
The total water potential is the potential energyymit mass (or volume) of water compared to that
free water and will be expressed in J/kg. Sincedingension is equal to that of a pressure, it is
frequently expressed in pressure units Pa, barer as the equivalent height of a water coltinihe
total water potentiaj ; consists mainly of the matric potential the pressure potential, and the
gravitational potential 4, which is a function of depthonly (gravitational acceleratiar=9.81 m/$).

Wi=y tWp-We=ytyp-92z ) (5.15)
Further components like the osmotic potential agletted in this context. The matric potentialewis
from adhesive and cohesive forces binding the wiatethe soil particles and therefore depends
strongly on the soil water content and the parsde distribution.

The liquid water flux densitfy, can be written as

f = -Ky gradiyy) = - Ky 8 w1/0z= - Ky [y + )0z -] . (5.16)

The hydraulic conductivitjﬂu**) is strongly dependent on matric potengial
With the density of liquid wates, (=1000 kg ni), the mass-conservation for water gives

owOWIOL = - div(a) +Ge (5.17)

) With the density,=10° kg/nT of water and the gravitational acceleraiip®.81 m/$ the
conversion for the water potential is 1 J/kg = & kF0.01 bax 9.81 cm of water. In the
equations the units J/kg=fe are used.

**)

With the flux densityi,, in (kg(water) nif s*) and the water potential in (J/kg)={isf) the
hydraulic conductivity has to be expressed in (kagén) m® s).
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The combination of (5.16) and (5.17) gives a phditierential equation known as Fokker-Planck-
equation. Similar to the heat budget equation, dhe-dimensional water budget equation is (see
Hillel, 1971, p. 110)

pw OWI0t =0/0z { Ku(y) 0 y1/02} + de = 0/0z{ Ku(y) [O(y +yp)I0Z-g] } + G, (5.17a)
wherege (<0) is an extraction term, that represents rootsngieake. With the specific water content
C(y) =ow(y)/o w (5.18)
the variablew in (5.17a) can be eliminated if no pressure p@kekists (/ , = 0) andy andw are
uniquely related to each other, which is only idyovalid in unsaturated situations (neglecting
hysteresis):
pw OWI0t = ow C(y) 0 y ot = 0/0z{ Ku(y) [O(y +yp)0Z-g] } + Ce (5.19)
This is the one-dimensional form of the Richardsadign.
The non-explicit discretisation of (5.19) resuitsaitri-diagonal equation.
According to Diekkriiger (1992, p.40; see also Hagund Messing, 1984, p...) a better consistence
with the water balances is achieved by using a $QNawton"-approximation during the iterative
solution of (5.19). This is done by replacing té# side of (5.19) by
o (W w188 = v { W+ Cly ) (0 -y 1) i Y e , (5.192)
= ow { W+ Clu ) (p ™ -y )-wi™ Yt
= ow { Cly ) (p ¥t -yt ) Yot , (5.19h)

where the index k stands for the iteration stemildr to the heat budget Equation (5.2), the plartia
differential equation (5.19) is discretized for reguidistant soil layers according to Crank and
Nicolson (implicit/explicit) using (5.19b):
ow{ Cly )y -yit) Yat =

{ K [ ' + v ™) - @ Y+ w D0z +07)

K [ T+ w7 - (o + v D (0z+az0)

-0 (Kui +Kyia) Y8z + el : (5.20)

Here,Az is the thickness of the layer i and | standsHertime step. Because of its strong variation the
hydraulic conductivity,; in Eq. (5.20) is determined by geometrical averggi

Ku'i = (Ku; Ku,i+1)l/2 . (5.21)

The tri-diagonal system of linear equations resgltior the layers i=1,.n,, is solved by recursion
similar to (5.5). Because of the non-linearitieKgiw) andC(y) (see Section 5.5), an iteration has to
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be carried out: _ _
At first, Ky; andC(y ;) are calculated af k=0 :_Lu 1 from the preceding time step. The
solution of (5.20) is repeated wikh, i(y ) andC(y ) at

p =y Iy 2)2

until any successive iterative estimategs@f andw i from the last iteration § <, w*?)

do not deviate by more thany =0.1 J/kg and\w;=0.001, respectively.
Since the hydraulic propertiég,(w) andy (w) are not sufficient to restrict matric potentifkslow
saturation, the matric potentials are expliciteiycéd to that limit. In case of infiltration sattioa can
occur in the upper soil layers, which is solvedasefely. For the unsaturated layers below (5.20) is
used.

In contrast to (5.21) the hydraulic conductivitresv are calculated as arithmetic mean values

Kii = (Kuilw ™) + K )2 (5.21b)
with K, i calculated from the sum of the corresponding t@si®s in series

Ku'i = (0AZs1+D2)(0Zi 1/ Ky ie1 + DZIKy ) . (5.21c)

At the lower boundary, a constant water contenttbdse given below,,, . At the upper boundary,
water contents are modified externally: augmentegrbcipitation or diminished by soil evaporation
(see Section 3.6). The amount of precipitation taainot infiltrate at the moment remains on thé soi
surface and the model attempts to infiltrate dusnlgsequent time steps. To allow for surface rumoff
very simple approach is used: Water runs off froendurface, if

Ws, > dy/2 cos (2) , (5.22a)

wherews, is the quantity of water (in kg = MmMu20)) Standing at the surface with the sldpand
the characteristic length (in mm) of the surfacectture (see Eq. 3.30f).

The time step used in the soil water calculatiatetermined according to the actual amount of ohang
at the upper boundary. If this time step is less tthe global model-time step, the whole calcutetio
are repeated step by step, until the single tie@sstf the water sub-model cumulate to the glotved t
step.
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55  Thehydraulic soil properties; Pedo-transfer functions

The hydraulic properties - matric potential and raytic conductivity - depend most of all on the
particle size distribution of the soil and on tkelgmetric) water content. For the retention fuoics

¥( 0) the parameterization

w(e)=( - 1"« (5.23)
can be used (van Genuchten, 1980), whernsandn are constants and

6 = (W - wy)/(ws - W) (5.24)
is the relative water content with the residualewvatontentw, and the saturated water content
From theoretical considerations Mualem (1976) eelahe hydraulic conductiviti, to an integral of

the retention function by

(5.25)

that can be solved analytically for integer valoe$+1h (van Genuchten, 1980), giving

Ku(6) =Ks 0 [ 1- (1 -6¥mm)? (5.25a)

The saturated hydraulic conductivis as well as the coefficients of (5.23) and (5.2dyento be
determined empirically.

A simpler parameterization for the matric poterttias been proposed by Brooks and Corey (1966)

v(O)=yp0™® for 0<o<1 (5.26)

wherey  is the "bubbling pressure”, the water potentiaklich the largest water filled pores in the
soil begin to drain. Foy <y , the soil is assumed to be saturatedl). This discontinuity of the
derivate ofy at 6 =1 was overcome by Smith (1992) using (5.23) axbtef (5.26) withm =1/(5),
n=5 ando =1/yry,.
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For the hydraulic conductivity the alternative tiela

Ku(6) =Ks 6% (5.27)

has been proposed by Brooks and Corey (1964) a@inpbell (1974).
Another form of the hydraulic conductivity relatioexpressed by the water potential, has already bee
proposed by Gardner (1958).

Ku(¥) =Ks/[b (jyl" + b)] (5.28)

Several methods have been proposed for the relatibydraulic properties to soil properties that ca

be more easily obtained: The so-called pedo-tranfsfections give parameterizations for the
determination of the coefficients used in the abmatations from basic soil properties (Tietje and
Tapkenhinrichs, 1993). Whereas most of the methogl€mpirical, Campbell's method (1985, p. 45)

is physically-based. Using (5.24) with the residuater conteniv=0 and the saturation water content
Ws = 0.93 (1 -op/ps) (5.29)
with the particle densitys of solids’, Campbell (1985, p. 45) relates the coefficierft{5026

and 5.27) to the dry bulk densjty (5.13, given in g ci) and the particle size distribution (Tab. 5.2).
The "bubbling pressure)/, is set to

Vb= Wes(on/1.3f%7" (5.30a)
with
Wes= -0.505" (5.30b)

wheredy is in mm, esin J/kg and fob in (5.26) and (5.30) the following expressionsed

b=-2yest 0205 . (5.30c)

) As usual the particle density of solids is assigiwers=on=2.65 g crit, see Tab. 5.1.



78 5 SO L HEAT AND WATER

For the exponent in (5.27) Campbell (1974) gaes2b + 3.

Heredy andoy are the geometric mean and standard deviatidmegfarticle size diameters

dy = expd’) (5.31a)
and
og = expE’) (5.31b)

with the abbreviations

d' =3 m In*(d) (5.31c)
and
o=[zmln®(d)-d?]** . (5.31d)

The summations include all regarded classes atfeasizes, in this cased:t,s (see Tab. 5.2).
Campbell's physically-based method (1985) has drbaen implemented in preliminary versions of
the model AMBETI. To date the model offers the opél choice of the pedo-transfer functions of
Vereecken et al. (1989), Vereecken et al. (199d) @nRawls and Brakensiek (1985), which have
proven to be the most suitable methods (TietjeHanings, 1993; Tietje and Tapkenhinrichs, 1993).
In all cases, the demand of input parameters tgatesl to the main soil texture classes sincerfine
classifications are generally not available.

Rawls and Brakensiek (1985) give empirical relaifor coefficients used in the retention functions
(5.23) and (5.26) as well as for the hydraulic catidities (5.25a) and (5.27) proposed by van
Genuchten (1980) and Brooks and Corey (1966, 19édpectively. For these relations clay and sand
contents and total porosity are needed as inpat dat

Vereecken et al. (1989) and Vereecken et al. (189€)he van Genuchten functions (5.23) it
and relates the remaining coefficients to the saaileproperties and organic matter content. From
these input parameters the coefficients of the dwdr conductivity (5.28) are derived according to
Vereecken et al. (1990) (see Appendix A 5.1). endbrresponding method No.3 (see Tab. B iy
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log-linearly interpolated in the region of high watontents for 0.10<y| <1.0 J/kg betweeKs and

the value resulting from (5.28) fg, = 1 J/kg.

Ku(i) = Ks exp{logioll ¥l ) [ IN(Ku(yx)) - In(Ks) ]} : (5.28a)

Including the modification of the Brooks and Cofegiction proposed by Smith (1992), five different
sets of pedo-transfer functions are available@ntiodel AMBET]I (see Tab. 5.4).

Table5.4 The available methods and pedo-transfer functions
no. method retention conductivity recommend@ditin
1 Campbell (5.26=0 (5.27) my, My, Ob
2 R.-B./v.Gen. (5.23) (5.27) e, My, op
3 Vereecken (5.23m=1 (5.28) M, My, Ob, My
4 R.-B./Br.-Cor. (5.26) (5.27) e, My, ob
5 R.-B./Smith (5.23) (5.27) me, My, op
(=5, m= (8b)"")

Since the retention functions of Vereecken etl#89) are the most reliable (see Tietje and Hesning
1993), this method is the best choice if the ogamatter contentsm, seem to be given sufficiently
accurate. In Fig. 5.3, the Vereecken functionspaesented for three different valuesnaf (0.5, 1.0
and 1.5%). Obviously the influence of the organatter content is not strong.

The relations given by Rawls and Brakensiek (198%) by Vereecken et al. (1989, 1990) for the
pedo-transfer coefficients can be found in Apperdi 1.

The retention functions in general show realisebdviour only for water contents below the wilting
point. For the calculation of soil water vapounsport, including evaporation, it is important tta
retention functions reach matric potentigésof about 18 J/kg (= pF7’) for wewiwe (see Section 5.6).
For this reason the retention functions are logdity interpolated beyond wilting poinfy(e , Wiwp)

according to

) Organic matter contents are also recommendetidéaetations of the thermal soil properties
(see section 5.3).

) pF is the decadic logarithm of the absolute watéential expressed in cm of water.
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Fig.5.3 Retention functions after van Genuchten (---€ampbell (- - - -);
Vereecken ( ) , dashed lingsi (pF1.7),uwe (pF4.2)

w(w) = o exp{ [ In(-ywe) - IN(-o) ] Winwp } : (5.32)

The influence of temperature on the hydraulic catidiies is subsequently described by a decrease

with absolute temperature for temperatures above freezing point
Ky(Tw) = KyWw) (T/T ) =KW [1-6(1-T/T")] , (5.32a)
which reveals the predominant influence of visgo&ltampbell, 1985, p. 54). The vallie=283 K is
assumed as reference temperatur&farBelow freezing point the previously easily moveabater
is assumed to be frozen and therefore hydraulidwdivities are set to an extremely low value

Ky(Tw) = 102 m®* m? st = 1.1610%° cm/day , (5.32b)

which effectively stops any water movement.
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56  Water vapour transport in the soil and at the soil surface

Besides liquid water transport described aboverribeel AMBETI also accounts for the water vapour
transport in the soil. This is an important preisitgl for the proper determination of soil evapiomat
and the drying of the uppermost soil layers. Thiicad vapour transport in the soil layers is dni\sy
the gradient of vapour concentration in the aledilpore space,=1-psw of the soil. The saturation

water vapour content for water under potentl is

ov(T, 1) = ovs(T) (T, 1) (5.34a)

with the saturated water content(T) of unstressed water and the reduction function
(Slavik, 1974, p. 10)

he(T,¥) = exp{ ¥/(Rw Tang } , (5.34b)

where Ry,=461.5 J kg K* is the gas

1000. 7. uw
constant for water. This functions s5qq.
X
remarkably reduces the vapour conterﬁ’ 200.
only below wilting point (=-15 5 100 16
. € 50.
kJ/kg), as can be seen from Fig. 5.4. 3
8 20.
& 10 1 5.
? 5.
The vertical vapour flux density is! ».
1 i T T T T T T T T T 4,
taken as proportional to the gradient of 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
the vapour content reduction function hr
Fig.5.4 The reduction functioh; for stressed water
(T=17°C)
f\/ =- DVS a,O\//aZ . (5.35)
According to Campbell (1985, p. 100) the vapouiugitity Ds in the soil is taken as
Dys = 0.66¢, Dy : (5.35a)

whereD, is the water vapour diffusivity in aib( = 2.1210° m?/s at normal temperature and pressure).
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The temperature dependence is the same as in)5.32a

The diffusivities for the thermally induced soilpaur transport have long been known to exdegd
(Philip and de Vries, 1957). The reasons are louatoscopic temperature gradients exceeding the
macroscopic ones, as well as multiple condensatimh evaporation of vapour at liquid islands
between the pores. These enhanced thermal difiesiwvill be accounted for by an enhancement

factor n, which is inserted into the flux equation (5.3f¢rthe expression af as total differential

f, =fyr + fuy, = - ) Dys 00u/0T)(@T/92) - Dys (Apu/d1)(@4102). (5.36)

Since the temperature dependence of the reduatinetion can be neglected for>0.1 ( | <300
kJ/kg), the flux densities simplify to

fur = - n Dys hr (00vd/0T)(0T/02) = - 1 Dys hr (00v/02) ) (5.37a)

fuy = - Dus ovs (Od01)(04102) = - Dys ovs (0/02) : (5.37D)

With the help of heat conductivity measurementss@asl. (1984) determined the enhancement factor

n as a function of the water contenin m*m? and the clay contemt. in kg/kg

n=9.5+6w- 8.5 exp{- Cww)*} (5.38)
with
C=1+26()" . (5.38a)

Due to similar physical mechanisms, the enhancerf@etdr n has a shape similar to the thermal
conductivity (Fig. 5.2). The water vapour flux dides are calculated from the discretized form of
(5.37) and considered in the water budgets.

In the above treatment, the vapour contents irtkidgore spaces of each layer are assumed to be in

equilibrium with the respective saturation conteritihe stressed water according to (5.34a).

In contrast, evaporation results in a reductiotopfsoil vapour contentis, ; relative to the saturated
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values. The evaporative flux at the surface isutaled in a second step without the enhancement

factor and without allowing for vapour condensimgni other layers.

Dew is calculated with the help of (5.35) and
the aerodynamic surface resistance, if the
dew point above the soil surface exceeds the

dew point of one layer and vapour content

above the soil surface is lower than the
saturated water contepts h (5.34a) of the
layers above.

vl
Evaporation is calculated, if the vapour

content inside the canopy or at the reference
height (see Sections 3.2, 3.3), is lower than

v.2 * w2 the actual vapour content in one of the upper

soil layers.

This is done with the help of the resistance

Fig. 5.5 The resistance network used for the network shown in Fig. 5.5. The entities.
calculation of soil vapour transport .
andr,s are the resistances for the turbulent
and laminar transport above the soil surface, sge B.1 and 3.2. The vertical vapour transport
between adjacent soil layers is described by teessteaces,,; . The resistances,; describe the
vapour flux inside layer i between the liquid ahd gaseous phase, where the small resistance of the

diodes in parallel accounts for the condensatidhercase ob, ;>oys,. For the flux densities

fvzi = (ov,i - pvi+1)/Tvz, (5.39a)

the resistances,, are calculated from the distances of the centethenlayers and the respective

diffusivities

Mvzi = (AZ/Dysji+ AZ+1/Dys j+1)/2 . (5.39b)

At the top layer

fvz,O = (pca' ,Ov,l)/(AZI/(Z Dvs,]) trlact ras) (5.390)
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is the evaporative flux in the "microclimate” opti(see Section 3.3). For the vapour transport but o

layer i

-fuii = -(ov,i - pvs,i Pr)Tuii ) (5.40a)

the resistance

is used. Repeated consideration of a vapour fltoxanayer, that has already been taken into a¢coun
with (5.37), is prevented by setting; to infinity, if oy; is going to exceeghs; hy, . This is represented
in Fig. 5.5 by the diodes in series with the resise.

With the balance equation

fuzia =fzi +fui (5.40c¢)

a tri-diagonal equation system results, which igexbas described in Section 5.1.

The evaluations of (5.39) and (5.40) are restrickea@n to the depth where evaporation still reduces
ov,i relative topysi hr;j . This procedure guarantees that the fluxes irdlbgetemperature and water
potential gradientk andfy, (5.37), respectively, are not taken into accowidd.

The method described is an elaborated model oftdh#plex phenomena in the top soil that govern

evaporation.
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6 Theuse of themodd AMBETI

6.1  The recommended input quantities
6.2  The file structure for model runs
6.3  Some examples for model results
6.4  Summary and conclusions

In addition to the description of the model AMBEjiVen in the previous chapters, this chapter gives
some information important for the use of the modielSection 6.1, the different types of input
quantities are discussed. Two different versiomgte supply with these input quantities exist. One
has been developed especially for the purposerofraeorological advice in the environment of the
program system AMBER (Lopmeier, 1990). This versioalled BEKLIMA?, since it is used for the
calculation of the microclimatic conditions insitlee canopy and the soil. It is usually run with
synoptic or forecast data as meteorological boyndanditions. The data structure for BEKLIMA is
consistent to the one used in the AMBER system. dther version (AMBET]I) yields some more
possibilities for modifications of model parametdtsat are set to fixed values in the BEKLIMA
version. For both versions, the recommended filectire is described in Section 6.2. Finally, Setcti
6.3 gives some examples of the results of the mddedse results are usually time courses of the
respective quantities from several days or everksve&dditionally, the model runs had normally been
started some days or even weeks before the prdsasied. For this reason, the computing needs are
of interest.

The typical computing time for the simulation ofeoday with the global time stey;=15 minutes is
0.35 s on a HP9000/735 workstation and wifr1 h about 2 s on a 486DX computer with 40 MHz.

6.1  Therecommended input quantities

The model AMBETI requires a variety of differenput quantities, which may be divided into
- parameters controlling the model run,

- parameter describing the site (soil and canopy),

- starting values and

- meteorological boundary conditions.

Besides the names of the files to be read, the datehe start and stop of the model run belortfeo

") for canopy climate (in German '8&andsklim¥
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first class of input parameters. Since the othaetrobparameters are fixed in the BEKLIMA version

(see Section 6.2), the following options refer awythe original AMBETI version. The global time

step of the model is normally taken as the time stethe boundary conditions and read from the

corresponding data. The number of soil layers usdlde simulations and their individual dimensions

have to be given, if the standard divisionngE13 layers withAz=0.5 cm for the uppermost layer,

reaching down to 12 m is not accepted. For thelsimuas of the soil water, the same division of the

top soil is used, usually with a restriction toizeg number of layers. Finally, the method to bedus

the derivation of the soil hydraulic functions frahe soil composition (pedo-transfer functions, see

Section 5.5) has to be chosen.

Additional input files can be given to account forgation, that may be supplied from above the

canopy or from just above the soil surface, withoahsidering interception. Chosen by control

parameters, different forms of the model outpaviilable: standard lists with hourly or daily data

well as optional output of selected quantitiesdditonal files. These are in detail:

- evaporation and transpiration,

- apparent surface temperatures (see Section @ Ahé comparison with the corresponding
remote sensing measurements,

- microclimatic conditions like leaf temperatures; temperatures and humidities inside the
canopy as well as dew and interception on the teand

- temperatures or water contents in the soil layers

The recommendgolar ameter s describing the site (canopy and soil) are

- the height of the boundary quantities wind speedell as air temperature and humidity,

- the zero-plane displacement and roughness lesfgthe surface corresponding to the wind
speed in case this differs from the site consideréige simulations (see Section 3.5) and

- the dry bulk densities and soil types or soil positions (see Section 5.3) of the soil layers.

For the German soil classification the fractionstltd main classes of particle sizes are given in

Appendix A6.1.

If the considered surface is vegetated, the typghefiegetation, its height, the number of stemsfm

the leaf area indebs, the distribution of the leaf inclinations, thegplological age of the plants as well

as the rooting density and distribution have toglwen. In the BEKLIMA version these quantities

describing the vegetation can be supplied by alenents of the AMBER system.

As starting values the temperatures and water contents of the satdehave to be given. If these are
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not known with satisfying accuracy, it is advisatdestart the simulations a sufficient number ofsda

before the period of interest. This allows accomatioth of the temperatures and water contents of the

soil. In many cases it is possible to start wityespring time, assuming that the soil water ifiedt

capacity. The starting values for the soil water conterts e given either in absolute values or in

portions of plant available water (the water betwéeld capacity and wilting poing=1.5 kJ/kg

corresponding to pF 4.2).

In the case of a start with soil layers or the smower during freezing, the respective amounts of

latent heat of freezing have to be given. Moreodew or intercepted water on the plant elements and

water standing at the soil surface can be givestaa8ng values.

The recommendecheteor ological boundary conditions are

- air temperature and humidity from a referenceglftgjusually 2 m),

- wind speed from a reference height measured atb@veonsidered surface or above a nearby
surface (see Section 3.5),

- precipitation and

- global radiation.

If available, long-wave radiation can be given &ddally. The other case it is parameterized fram a

temperature and cloud information.

Of course, the use of the parameterizations instéadeasured radiation components introduces a

source of inaccuracy to the model results. The shaseto be kept in mind for forecast boundary

conditions which are frequently used for the BEKIAMersion in the AMBER environment.

) The field capacity is defined as the water contiegit cannot be drained by gravity. For most
soils the corresponding matrix potential lies riedfkg (pF 1.7, see Section 5.4).
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6.2 Thefilestructurefor modd runs

The supply of the model with the data describeth@previous section as well as the storage of the
model results are organized in different ways fee AMBETI and the BEKLIMA versions of the
model. In theAMBETI version, which is runnable under MS-DOS as well as undgiXUsystems
with marginal modifications, the program first it read the NAMELIST "DATEIEN" from a file
"SYSDATA.DAT". In this NAMELIST for the following leywords a link to the corresponding

filenames is expected:

'‘CFILK": for control parameters and the rootingtdbution,

'CFKONFI": for parameters describing the site I(sype and composition, dry-soil
reflectances), the hydraulic method to be used$seton 5.5),

'‘CFNBEFI": for the crop (type, leaf area indexyaay height),

'‘CFAMBMET" for the meteorological boundary conaiits.

Optionally for irrigation the keyword ‘CFBEREG'used.
Output to files can be selected with the keywd@d#sl6' and 'CF18' and special control parameters. An
example for the file "SYSDATA.DAT" is given in Fi@.1.

56
&DATEIEN
CFILK ='AMSTEUER.DAT'
CFKONFI ='AMBPAR.DAT"'
CFNBEFI ='C:\\CROPS\BEST_KAN.91'
CFAMBMET ="E:\\DATA\DHD_BS.911"
CFBEREG ='BEREG_WW.91'
CF18 ='BEDAT_WWwW.91'
/
Fig. 6.1 An example of the file "SYSDATA.DAT" for MS-DOS

The BEKLIMA version has been created for agrometeorological advicposes in the AMBER

environment under MS-DOS. Its use will be described here briefly; more dgtean be found in an

) This is a FORTRAN expression, available from meompilers.

**)

A corresponding version has been implemented UN@S-VE recently.
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internal report (Lopmeier, 1990). The model rures@ntrolled by the file "BEKLIMA.STAY. It im-
plies two paths for the input and output of the eipthe dates for the start and end of the sinaulafi
the crop to simulate and two filename extensiomsesponding to the station to calculate &igYand

the weather station or grid-point of the EMorecast to supply the meteorological boundary
conditions §th). This allows simulations for a lot of stationsdacrops, since all the recommended
meteorological boundary conditions are read frdesfof path 1 with these extensions (e.g. '‘BS1)).
Moreover, the height of the canopy, its leaf arelex and the datels andJe of the two phenological
stages for the plant senescence (see Tab. 4.1)tbave given. An example for the control file
"BEKLIMA.STA" is given in Fig. 6.2.

0
C:\zamf\beklima\input\1994 {=path 1}
C:\zamf\beklima\output\1994 {=path 2}
1994 {07> ja=94}

'bs1', 087, 172,348, 6,2,0.1,05,1,-1,1
{sta} {3} {3} {sth} {crop}
Fig. 6.2 An example for the file "BEKLIMA.STA" with additioal explanations in wavy brackets

In the BEKLIMA version themeteor ological boundary conditions are read from the following files
of path 1 $tb="348' in the example of Fig. 6.2) with hourly veduof:

- TL ja.stb : reference air temperatureat the reference height (see Section 3.3),

- RF ja.stb : reference relative humidity of the air at thierence height,

- VV_ja.stb : wind speed; at the height, (see Section 3.5),

- RR_ja.stb . precipitation,

- RG ja.stb : global radiation (see Section 2.1),

- NG_ja.stb : total amount of clouds (see Section 2.1).

If available, even the data of the files with

- WW _ja.stb : weather information (key codes) (see Sectiohahé

- RNL ja.stb :the incident long-wave radiation (see Sectiah 2.

are evaluated as boundary conditions. These fitedieect access files with 366 records, each thigh

day of the year followed by 24 hourly values. Theat access easily allows the completion of the

) In this section the small italic portions of thyerdolic names are replaced by numbers or

characters in the actual names.

) EuropaM odell, numerical weather prediction model of thei3eher Wetterdienst
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data during the year.

Thesoil properties

- dry soil reflectance in the visible range,

- dry soil reflectance in the near infra-red range,

- mass fraction of clay particles,

- mass fraction of silt particles,

- mass fraction of organic matter and

- dry bulk density

are supplied by the filestaPAR" (='bs1.PAR' in the example of Fig. 6.2). Treetions of clay and
silt particles can be evaluated from the soil d&sgion (see Appendix A6.1).

Thegtarting values are supplied by the filestaBOD" or "staZWI":

the temperatures and water contents for all spdriaconsidered, the amount of water or snow at the
soil surface and the amount of intercepted watee. file "staBOD" is used for the initial start of the
simulations. Intermediate values of the quantifies written by the model to the filstaZWI" to
allow for the continuation of the simulations dgyisubsequent runs. These files even include the roo
distributions.

The state of the crop development is optionallypsad by the file "WURZcrop.std', wherecrop is

the keycode of the regarded crop, chosen in "BEKAISTA" (Fig. 6.2) . This file includes the days
of the year of the two phenological stageandJ. (see Section 4.1), the leaf area index, the height
the canopy and the rooting distribution. The fé@ de generated by other sub-models of the AMBER
system.

The results of the program BEKLIMA are stored to different files. Hourly values oé tlesulting

microclimate (see Section 3.3) are written intoftil®wing files of directory 1.:

- TLO ja.sta: the air temperaturel.,, in the upper part of the canopy (see
Section 3.3),

- RFO ja.sta: the relative humidity of the air at the samghte

- TLU ja.sta: the air temperaturélc,, in the lower part of the canopy (see
Section 3.3),

- RFU ja.sta: the relative humidity of the air at the samghte

- BEN ja.sta: the amount of dew or water intercepted by thatp,

- TBO05 ja.sta: the soil temperature at the depth of 5 cm,

- TB10 ja.sta: the soil temperature at the depth of 10 cm.

These files have the same format as the files twéhmeteorological boundary conditions.
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Additionally, an extract of the results giving gadlverviews is written to the file "BEKLIMA.LS2" in
path 2. Moreover, for plot purposes, a variety aifydresults is supplemented to a direct access fil
"BEKLI_ja.std'.

6.3 Some examplesfor model results

This section gives some examples of results ofrtbdel AMBETI/BEKLIMA. The purpose is not to
present the results themselves, but to demonstrteroad variety of simulated quantities in thig& so
plant-atmosphere system. The simulations for mb#teoresults presented here were started several
days or even weeks before the plotted period ierai@ make the results less sensitive to the starti
values. Further evaporation courses will not besgmed, since the corresponding examples can be

found in Section 4.1.

At first, several profiles of time  (h)
hourly soil temperatures for 56 7 8 9 10 " 1213
00 . - 0.0
bare soil during a sunny day o1 o1
are shown in Fig. 6.3. This 02 o2 .
figure gives a good impres- 03 l.og ™
sion of the model's capabil- _,, 1. 04
ity to simulate the tem- - 05
perature regime with its - 06
strong variations in the top  -07
. 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
soil. Of course, acz temperature  (C)
- §
prerequiste  for  these?® , ,
. . ~ Fig.6.3 Hourly temperature profiles for bare soil (5 I2tbh,
detailed results is the fine dashed profiles from 14 h to 24 h)

resolution used for the top
soil layers (see Section 5.1).
Fig. 6.4 allows the comparison of simulated andsuesd soil temperatures in a crop of winter barley.
Generally the agreement is good. The deviationslynduring the 149th and 150th day of year, are

probably due to colder precipitation than estimated
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18,
17.
16.
118,

135 140 145 150 185
day of year 1986

g
Fig. 6.4 Comparison of measured (-----) and simulated () soil temperatures in a depth of
5 cm below winter barley
6.
4.
2.
0.
—-2.
.
—-8.
—10.
—-12.
—14. T T T T T
18.01. 21’.’61. 24.01. 27.01. 30.01. 02.02. 05.02. [}
date 18
Erdbodentemperaturen in S cm ) und 10 cm (---) Tiefe
Temperaturen: o——: Luft (2m), x——: Schneecberfliche
Fig. 6.5 Soil temperatures 5 cm ( ), 10cm depth (;x:-demp. of snow surface,

o0: air temp. (2 m)

From Fig. 6.5 the simulated courses of soil tentpeea and of the temperature of the snow surface
can be compared with the boundary air temperatuena. During the snow period (January 20th to

February 6th) the top of the snow surface temperatias frequently far below the air temperature, up
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to 8 K during the night. At the beginning and thwl eof the frost period, the soil temperatures re-

mained constant for many hours, i.e., at the ptrassition temperature ofC.

In a similar plot (Fig. 6.6), the simu-
lated temperatures of the snow and soll
surfaces are plotted together with the
input air temperature. The snow cover
began to form during the evening of
January 28th. In spite of air tempera-
tures down to -12C and snow surface
temperatures down to even -18, the .
temperature at the soil surface under tlgue
snow cover remained above °@. Of Fig. 6.6
course, this isolating effect of the snow
cover is important for the surviving of

pests like aphids.

31
day of year 1883

Simulated temperatures of the soil surface
(x) and the surface of the snow cover (+); o:
air temp. (2 m)

Another example with soil temperatures shows at fpesiod during January 1993 (Fig. 6.7). Since

there was no snow, the soil was deeply frozen (dimaabout 35cm). The simulations were run on

January 6th with meteorological
boundary conditions from measure-
ments including January 4th and there-
after from the "Europa Modell" (EM) of
the German Weather Service. On Janu-
ary 5th, the properly predicted warming
occurred in northern Germany with
freezing rain and glazed frost. With
these boundary conditions, the model
AMBETI/BEKLIMA properly simu- g
lated the presented slow warming of thg. 6.7
soil with (static) water standing at the

soil surface for several days.

Temperatures at Braunschweig: soil 5 cm
(+), 10 cm (x), air 2 m (0)
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In the last figure with soll
temperatures, the damping influ- .
ence of the canopy is demonstrat-
ed (Fig. 6.8). The model has been

run twice with identical meteo- .

Ao ML
%/ 1 ;
\.; \M \

!

2. T T T T T T T 2.
29.04. 30.04. 01,05, 02.05. 03.05. 04.05. 05.05. 06.05. 07.05.

rological boundary conditions: e

once for bare soil and once for a
crop of winter wheat with the leaf
area indexlz=3. Compared with
the bare soil, the plant cove%

damped the amplitude of the Fig. 6.8 Simulated courses of soil temperatures at 5 cm for
bare soil (+) and under winter wheat (x); o: air

cm-soil temperature amplitudes temperature (2 m)

to nearly half. The amplitudes at

the soil surface (not presented) exceeded thdbe aepth of 5 cm by factors ranging between 16 an
2.4. At the bare soil surface, the maximum-minimdifferences reached 34.7 K on the 5th of May.
Since the temperature, humidity and wind speeteahgight of 2m, that have been used as boundary
conditions here, in reality are effected by thedsi it would be preferable to use input quatities) a

higher reference height.

In Fig. 6.9 the relative humidities
measured and simulated for the
lower part of winter barley are

plotted together with the relative

humidity of the boundary condi-

Ot 40.
162. 163. 164. 165. 166. 167. 168. 169. 170. 171. 172.
day of year 1991

tion. The simulated values are
mostly in good agreement with
the measured ones. These relative
humidities exceed the boundary
humidities from outside the
canopy by about 10% relative;

humidity during the day and 20+

Fig. 6.9 Relative humidities for winter barley: o=reference
(2 m); in the lower part of the canopy:

night. Such strong differences, of measured (----); simulated (+__ )

30% relative humidity during the
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course, influence many plant diseases remarkably.

Another comparison of =«

humidities simulated fori%jj

the lower part of a crop of® %

winter wheat is given with

Flg. 6. 10. TWO courses Of Yabs. 2505, 2005, 27.‘05. 2805, 2005 d:’o.“owségzsw. 2t

relative humidities, one forFig. 6.10 Relative humidities simulated for low (x) and high
soil water supply
high and the other for low o=reference (2 m)

soil water contents, are pre-
sented together with the
reference humidity. During
the night the differences
between the two variants
are low, but during the day
the differences are up to
30% relative humidity. These effects of the soitevacontents are due to the differences in transpi-
ration as well as soil evaporation. In the moistard, the simulated humidities exceed the boundary
humidities by up to 40% r.h.. The maximum tempeegynot plotted) in the lower part of the moist
crop were exceeded by 5-6 K from those of the dyp.c

Fig. 6.11 allows the comparison

of measured and simulated daily

durations of leaf wetness, which

iS an important input quantity for;
phytopathological models. I!:ig. 6.11 Durations of daily leaf wetness in spring barley:
Three sensors have been fixed to measured (+, X, Y), simulated (----)

different leaves of spring barley,

each of these consists of a grid of

thin metal wires. In accordance

with visual controls, the decrease

of the electrical resistance

between neighboured wires is

interpreted as the beginning of leaf wetness. Rerdomparison with these leaf wetness sensors,

leaves are interpreted as wet if the simulated amsoof dew or intercepted water exceed 0.029 mm
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on the one-sided leaf area (see Sections 3.4 8hdl#e agreement seems to be acceptable, especiall
if the difficulty of the measurements and the ladgeiations between the different sensors are taken

into account.

100

40

PSSR 5 Y a WA B £
Fig. 6.12 Simulated courses of dew and interception (x)rafative humidities for the upper

(+) and lower (0) parts of the canopy

Simulated courses of leaf wetness are presentei)irb.12 together with the relative humidities-cal
culated for the upper and lower parts of a cropvioter wheat. During the period of nine days there

were three nights with dew formation and one pittipn event (June 19th).

%

Fig. 6.13 Simulated ( X) and measured (O) apparent surdmeperatures for winter
wheat



6 APPLI CATI ON OF THE MODEL 97

A comparison of remotely sensed and simulated ‘tempaurface temperatures” (see Section 2.7) for
a crop of winter wheat is given in Fig. 6.13. Thesaperatures may be used as an indicator for water
stress. As pointed out by Braden and Blanke (18&3)apparent surface temperatures can even be

used for the remotely sensed control of large-smedel results for many pixels.
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6.4  Summary and conclusions

The model AMBETI, presented in this paper, is ahssifrated model of transports and budgets of
heat and water in the soil-plant-atmosphere syst@ra large extent, the model works determinis-
tically and only the bulk stomatal resistance nemdibration. The model consists of highly devetbpe
sub-models for the radiation components absorbethdylants on the one hand, and by the ground
cover (soil or snow) on the other hand. The aeradya transports are also calculated separately for
the plants and the ground surface. The intercejpiigmecipitation is considered in a realistic mamn
The formation and melting of a snow cover on thié saface is simulated. Soil chill is considered
during the calculation of the soil heat and wateddets. These capabilities of the model allow its
application during the whole year including rainydafrost periods. The various effects of these
weather events on the soil-plant-atmosphere systembe evaluated. Moreover, the water vapour
transport in the upper soil layers is calculatedtifie proper determination of evaporation as well a
the temperatures and water contents in the top soil

The model AMBETI/BEKLIMA is used for research puges and for routine applications in the
Agrometeorological Section of the German Weathevi€&e This means daily model runs for many
different meteorological boundary conditions andatmns of Germany, each with a variety of
different site parameters. This intensive applwatjave the opportunity of thoroughly testing and
validating the model.

The model yields a broad variety of outputs likéd samperatures and water contents, evaporation,
transpiration and other fluxes of heat and watesrddver, microclimatic conditions in the canopy
including leaf wetness and surface temperaturescal@ilated. Several results of the model are

presented as examples.
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List of the main symbols

Symbol

fvz,O

fw

o «

7 3 3

Pa
Pi
Pr
Qph,

la

Meaning Unit
specific heat of the air J K kg?
specific heat of the plant elements J Kt kg?
specific heat in soil layer i JmiK?
specific heat of melting g 3.3210° J/kg of water
stem diameter m
height of snow m
diffusivity for water vapour in the soll m s?
vertical soil heat flux density W m?
evaporative flux density MMu20) (= kg m?)
vertical soil water flux density KQz0) m? st
gravitational acceleration ~9.81 m &
ground heat flux density W m?

reduction function for the saturated water contéistressed water

vertical flux density of sensible heat to thengga W n?
vertical flux density of sensible heat to thd sarface W nf
extinction coefficient (Chapter 2)

hydraulic conductivity in the soil k@o)s m°
saturated hydraulic conductivity in the soill ko) s m?
leaf area index M geay M (ground)
mass fraction of clay kg/kg
mass fraction of organic material kg/kg
mass fraction of silt kg/kg
mass fraction of sand kg/kg
plant area indexp(=! -+, m?/m?
amount of intercepted precipitation ) (= kg m?)
amount of precipitation MMu20) (= kg m?)
latent heat of melting in soil layer i J m?

reflection coefficient of leaves

resistances for the vertical aerodynamic trarispmtween the s
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reference height and the level of the main enexghange inside the canopy

Fac aerodynamic resistance inside thaapy (see Chapter 3)

Fap aerodynamic resistance at thianp elements (see Chapter 3)

Fas aerodynamic resistance at tlod surface (see Chapter 3)

g reflectivity of the ground surface (soil or snow)

Mol resistance for transpiration and evaporatiomefiants s

Fst bulk stomatal resistance s m*

rs reflection coefficient for stems

Ry global radiation W m?

R incident long-wave radiation W m?

Rapi net radiation of the plants W m?

Rng net radiation of the ground surface W m?

Sa stem area index m?/m?

t time S

t transmission coefficient of leaves

Ty transmitted portion of diffuse radiation

TR transmitted portion of thermal radiation

T temperature K

T temperature at reference height K

Tea temperature in the canopy K

Tol plant temperature K

Tsi temperature of soil layer i K

Ton temperature of phase transition liquid>frozen K

Uy wind speed at reference height m s*

Vea vertical evaporation flux density at the soilfage kg nif st

Vol vertical evaporation flux density from the plants kg m?s?

w volumetric (soil) water content M waterf M

W residual (soil) water content M waterf M

Ws saturated (soil) water content M waterf M

Wsn water content of the snow KQwater/m”

Z canopy height m

z reference height m
length of stems m
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2 roughness length m
AZ increment of vertical length m
3 angle of incidence rad
y psychrometer constant£o cy/4) kg m° K™
Epl relative emissivity of the plants

£g relative emissivity of the ground surface

0 relative water content

A angle of leaf inclination (Chapter 2) rad
A specific latent heat of vaporization (Chapter 3) J kgt
h thermal conductivity of the soil W mtK?
Jow wave length of radiation um
o density of the air kg m®
Oca absolute humidity of the air inside the canopy nky
Ov water vapour density in the pore space of tHe soi kg m®
od reflectance of the canopy for diffuse radiation

OR reflectance of the canopy for thermal radiation

o reflectance of the canopy for direct radiation

o Boltzmann constant 5.6710° W K™ *m?
Pa volume fraction of air in the soil

®s volume fraction of solids in the soil

W matric (water) potential J/ kg
Wl plant water potential J/ kg
A total water potential in soil layer | JI kgr'/s’
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Appendix

A1l Overview over the sub-programs

Name

PINTER
MSOITE
SOIWAM
PSYKU
BOPAR
HYPAR
CAMPB
VEREEC
RABRAS
METIER
DATKOR
FRHOW
EINGAB
METIET
STRAHL
TRARED
TRADIR
HSUN
METPEB

MSURF
SNOWAE
SOIVAP

Contents (Section/Chapter)
third degree polynom interpolation
soil heat budgets (5.1, 5.2)
soil water budgets (5.4)
hydraulic soil properties (5.5)
soil composition and thermal properties (5.3)
pedo-transfer functions (5.6) according to
Campbell (1985)
Vereecken (1989, 1990)
Rawls and Brakensiek (1985)
(organization)
control of met. bound. conditions and pargerigation ofRy, R (6.1)
water vapour conversion
input (AMBETI-version) (6.1)
aerodynamic resistances (3.5), interceptibprecipitation (4.3)
radiation components (2)
transmission and reflection (2.2b)
transmission of direct radiation (2.3)
sun elevation (2.1)
energy budgets (3.1), aerodynamic transidrs 3.3), bulk stomatal
resistance (4.1), plant water conduction (4.2)
energy budget at the soil surface (3.1)
melting of the snow cover (3.6)
water vapour transport in the upper so)5.
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A2.1 On fitting the reflection and transmission coefficients to results of a " Successive Orders
of Scattering Approximations (SOSA)" modd

The transmitted and reflected portions of the iestdradiation calculated according to Sections 2.3
and 2.4 are compared with the results of the "Ssbee Orders of Scattering Approximations
(SOSA)" model (Braden, 1982) in order to improve tbsults of the method presented. The resulting
model combines a straightforward method with thaper results of an involved SOSA model. The
direct use of the SOSA model in the model AMBETh@t appropriate, because it would take too
much computing time.

In the SOSA model, the plants are divided into swlin horizontal layers, each with small amounts
of plant area =l.+s. <0.1). In each layer nine classes of inclinations of phent elements are
considered, each with the same uniform and noreladed distribution over the azimuths. Though
real crop canopies do more or less violate thesengstions, it seems to be acceptable to use the
model because radiation transfer models for r@aistometries are not available.

For the nine classes of inclination, incident radrais considered to be scattered by the plametes

of the top layer. The scattering is consideredréfiection and transmission in up to 18 classes of
inclination (nine upward and nine downward). Thebabilities for the scattering at the plant
elements, and the transmission through the learescalculated from the portions of plant area
projected in the direction of the respective inoid@adiation.

For the nine classes of inclination, the unscalteeenainder of the incident radiation, togethehwit
the radiation scattered downward by the top lagecpnsidered to be scattered at the second l&yer o
plant elements. These calculations are continugbtiie bottom layer is reached and then the poces
begins in the opposite direction with the composetiattered upward until the top layer is reached.
No reflection is considered at the ground surfaamabse it will be taken into account afterwards Th
whole procedure must be repeated several time$ fimily all important multiple scattering
processes are accounted for. The recursion isetioppen the last recursion does not deviate by more
than 0.1%o. of the radiant emittances in each layer.

Up to this point a normal SOSA model (Myneni et 8887) has been described. The model used has
the following additional features (Braden, 1982):

- The probabilities for scattering are determinepasately for each class of incident radiation

) This is recommended, because multiple scattensige one layer will be omitted.
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and each class of inclination of the plant elements
- Leaves and upright stems with distinct opticalgarties can be considered.
- The distribution of the leaf inclinations candiesen freely.
- Leaves are allowed to have different coefficidatgeflection and transmissiot¥().
- The top and bottom faces of leaves are allowdthte different optical properties.
- Leaves are allowed to reflect with a specular ponent.
- The diffuse reflection of the plant elementsasgidered to be Lambertian.
For the radiation reflected by and transmittedugtothe leaves the angular distribution of theamaidi

emittances are considered in relation to the iddiai position of the plant elements.
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A3.1 The calculation of the plant-canopy-air fluxes and plant temperature in the "no-

microclimate’ option
In this option, the energy budget Equation (3.3jsied with (3.1), (3.2), (3.2a) and (3.6):
Raspi + €p1 (8o R+ 8pio £9 0 Tea' - 8pie 0 T ) - Bre (Tpr-Tx)
+0Cp (Tr - Tp)/ (rap + 1a) + Vi + Cpi (Tpio - Tp)/at =0 (A3.1)
with the abbreviation
Bre=4epapec Ty . (A3.2)
Solving (A3.1) forT, leads to
Tol = { Raspl + Hrix + 0 Co T/ (ragtra) + Coi Tpio/ At + Vpi }/ Nrrew (A3.3)

with the abbreviations

Hrix = epl (@ R + apio £¢ UTsa4 - dple OTX4) +BrL Tx (A3.4)
and
Nrrew = BrL + 0 G/ (Fagtra) + Cp/At : (A3.5)

When this expression fay, is introduced into (3.7) and (3.7&)y is resolved to give

Vo ={[ or - o(Tx) + 2o Tx ] NrrBW (A3.6)
- 0p [ Raspi+ Hrix + 0 G T/ (ragtra) + Coi Tpi/At ] }

/ { NRRBW (rap + ra + rp|)/}~p| + Ap }

ThenTy and the sensible heat fltt, are calculated from (A3.3) and (3.6), respectively
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A3.2 The calculation of the plant-canopy-air fluxes and plant temperature in the " microcli-

mate" option
As already stated in Sections 3.2 and 3.3, theahetlues ofTp, Tca and oc, are determined with
known values offs; and ps, For this purpose, Equations (3.1), (3.2), (3.&a)a), (3.12) and (3.13)
are inserted into the energy budget Equation (3.3):
Raspl+ €p1 (Bpiu R + 810 £9 0 Tea' - 8gie 0 T ) = Bre (Tpi - Tx)
+ 0 Cp (Tea- Tp)Tap + Api [ oca- o(Tx) = Lo (Tpi - Tx) 1(Fap+ i)
+ Col (Tpio - Tpi)/At = 0 (A3.7)
Solving (A3.7) forT, leads to
Toi = { Ruspi + Hrix + 0 G Tedlap

+ Apl [oca- o(Tx) + Ao Tl (rap + rp1) + Coi Tpio At }/ Nrrex (A3.8)
with the abbreviations (A3.3 and A3.4) and
Nrrex = BrL + 0 Goffap + Al A/(Fagtrpr) + Col/ At . (A3.9)
From (3.12), (3.14) and (3.18), is obtained as
Tea=[Trrap(fac+ a9 + Tpi fa(Fac+ rag + Tsalalap [/Nrn1 (A3.10)
with the abbreviation

NrN1 =Ta (Fac+ Fa9 + ap (fa+ Fac + lag . (A3.11)

In a similar wayoc, is eliminated from (3.13), (3.15) and (3.17) wiftle linearization (3.7a) and
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NRN2 = ip| ra (rac + rag + (rap + rp|)[ Asara + }v (rac + rag ] (A3.12)

giving

Pca={[ 4 or (Ffac+Ta9 + Asaosala] (Fap + Ip)

+p1 [ o(Tx) + 2 (Tpi - Tw) ] ra (Fac + ra9 } Nrnz . (A3.13)

Now, (A3.10) and (A3.13) are introduced into (A3a8)d after some elementary operationsTipthe

expression

Tpt = (Ni2 + Zpi Nro / Nrnz )/Nia (A3.14)

is found with the abbreviations

Nh2 = Raspl + Hrix + 0 G [ Tr (Fac + a9 + Tsalal/Nrn1 + Tpio i/ At ) (A3.15)

Np1 = Bre + Co/At + 0 G (Fa+ Fac + ra9/Nrnt

+/p1 B [ Asala+ 4 (Fac + Fag /Nrn2 : (A3.16)

Nio ={ 4 or (fac + a9 +AsaPsala

+ [0 Tx - o(T)] [Asala+ 4 (Fac + ragd] ¥ Nrne. (A3.17)

With (A3.14) Tc, and oca can be obtained from (A3.10) and (A3.13), respebti The plant-canopy-

air fluxes of sensible and latent heat are finddi{ermined from (3.12) and (3.13).
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A5.1 The pedo-transfer coefficients of Rawls and Brakensiek (1985) and of Vereecken et al.
(1989, 1990)

Rawls and Brakensiek (1985) empirically related qantities used in the hydraulic functions (see
Chapter 5.5) to the basic soil properties totabgpity ¢,, mass fraction of clagn., mass fraction of
sandmy . Each quantity is expressed by means of incompieted second order polynoms of the
properties in the form
P(ai,0a,Me,Ms) = 80 + &y a + 82 Mg + g Mk
+ay g +a85 M+ 8 MY +a7 QT + 8g Calk
+ag @AM + 810 QMY + 311 Mes” + 812 MM + A3 Mypa” + Ara MY
+ a5 P ME” + a1 Pa My
The saturated hydraulic conductiviky (cm/h) is given by
Ks = exp{P(a,ame,ms) }
The residual water content {m°) is given by
Wr = P(bh(Pa;rn:;rns)
The saturated water content is determined from
WS = P(CiKPaarn:arns)
For the "bubbling-pressurg’, (cm) Rawls and Brakensiek give the relation

wo = -exp{P(di,pame,ms) }

The exponent of the Brooks and Corey retentiontiong5.26) is determined from

1/b = exp{P(&,pame,my) }
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The contents of sand and clay,us’ andm, respectively are expressed in % and the totalsityr

0=1-ps in mm? (see Section 5.3). The coefficients are listefigh. 5.5.

TableA5.2 The coefficients of the polynoni¥a;, pa,me,N)
i & b G d &
0 -8.96847 -0.018248p 0.01162 5.33967138 -0.7842831
1 19.52348 0.0293928p 0.98402 -2.48394%546 -1.064498
2 -0.028212 0.0051348B -0.002286 0.1845038
3 0.00087269 -0.001478 0.0177544
4 -8.395215 1.11134946
5 -0.0094125 -0.00015396 0.0000987 -0.00213B853 0203493
6 0.00018107] -0.000053Q4
7 -0.010859 -0.61745089
8 0.077718 -0.001082f 0.003616 -0.04356849 -0.03IB 4
9 0.02733 0.00030708 -0.000096 0.00895859 0.0019”374
10 0.001434 -0.00072472
11 -0.0023584 0.0115395 0.5002806 -0.00674%91
12 0.0000173 -0.00001282 -0.00000235
13 -0.002437]
14 -0.0000035 0.0000054
15 -0.019492 -0.00018238 -0.00855375 -0.0061Q622
16 -0.00298 0.00143598 0.000269B7

For the use of the van Genuchten functions (5.28525a) (method No. 2=1/ y ,, n=1+1b and

m=1-1his used. The hydraulic conductivity according todks and Corey (1964) is calculated with
the exponent=3+2b in (5.27) (methods No. 1, 4 and 5). For the modifon of Smith (1992)

(method No. 5) the retention is calculated frol23pwith n=5 andm=1/(%).
In method No.3 according to Vereecken et al. (19890) besides the dry bulk density(in g/cn?),

the USDA-texturerf, m, andms, see footnote in Section 5.3) and the organicoradontenCoq, all

")

For reasons of simplicity in the followimg; andmy, is written instead afns ysandm, s,

respectively.
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expressed in %, are used in the regression ofalkiaents. For the saturated hydraulic conduttivi
Vereecken et al. (1990) used the organic mattetenbm, instead of the organic carbon content. The
conversion is achieved by, = 1.72Cyy . The residual and saturated water contentén{in are
determined from

w; = 0.015 + 0.0051 + 0.0139Cq

and

ws = 0.81 - 0.283p, + 0.0013M

The retention function (5.23) is used witlr1 andc (in cnit) is given by

o = exp{-2.486 + 0.025%; - 0.351’'m, - 2.617%p - 0.023'm; },

n = exp{ 0.053 - 0.009*; - 0.013'm. + 0.00015Mm }

For the saturated hydraulic conductivity (5.28) flonVereecken et al. (1990) give the coefficients

Ks = exp{ 20.62 - 0.96*Infy) - 0.66*In(m) - 0.46*In(my) - 8.43*%0y },

b = exp{-0.73 - 0.0187 7 + 0.058'm. }

and

v = exp{ 1.186 - 0.194*Inf) - 0.0489*In(n,) }

For the use in the equations of Section 5.4 thedwjd conductivities are converted from (cm/h) to
(kKQ20) S m°) by multiplication with the factor 10/3600 (keo) m/s)/(cm/h) and by division with the

gravitational acceleratiog=9.81 m &. The water potentials are converted by multiplyirlgcm =
0.1 m withg=9.81 m/§ giving 10 cm”,=0.981 J/kg.
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A6.1 Themain particlesizefractionsfor the German soil classification

In many cases the patrticle size fractions havebaeh measured, but the soil has been characterized
according to mapping instructions (Benzler et H982). Tab. A6.1 relates the 28 soil types to the
corresponding particle size fractionshat are needed as input quantities of the maMBETI (see
Section 6.1).

Table6.1 The German soil classification and the correspundiass fraction of the main
particle sizes of clay (c), silt (u) and sand (s)

soil type abbrev. me m, my

% % %
Schluff U 4.00 88.00 8.00
sandiger Schluff Us 4.00 65.00 31.00
sandig-lehmiger Schluff Uls 12.50 57.50 30.00
schwach lehmiger Schluff ul2 10.00 77.50 12.50
mittel lehmiger Schluff ul3 14.50 75.25 10.25
stark lehmiger Schluff ul4 21.33 74.33 4.33
schwach sandiger Lehm Ls2 20.00 45.00 35.00
mittel sandiger Lehm Ls3 19.00 34.33 46.67
stark sandiger Lehm Ls4 21.00 21.50 57.50
schluffiger Lehm Lu 23.50 60.00 6.50
schwach toniger Lehm Lt2 30.00 42.50 27.50
mittel toniger Lehm Lt3 40.00 40.00 20.00
schluffig-toniger Lehm Ltu 37.50 56.25 6.25
sandig-toniger Lehm Lts 35.00 27.67 37.33
schwach sandiger Ton Ts2 58.00 9.00 33.00
mittel sandiger Ton Ts3 43.00 9.00 48.00
stark sandiger Ton Ts4 30.00 9.00 61.00
lehmiger Ton Tl 55.00 31.50 13.50
Ton T 76.66 11.67 11.67
Sand S 2.50 5.00 92.50
schwach schluffiger Sand Su2 2.50 17.50 80.00
mittel schluffiger Sand Su3 4.00 32.50 63.50
stark schluffiger Sand Su4 4.00 45.00 51.00
schluffig-lehmiger Sand Slu 11.50 45.00 43.50
schwach lehmiger Sand SI2 6.50 15.00 68.50
mittel lehmiger Sand SI3 10.00 23.50 66.50
stark lehmiger Sand Sl4 14.67 29.33 56.00
schwach toniger Sand St2 10.00 6.25 83.75
mittel toniger Sand St3 19.00 9.33 71.67

) Center of the corresponding area in the soil glan



