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Abstract. Recently, new soil data maps were developed, which include vertical soil properties like soil type.
Implementing those into a multilayer Soil-Vegetation-Atmosphere-Transfer (SVAT) scheme, discontinuities in
the water content occur at the interface between dissimilar soils. Therefore, care must be taken in solving
the Richards equation for calculating vertical soil water fluxes. We solve a modified form of the mixed (soil
water and soil matric potential based) Richards equation by subtracting the equilibrium state of soil matrix
potentialye from the hydraulic potential,. The sensitivity of the modified equation is tested under idealized
conditions. The paper will show that the modified equation can handle with discontinuities in soil water content
at the interface of layered soils.

1 Introduction Implementing a soil data map that include information
about vertical soil properties like soil type, care must bg

The Richards equation (RER{chards 1931 is commonly taken in solving RE to model unsaturated soil water flow
used in many Land Surface Models (LSMs) to describe ver-in layered soils, because discontinuities in the water con

tical soil water flow in unsaturated zones. ltis a combinationt;f‘t tocrc]ur aLthe |3terfatcehbet(\j/\I/eeqtglfﬁlmllarblsgili. '\t/'am
of mass conservation and Darcy’s law. There are thrierdi orts have been done 1o handle wi IS pro ¢e

ent expressions for it, (1) by soil water contert-fased”), al., 1983 Romano et a‘-199_8_ Schaudt and Morrill2002
(2) by hydraulic potential @-based”) and (3) by both, hy- Matthews et a].2004 Barontini et al, 2007). But to a greater
draulic potential and soil water content (“mixed form”) as the or lesser extent., al metho(;js anlg regglts sh?w dproble dms
dependent variables (e.gdjllel, 1980 Bohne 2005. The mass gonservatlorZeng and Deckef2008 applied a mo "
“y-based” RE is often used by soil scientists and has the adified mixed form of RE for unsaturated homogeneous soils

vantage to be continuous in the dependent variable at soN"here mass conservation is nearly given. We expected, th

interfaces, but the numerical solution shows errors in mas§hIS combination will also lead to better results in model-

balance for any iteration method (Picard, Newton—Raphson!ng water flows in inhomogeneous soils and herefore, imple

etc.) Celia et al, 1990. The “9-based” RE is favored by cli- mented this formulation into the LSM model TERRA-ML,

mate modelers because of its excellent mass balance, but h ich is |nclgdleggst&gon.-hydrostatlc meso;clale weathg
the disadvantages that it cannot handle water flows in satylorecast mode (tpy//www.cosmo-model.of as

rated zones and that discontinuities in the dependent variabI\Q’e" as in the regional climate model COSMO-CLMu:

occur across soil layer boundaridsil(s et al,, 1989. Us- /fwww.clm-community.ef).

ing the “mixed form” of RE with a finite element method for TEIrFleF:ZeM'I'LheOijdsectlon gve g'vf g Sh‘(’;} ov_erwewl ovr(]ar
numerical solutionCelia et al (1990 showed, that mass bal- -ML and discuss the applied modifications. In the

ance problems were consistently low in a homogeneous soi'lqesu“ section we show the application of the modified

and that discontinuity problems are better-natured than in thtBE ina sand-loam-sa}nd and a _Iogm-s_and-loam SO.'I c_olum
“g-based” RE. under idealized conditions (no infiltration, no gravitational

drainage and initialization with the hydrostatic equilibrium
Correspondence toE. Kalinka
BY (frank.kalinka@iau.uni-frankfurt.de)

state). Finally the results are summarized and discusse
Published by Copernicus Publications.

within the Conclusion section.
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2 Theory Table 1. Soil type dependent hydrological parameters

2.1 Model description -
Soil-type % sand %clay ys[mm] B

sand 90 5 -51.29 3.705
loam 40 20 -229.09 6.09

TERRA-ML is the actually implemented LSM of the non-

hydrostatic mesoscale weather forecast model COSMO and
of the regional climate model COSMO-CLM. Only a brief

description of the model can be given here but more de-
tails can be found irSchrodin and Heis¢2001), Doms et
al. (2005 andHeise et al(200§. Combining conservation
of mass with Darcy’s law leads to the mixed form of RE, Foridealized case studies in numerical weather prediction as

2.2 Equilibrium state

describing one-dimensional water flow in soils well as in climate simulations, it is common to do model-runs
80 0 OWm+vs) in equilibrium state as initialisation. In our case the hydro-
B ;Z[KT =S 1) static equilibrium state of Eqlj is theoretically reached, if

1 : _ _ _ L no fluxes occur between the soil layefigg/at = 0), that is
whered [mm™] is the volumetric soil moisture, is time,

z [m] is the vertical coordinate (positive upward)y, [m] O B
is the matric potentiaky, [m] is the gravitational potential, Yme+yz = ‘/’Sé‘t(gat) +12=C = Ysart Zwrp (®)
K [ms™] is the hydraulic conductivity an8 is a sink term _ i ) )

(e.g. transpiration loss in the root zone). Taking the hydraulic®S @ Special solution under assumption of a consfann

diffusivity (e.g.Kabat et al, 1997 saturated zone<C(= Ysat+ 2wTp)- !—Iere_zWTD is the water
table depth (WTD) and the subscript Einandym g denotes

D9=—K9(&//—m) 2) the equilibrium state. The layer averag@d can then be

00 derived by integrating over soil layers.

into account, leads to the-based RE for soil water fluxes

used in TERRA-ML 2.3 Modified Richards equation

00 0 00 o _ )

5 a_z[_Da_erK]_S' 3) Because the derivative & with depth vanishes, we can

ite Eq. Q) t
The hydraulic conductivitk and the hydraulic diusivity rewrite Eq. ¢) to

D both depend on soil moistugeand soil properties. Both 96 _ 9 Ka(wmwz—(:)]_s ©)
functions are parameterized accordindrifiema(1969 us- ot~ oz 0z )
ing exponential functions.

Soil matric potentialyy, for unfrozen soil is defined ac-
cording toClapp and Hornbergdd 978 at the node depth

of each layer as

The method of subtracting the equilibrium state has the theo-
retical advantage, that sharp bends in the hydraulic potential
Y, arising at the interface between two dissimilar soils be-
B cause of diterent soil type properties, will be minimized in
P B ‘ the numerical solution. Furthermore, small discontinuities in
wm,l - *ﬂsatl (4) . .
Osati ¥m, occurring at the boundary between layered soils as a re-

where the air entry potentia| at Saturatmtis an exponen- sult of the numerical solution of Eq4X|n combination with
tial function of percentages of sand, and the pore size disthe soil type dependent hydrological parameters given in Ta-
tribution indexB is a linear function of percentages of clay ble 1, are also reduced.
(Cosby and Hornberget984).

Celia et al.(1990 showed, that best simulation results 2.4 Model setup
with respect to mass conservation are obtained using th
mixed form of RE. Additionally, using an inhomogeneous
soil type distribution, Eq.3) will be discontinuous i at the
interface between two fierent soil horizons, so thab/oz
is not solvable using small soil layer thicknesses. However
the hydrological potential is continuous, that is the reason
why we test Eq. 1) as possible alternative to EE)( Fur-
thermoreGrasselt et al(2008 showed that, using a linear
function ofK, rather than the operationally used exponential
function used in TERRA, also leads to results closer to ob-
servations. That is why we have implemented an empirical
linear function of hydraulic conductivity according @app
and Hornbergef1978. — time stepping\t=60s,

%or all simulations we used the mixed form of RE (HyJ.

first and the modified form (Ed®) afterwards. Here, the op-
erationally used é-based” RE (Eq3) is not used anymore
because of its disadvantage that it can not simulate soil water
fluxes across soil layer boundaries, as discussed in Sect. 2.1.
In general, horizontal fluxes are not considered in TERRA-
ML, we therefore simulated only one column. The following
model setup has been used:

— specific soil type propertieB, s, % sand and % clay
were used as given in Table 1,
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Figure 1. (left) Simulated mean water fluxes [mmthin a loam-sand-loam soil column after an integration period of 30 days with a WT]
of 3m: the grey line shows water fluxes of the old formulation (Bgthe black line of the new formulation (Ef). (right) Same as (left)

exept with a sand-loam-sand soil column.

— simulation time= 30 days,

— in a first simulation the soil was divided into seven

layers until 250 cm depth, albeit layer thicknesses in-ynerefore to improve results of numerical solution. Fig2re
crease with depth (operationally applied in the COSMO gpos fluxes occurring while using homogeneous soil laye

model) and in a further simulation in 25 layers with
thicknesses of 10 cm each,

in between coarse soils (loam-sand-loam),

prescription of diferent WTDs in the model domain

(0.5m, 1 m and 2 m) and below model domain (3 m and(black lines in Figsl and2, pink line in Fig.2).

5m),

obtainingC = ysat+ Zwtp With zyrp = depth of WTD,
neglecting the sink Terr8 in both, Eq. () and Eq. 6),
initialization of soil moisture with its equilibrium state,
no infiltration as upper boundary condition and

no gravitational drainage as lower boundary condition.

The last four assumptions ensure a closed system, where
fluxes should be simulated in a perfect model.

3 Results

3.1 Varying layer thickness

Applying the model setup described above with the old for-indicate perfect mass conservation. The black, red and tH

mulation of RE (Eql), using a WTD of 3m and a seven layer

soil distribution, fluxes up to 0.05 mm per hour occur espe-dent on WTD and soil type distribution. This demonstrates
cially from the sand column into the loam column in both, a the dficiency of the modified RE.

www.adv-sci-res.net/6/123/2011/

consideration of a coarse soil in between fine soils
(sand-loam-sand) and in a further simulation a fine soil

depth [cm]
-100

-150

F = K*d(psi+z)/dz
— F =K*d(psi+z-C)/dz
T T T T T
-0.10 -0.05 0.00 0.05 0.10

Flux [mm/h]

loam-sand-loam distribution and a sand-loam-sand distriby
tion (grey lines in Figl). These fluxes can not be removed
by using smaller soil layer thicknesses to minimézand

thicknesses of 10cm. Fluxes from the sand layer into th
loam layer do not get smaller, they rather enlarge up to 0.
mnyh in a loam-sand-loam distribution and up to 0.3 fam
in a sand-loam-sand column (grey lines).

Using the modified formulation of RE (E®) instead of
Eqg. (1), no fluxes occur so that mass is perfectly conserved

independent of soil layer thickness and soil type distributior]

3.2 Influence of water table depth

We have implemented fierent WTDs to show its influence
on soil water fluxes in an inhomogeneous soil type distribu
tion. If the WTD is below the model domain (3m and 5m),
fluxes only occur at the interfaces betweetffiedent soil hori-
zons (Fig.2). If the WTD is in the model domain (0.5, 1 and
2m), layers with depth below or at the WTD become satj
urated, so thalg = 055t andye = Y Figure3 shows simu-
rlated fluxes for dierent WTDs. It is conspicuous, that below
and at saturated layers, huge fluxes occur up to 230Mimh
Again they especially occur at the interfaces betwedliedi
ent soil horizons as a result of the influence dfetient soil
properties and this shows that the mixed form of RE is no
adequate in simulating water flows in saturated soils. Testin
the sensitivity of the modified RE to the WTD, results again

dark green lines in Fig8 show, that no fluxes occur, indepen-
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Figure 2.  (left) Simulated mean water fluxes [mm'hin a loam-sand-loam soil column after an integration period of 30 days with
homogeneous soil layer thicknesses of 10 cm and witlerdint WTDs at 3m and 5m in a loam-sand-loam soil column: the grey and red
lines show fluxes in mm1 of the old formulation (Eql), the black and purple lines of the new formulation of RE (&q.(right) Same as
(left) except using a sand-loam-sand soil type distribution.

Flux old (WTD=0.5m) ° Flux old (WTD=0.5m)
— Flux new (WTD=0.5m) Flux new (WTD=0.5m)
== Flux old (WTD=1m) Flux old (WTD=1m)
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Figure 3. (left) Same as Fig2a, except using WTDs within the model domain at 0.5, 1 and 2 m (indicated by the blue lines). Results of
the new formulation of RE (black, purple and dark green lines) overlap each other. (right) Same as (left) except using a sand-loam-sand soil
type distribution.

4 Conclusions moisture with its equilibrium state, no infiltration as upper
boundary condition and no gravitational drainage). Further

This study shows that th@“based” and the “mixed form” of simulations under more realistic conditions still have to be
RE are not adequate in simulating water transports in non90ne:

homogeneous unsaturated soils. Therefore, we tested a mod- _ _
ified form of the “mixed” RE afteZeng and Deckef2008), Acknowledgemgnts. This work .W€.lS supported by the Hessmn
where the equilibrium state is subtracted of the hydraulic po-ﬁ?ﬂiﬂ Zn TCh“emthihgrzag?seo V:éwov\t,:‘: dgrssfuar:g::‘ gp:‘?é?ﬁt t;l;ea
tential. Result_s show a_lmost perfect mass Conservat!on’ IndeHessian initiative for the development of scientic and economic
pendent of soil Iay_er t_hlcknesses_used for the numerlcal SOIUéxcellence (LOEWE) at the Biodiversity and Climate Research
tion, of the WTD (if it is below or in the model domain) and  centre (Bik-F), FrankfuyMain.

of what soil type distribution is adopted. However, all sim-

ulations were done under idealized test cases (neglecting thedited by: H. Formayer

sink termS, prescribing a water table depth, initializing soil Reviewed by: two anonymous referees
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