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Abstract. Evaporation is an important process in soil- 1 Introduction

atmosphere interaction. The determination of hydraulic

properties is one of the crucial parts in the simulation of wa-Evaporation from porous media is a key process for soil-
ter transport in porous medi&chneider et a(2006 devel- ~ atmosphere interaction, for example in the coupling with cli-
oped a new evaporation method to improve the estimatiorinate or the forcing of lower soil layers, as well as for many
of hydraulic properties in the dry range. In this study we industrial and engineering applications. Many investiga-
used numerical simulations of the experiment to study thetions are reported in the literature which assess the evapora-
physical dynamics in more detail, to optimise the boundarytion process. Evaporation from an initially saturated porous
conditions and to choose the optimal combination of mea-medium typically begins with a relatively high drying rate
surements. The physical analysis exposed, in accordance féetermined primarily by the external forcing. This phase
experimental findings in the literature, two different evapora-continues as long as the medium can sustain the evapora-
tion regimes: (i) a soil-atmosphere boundary layer dominatedive flow. Then it changes to a stage with falling drying rates
regime (regime 1) close to saturation and (ii) a hydraulically (Sherwood193Q Scherey199Q Shokri et al, 2008. Exten-
dominated regime (regime II). During this second regime Sive work has been put into pore-scale modelling of the dry-
a drying front (interface between unsaturated and dry zondng process; a review is given rat(2002. The pore-scale
with very steep gradients) forms which penetrates deeper int@nalysis is valuable for the understanding of the detailed
the soil as time passes. The sensitivity analysis showed thdtore-scale processes. However these models typically can-
the result is especially sensitive at the transition between th@ot be directly applied for macroscopic problems, since the
two regimes. By changing the boundary conditions it is pos-actual geometry of the medium is normally not known. On
sible to force the system to switch between the two regimesthe field scale, many energy-balance based, semi-empirical,
e.g. from Il back to I. Based on this findings a multistep ex- or empirical models existHoken 2003. For modelling on
periment was developed. The response surfaces for all pahe REV scale, in-between the field- and pore-scaéinei-
rameter combinations are flat and have a unique, localiseder et al.(2006 used a diffusive boundary layer approach
minimum. Best parameter estimates are obtained if the evapcoupled with a Richards’ pore space model. It is reasonably
oration flux and a potential measurement in 2 cm depth aréimple but still provides a sufficient macroscopic descrip-
used as target variables. Parameter estimation from simuion. One aim of this investigation was to further examine
lated experiments with realistic measurement errors with ghe physical implications of that model.

two-stage Monte-Carlo Levenberg-Marquardt procedure and Measurements of the hydraulic properties of soils in
manual rejection of obvious misfits lead to acceptable resultéhe dry range are hard to realise. ~While direct mea-
for three different soil textures. surements of hydraulic properties are generally difficult,
Multistep-Outflow experiments are limited to matric poten-
tials ¥m>—100 kPa since the liquid phase pressure must be
Correspondence td<. Schneider-Zapp  larger than the vapour pressure of water. Practical limita-

(Klaus.schneider@iup.uni- tions like the permeability of the phase separator at the lower
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2 Materials and methods

== A , atmosphere P'TT—
/ 2.1 Setup of the novel evaporation experiment

—

o g The experimental setup of the novel evaporation experiment
@ I C is described in detail irBchneider et al(2006. Therefore
= 5 only a brief description is given here.

5 The soil sample is contained in a PVC cylinder of 10 cm
height. The bottom of the column is closed, the top of the
soil column is closed by a gas-tight head space (evapora-

soil tion chamber) (Figl). A constant flow of air is established

through the head space to remove the water vapour. The wa-
ter vapour partial pressurg” and temperatur& of the in-

Fig. 1. Sketch of the experimental setup. Evaporation takes place . . lled and thereby the b d diti
into a gas-tight head space above the soil surface. Airis flowingComlng air are controlled and thereby the boundary condition

through it to remove the water. Water vapour molar fraction and @t the upper boundary is set. The air in the head space is tur-

temperature in the head space is controlled to define the boundarulently mixed, leading to a uniform potential in the cham-

condition. The water flux is measured by the difference in vapourber. The water flux is quantified by the difference of water

content of the incoming and outgoing air in a controlled gas flow. vapour content before and after the evaporation chamber and
the prescribed air flow through the head space.

Similar restrictions apply to traditional evaporation experi- 2.2 Numerical model

ments, where a saturated soil sample is placed on a balance

and exposed to free air while the matric potential in severalve model the soil column as a uniform one-dimensional
depths is measured by tensiometers. If the potential falls beedium and assume that its soil water characteristic may be
low the air-entry value of the tensiometer or below the vapourdescribed by the van Genuchten parametrisation

pressure of water, whichever is higher, then water is release% _ [l+|m/j |n]—m 1)

from the tensiometer into the soil. This leads to a disturbance * — m

of the measurements that may be quite dramatic. The meaand its hydraulic conductivity function by the corresponding
surement range is further limited by the technical challengesviualem parametrisation

to measure with tensiometers the very small potential gradi-

2
ents in regions where the hydraulic conductivity is still high, g,(®,) = er - [1_ (1_ @i/m)m] , 2)
or to assess the little weight change caused by small evapo-
ration fluxes in the dry range with a balance. Where@)g:% is the effective liquid water saturatiof

Schneider et al(2006 presented a novel evaporation ex- [] the volumetric liquid water content; [] the residual and
periment which yields reliable data even in the dry and verygs [-] the saturated volumetric water content, respectively,
dry range by measuring the flux at the upper boundary withy,., [J m~3=Pa] the matric potentialk, [m s~1] the relative
an infrared absorption gas analyser. An inverse model for thénydraulic conductivitye [m~1], n [-] and = [-] are fitting
estimation of hydraulic parameters from the evaporation fluxparameters anst=1—1/n.
was developed. The analysis of an evaporation experiment The transport model is developed in detailSehneider
with an undisturbed soil sample yielded reasonable results. et al. (200§. Assuming local thermodynamic equilibrium,

The objective of this study is to analyse the properties ofthe molar water vapour conten [mol m—3] is given by the
this novel evaporation experiment in more detail by conduct-Kelvin equation Rawlins and Campbell. 986
ing virtual experiments and perform parameter estimation on w w
this synthetic data. Specifically, we (i) use the model to studyvév _rs(@) exp( YmVm ) ’ 3)
the physical processes during the experiment, (ii) study the RT RT
sensitivity of the measured quantities to parameter Change\?/herevw — 1.804x 10-5m3mol-1 is the molar volume of
to optimise the boundary conditions of the experiment, (iii) liquid wgter R' —8.3145 JmotL K1 the universal gas con-
explgre |f_adq_|ng more obs-ervables- into the inversion process$tant, ancpy' (T) [Pa] the saturation partial pressure of water
obtains significantly more information about the system, an apour over pure liquid water at temperataré]. It can be

(iv) angly;e the.identifiabil'ity and upiquer)ess of the solution.described with Magnus’ formulafurray, 1967 as
Multi-dimensional non-linear optimisation problems often

have more than one minimum and the minima are often notpgv(T) — 61078Pa ex
well-localised leading to ambiguous or contradictory solu-

tions. Thus it is important to preclude such a behaviour with
a detailed analysis.

(4)

17.2694T —27316K)
T —3586K

These relations can also be used to calculate the equivalent
matric potential from a given water vapour concentration.
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The equivalent qu>g"é" [ms~1] of liquid water transported  the respective parts of the soil. However, for the type of thin
by diffusion of water vapour is given by layer we consider here all these complicating factors only en-
ter as a constant of proportionality. Hence, we have nrgde
a fitting parameter that absorbs all these factors. Obviously,
its value then cannot be interpreted physically any more.

where DY [m?s71] is the diffusion coefficient of water : .
g Hydraulic parameters were estimated from the measure-

gt ) ; W )
vapour in air. By using the chain rule f6fvg’, neglgctm_g . ments using inverse modelling. As it is impossible to esti-
th? tempera.ture.dependent part of water.vapour diffusion Inmate bothvs andé, by an evaporation experiment alone, we
son_,bgpproxmatmg w?jt.er v_apokl;r Vtv)y a4r}3|dsval ga§, ang de_seter to zero for all experiments and just fittég which then
scribing wate:]vapo\lljvr ”ffusr'lond, f?g =0s D]gf,,at,m (J'f” and  corresponds to a kind of “available water content”. Further
Jury, 1999, whereDg yuy is the diffusion coefficient forwa-  geq parameters are the Mualem-van Genuchten parameters
ter vapour in free air, we can include vapour transport in , andn, the saturated hydraulic conductiviis, and the ef-

Richards’ equation as an effective conductivity: fective resistancey, of the boundary layer. The value of

j‘é" =—Vy ngvgv , (5)

90, w was fixed at b as suggested bylualem(1976.
= = V- [KeWmV¥m+Ke 00V [ym—0i's7]] We used the numerical forward model together with the
~v.[1K LK, 0]V w 6 Levenberg-Marquardt algorithmviarquardf 1963, where
[[ o(Wm)+ KO0l [I/fm Pr gz]] ©) the residuum is calculated by the squared sum of normalised
with deviations:
L vy exp( Ve ) 2 i yprodel__ ymeasured) ©)
Kg(wm) = Dg,atm [RT]2 . (7) X = L o ’

A crucial step is the representation of the upper boundaryWherey{“eaS“reddenotes theth measured data valuge{,“o"e'

The transition between soil and atmosphere will affect thethe simulated measurement; the standard deviation of

potential, resulting in in a potential in the upper soil which ,

o . : the ith measurement an@y the number of measurement

is higher than the effective potential of the atmosphere. The_ - : . ; .
- . . : . points. The forward model integrates Richards’ equation us-

air in the head space is turbulently mixed, leading to a uni-;

form potential throughout the chamber. The eddies cannof 9 a cell-centred finite-volume scheme with full-up-winding

enetrate the boundary. thus eddyv size will decrease whel space and an implicit Euler scheme in time. Linearisa-
g roaching the surfac)g Ina thinyla er around the surfaceplon of the nonlinear equations is done by an inexact Newton

ppro 9 S Y .~ ““method with line search. The linear equations are solved with
diffusive transport will dominate. Since turbulent mixing

is much more efficient than diffusive transport, the vapoura direct solver. For the time solver the time step is adapted

flow is controlled by a thin diffusive layer around the soil- automatically. A no-flux condition was used for the lower

atmosphere boundary. Because the soil is rigid, the boundfa‘zgg%?réqp‘%;he upper boundary the evaporation was calcu-
ary layer thickness is not likely to change. We assume tha We did not simulate energy loss due to the latent heat of

the time scale of diffusion across this layer is much smaller . . !
. . " evaporation and the heat transfer in the soil sample, assum-
than the time scale on which the boundary condition changes; .
. . ! ..~ _1ng that the heat exchange between the sample and its en-
This appears reasonable since the time scale of diffusion,

given by"g/[ZDé‘famJ, is some 0.1 s for a layer thickness of vironment is fast enough to compensate for the heat loss by

> mm. The vapour flux across such a laver is diven b evaporation. As shown ichneider et al(2006 this as-
' P y 9 y sumption is violated in the initial phase of the experiment

v with a sandy loam. While we do not expect principle dif-

J%undaryz _Vr\llﬂngatma_Z ferences in the system behaviour, the consequences of this
ST A simplification still have to be studied in the future.
~ —Vm Dg,atmr— The sensitivities required by the Levenberg-Marquardt al-
w b w " gorithm were derived by external numerical differentiation.
Vr\r,’lvDé\{atm pexp_ Ps (T)eXp(R—Tm)
=7 p” (8) 2.3 Numerical experiments and analysis

wherepg(p [Pa] is the partial pressure of water vapour in the Virtual experiments have been conducted where the true pa-
atmosphere7 [K] the temperature in the well-mixed head rameters are known and therefore the performance of the
space above the soil column, and[m] the effective thick-  inversion process as well as the parameter space can eas-
ness of the boundary layer. We comment that, by definition,jly be analysed. In our study, we used three parameter
the processes in this layer are not resolved well. In particsets: a sand, a silt and a sandy loam. The correspond-
ular its physical location is not defined, i.e., the fraction of ing parameters are given in Talle All experiments were

the layer that is within the soil column, and the porosity of simulated isothermally witff=293 K. Boundary conditions
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Table 1. Parameters used for the synthetic data sets: The varTable 3. Uncertainties assumed for the virtual measurement de-
Genuchten parametarsandn, the saturated hydraulic conductivity vices.

Ks, residual water conte#t, the saturated water contefat and the
resistance of the boundary layey:

parameter sand sandyloam silt
a/m™1 5 10 0.5

n 4 2 2
Kgemhl 2 0.1 0.1
6/m*m=3 03 0.3 0.3
oimdm=3 0 0 0
rp/mm 3 3 3

Table 2. The different boundary condition scenarios used in
the simulations. All simulations were simulated isothermally at

T=293K and carried out unti=550 h.

scenario pVIkPa

“onestep” 1

" R 0.25, t<288h
twostep 2 +>288h
0.25, t<625h
“threestep” 2 , t>625hAt<1963h
0.25, ¢>1963h

which were finally used are given in Tal#leAll experiments
were started with a fully saturated soil sample.

To test if additional measurements can improve the qual-

device measured quantity  uncertainty
flux upper boundary ;W 5%
tensiometer Ym 0.1kPa
permittivity €c 2%

To analyse the impact of this removal we also conducted
simulations were the tensiometer was removed &) kPa,
and simulations with a (hypothetical) unlimited measure-
ment range.

Measurements were made after logarithmically growing
time intervalsA#; =300 s+2000 s< log(i), starting again with
i=1 after each change of the boundary condition.

As large gradients are encountered in the simulated soil,
especially at the drying front, a fine grid and small time steps
are needed to avoid numeric noise. On the other hand, to
keep the runtime reasonable, the spatial grid should be as
coarse as possible. A grid convergence study was conducted
showing that a reasonable grid convergence was obtained
with a 1000 point non-regular grid with exponentially de-
creasing cell heights towards the soil surface. The upper-
most cell had a height of 1@ m. Of course, this exceed-
ingly small size is not related to the real physics at that scale.
However, one has to bear in mind that the necessary grid res-
olution can also depend on the hydraulic parameters used in
the simulation. The time step was adopted automatically by
the model.

Forward simulations of the evaporation experiment were

ity of the parameter estimation besides the evaporation fluxused to study the physical dynamics of the system. To ob-
j two additional (virtual) measurements are considered intain the maximum amount of information about the unknown

this paper: (i) the matric potential,, measured by a ten-
siometer, and (ii) the liquid water contehtmeasured by the
dielectric (compound) permittivity. [-]. Both probes are as-

parameters to be optimised, a sensitivity analysis was per-
formed for the experiment. Relative sensitivity coefficients
were calculated according to

sumed to be installed 2 cm below the surface. The influence

of the installation depth is analysed below. The measurement
uncertainty assumed for each of the virtual devices is giver]yi (t.2.pj) =
in Table3. Note that, in contrast to real measurements, the
virtual instruments provided point measurements. We cal-

M mi(t,z,pj+Ap;)—m;(t,z,p;)
op; 1,2,pj ~ Apj (11)
m;(t,z,p;) mi(t,z,p;) ’

pj pj

culated the square root of the permittivity depending on thewherem,; denotes measured quantitge.g. the water flux at

water content according to the formuRdth et al, 1990:
b= (el +el(1-6))+(L—g)el (10)

whereey, is the permittivity of watergs of the soil matrix,
ande, of air, respectively, ang = 0.5. The saturated water
contentfs was used as porosity ard was assumed to be
known.

the upper boundary") andp; is the value of thgth param-

eter. s; is a dimensionless quantity normalised by the mea-
sured quantity and parameter value which allows to compare
the sensitivities of different measured quantities and different
parameters, and is (except for numeric noise caused by the
numeric differentiation) independent of the step size;. It

is a measure how much the quantitghanges when chang-

If the potential falls below the air-entry value of a ten- ing parameterj. Whens;; is positive, quantityi increases
siometer or below the vapour pressure of water, whichever isvhen increasing parametgr when it is negative, quantity
higher, the tensiometer releases water to the sample. To pré-decreases. The larger the absolute valug jofthe higher

vent this disturbance, the tensiometer is removed3t kPa.

Hydrol. Earth Syst. Sci., 14, 76381, 2010

the change of quantityfor a given parameter change. When
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encountering a zero crossingsef, quantity; changes in op- s 9F

N : L E bound: diti ]
posite directions before and after the crossing, while it is not % Lr puncary condifon ]
affected by parameter changes directly at the zero point. The™ ‘ ‘ ‘ Tutflux — | 10

results of the sensitivity analysis were used to optimise the potential in 2cm

boundary conditions of the experiment. 25 q-tel
To check whether the data measured in the experiment is |
. . : X . ; = 02 ] =
sufficient to identify a unique set of soil hydraulic parame- § 112 &
ters, response surfaces were calculated for all scenarios (sim§ 015 L 1 3
ilar to Toorman et al(1992 for the onestep outflow experi- % — = ! 13 E
~ o . . Q 4 - L
ment andSimunek et al.(1998 for traditional evaporation % o1k E £ 7% g
experiments). Two parameters were varied independently Z g ]
H4-le4

while all other parameters were kept at their true values. The s
x?2 surface, defined by Eq9), is then displayed in contour

plots. The true value of two parameterandk were mul- 0 s s I

tiplied by factorsy; andyx, p;test=¥;pjtrue. The factors 0 100 200 timeio}? 400 500
y were varied from 0.1 to 2 in steps of 0.1 and from 2.2 to

3.8 in steps of 0.4, respectively. Thé value corresponding  Fig. 2. Water flux at the upper boundag)’ and potential in 2 cm
to a certain parameter combination was then colour-codedlepth of the onestep measurement. Notice gMgiumps from equi-
in a(yj,y) plot. If one localised minimum with spherical librium to 1kPa at=0.

isolines exists in the contour plot this indicates a well posed

. 2 . . . _ . . . .
El\rloblem. Valletys n th?z(é sturfacel |r:_d|c|ate Cortrel?t'ﬁﬂs beh real parameters and the resulting hydraulic functions with the
een parameters, singe stays refatively constantaltnoudn 46 fnctions. A deviation coefficient was defined according
two parameters were changed. This makes it more diffi-

cult to identify a unique set of parameters. Multiple minima
would indicate a non-unique solution. While this approachg :=
only shows a subset of the true five-dimensional parameter Ptrue

space along parameter planes and new features might occwherepjn, denotes the inverted ang . the true parameter.
in the intermediate space, it is nevertheless a good indicator

whether one unique and identifiable minimum exists. Re-

sponse surfaces were also used to investigate if adding more Results

observables yields substantially more information for the in-
Version process.

Finally, it was checked how well the inverse model con-
verges to the real parameters given the measurement errctr)?S
and the cross correlation between the model parameters. Th P
forward mede! was used to generate synth.etic data for they 4 Onestep experiment
best combination of observations as determined from the re-
sponse surfaces. Random noise normally distributed with3.1.1  Physics of the process
a standard deviation @f, was added to the data, whergis
the measurement uncertainty in the evaporation experimenthe most simple scenario for an evaporation experiment
(Table3) as determined iBchneider et ak200§. Five dif- which is also used in classical evaporation experiments is
ferent data sets were generated for each scenario to accouatnestep experiment as shown in FAgAfter saturation the
for the random influence of measurement noise. From eaclsample is exposed to a constant vapour pressure at the upper
of this data sets, the parametersn, Ks and6s of the van  boundary resulting in a progressive drying of the sample.
Genuchten/Mualem model and the resistance of the bound- In this scenario two different regimes are distinguishable:
ary layerrp were estimated with a variety of initial condi- Regime I, where the outflow is limited by the resistance of
tions. 10 parameter sets were randomly created in the rangide boundary layer,, and regime Il, where it is limited by
reasonable for the soil under examination. A logarithmic ran-the soil hydraulic properties. These two regimes are in accor-
dom distribution between the upper and the lower limit wasdance with experimental findings in the literature. Regime |
used. These sets were used as start parameters for the gratiiads to a nearly constant value Jf which mainly depends
ent based inversion process resulting in 50 sets of estimatedn rp. Close to saturation changes of potential only lead to
parameters for each soil. This approach combines a Montesmall changes in the water vapour pressure at the soil sur-
Carlo method with the Levenberg-Marquardt minimisation. face and thus of the resulting flux. Therefore, in this regime
We call this a Monte-Carlo Levenberg-Marquardt method, hydraulic properties cannot be determined with only the out-
MCLM. The inverse solutions were then compared with theflux as measured quantity. A sketch of the potential profile

—1le5

Pinv — Ptrue (12)

As the results are quite similar for the three different soil
types, we discuss only the results for the silt in detail. The
ults of the inverse modelling are given for all three soll
es.
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b.c. matric potential conductivity
T boundary layer boundary layer
» =
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g I
= 0
5 2
g £
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= B
=
—t —t
& t
G s G

" T T
! 2 1 1
0.01 |- 7 0.01 H 0.01 |- B
0.1 1 0.1+ 0.1F g
2 025F 1 025 - 025 R
= 05F ] 5 0s 5 0s
,EQ‘ ; . E ..
S 1f B § 1 @* 1 i
()
e 15F ] 215 2 15F ]
g 2 1 E » £ 2r g
3F B 3 3L 4
4t al i
sk ] 4 Oh — t=1.0h —
b 5+6 t= B5.4h — S t=354h — N
or 1 6L (= &0. 6 t=60.1h R
r ] 7L t=62.0h — 7F t=62.0h — R
&r 1 gl t= 110 8 t=139.5h R
10 L . L Y Y | 9r ) ) t=5 0.9h‘— 97t=\559'9h\_\ TR I B 1 A
—le0 —lel -le2 '_163 —le4 —le5 0 005 01 015 02 025 03 le=20 le-16 le-12 le-8 le-4 1e0
(a) potential / kPa (b) water content (C) conductivity / (cm/h)

Fig. 4. Potentialym(z) (a), water content,(z) (b) and hydraulic conductivityk (6(z)) (c) distributions for the onestep experiment at
different times;: (1) at an early time in regime |, (3) directly before the transition to regime Il, (4) a short time later after the transition, (6)
at the end of the experiment. Notice the non-linear scaling of the depth axis.

near the surface for three times is shown in BgThe ma-  slowly with decreasing water potential, a small potential gra-
jor part of the potential drop is caused by the resistance oflient is sufficient to sustain the water flux to the soil surface
the boundary layer. Due to the much higher conductivity inand the sample dries more or less uniform over the whole
the soil, water is delivered to the evaporating surface withwhole 10 cm high sample.

a minimal gradient, which can also be seen in the simulation

results (Fig4a). Hence, the hydraulic properties have only ~ With continuing evaporation the potential and the water
a minimal influence on the flux. However, the potential of content decrease (Figl), most rapidly near the surface.
the sample changes with time due to the successive drying deventually the conductivity of the soil becomes limiting.
the soil. Measurements of potential could therefore give in-Shokri et al.(2009 found at this point in their experiments
formation about the hydraulic properties of the sample. Forthe formation of a dry surface layer, which is in excellent
1<20h, the potential in the soil is abovel0 kPa and there- ~agreement with our simulations. The system enters regime Il
fore can be measured easily with a tensiometer. Howeverdnd j starts to decrease rapidly. This transition is quite
due to the small deviations from the linear decrease (whictRbrupt because (i) the functign(6,) is very steep in the rel-
would be expected for a hydraulic conductivity which is con- €vant range and (ii) the effective hydraulic conductivity is
stant over the whole sample), one would need a very higilominated by the dry low-conductive layers where vapour
accuracy to obtain information about the hydraulic conduc-diffusion is the relevant process. Therefore the hydraulic

tivity. As the relative permeability of the silt decreases only Properties seen in this regime are the properties of the dry re-
gion. During this transition a drying front (interface between

Hydrol. Earth Syst. Sci., 14, 76381, 2010 www.hydrol-earth-syst-sci.net/14/765/2010/



K. Schneider-Zapp et al.: Numerical analysis of evaporation experiment 771

unsaturated and dry zone with very steep gradients) forms at boundary condition onestep
the surface and then moves into the soil (A. Since the boundary condition twostep - - - -

< T S-S =-==-=-====-=== =
low-conductive layer (the distance inside the soil to be passed% 1E ; 1
by vapour diffusion) grows with continuing evaporation, the = = — P m————
flux continues to decrease. 0.4 ‘;‘ onestep low Ks potential in 2cm

Regime | occurs only if the saturated hydraulic resis- twostep high alpha outflux

—le-1

- . - 0.35 :\\ twostep high alpha potential in 2cm ----
tance (the reciprocal of the saturated hydraulic conductiv- R ]
ity), which is the lowest possible resistance inside the soil, 03¢ e 1-1e0 &
is lower than the resistance of the boundary layer. This is € 0.25 - §
illustrated by redgcinng by a factor of 20, resulting in ?é 02l %
Ks=0.05cm/h (Fig.5, blue and dashed cyan curveg)s is S 015 ] ol g
o L. r 1 -—1€

now lower than the flux which can be evaporated through the
soil-atmosphere boundary layer. Thus, the sample directly 0.1
enters regime Il 0.05 -

T

. . 0 | | | | | | ] —le2
3.1.2 Sensitivity analysis 0 10 20 30 ) gxo 50 60 70
time

The relative sensitivity coefficients according to Eq1)( Fig. 5. Water flux at the upper boundai and potential in 2cm

were calculated for each measurement type for all hydraulicOlepth for the “onestep” experiment with 20 times lovigy, as well
parameters (Fid).

as for the twostep experiment with 20 times higherThe former

As the system is in regime | at the start of the experi- stays virtually no time in regime | due to the very low conductivity.
ment, the water flux is limited by the resistance of the soil- The latter shows a more distinct switch-back to regime I but struc-
atmosphere boundary layer alone. At early times, the outfluxurally it is identical to the original soil. Notice that" jumps from
jW is therefore most sensitive tg while the sensitivity to all  equilibrium to 1 kPa and 0.25 kPa, respectively,-a0.
other parameters is very small.

When the topmost layer of the soil has dried out, the soil
hydraulic properties, in particular the hydraulic conductiv- tained, the higher are also the differences in the poterttial.
ity, become limiting for the evaporation rate. The evapora-determines the amount of available water. With a constant
tion flux is most sensitive to all parameters exactly at theevaporation rate, the more water is available, the less is the
bend point where the system enters regime Il and the outrelative change of water content and therefore the change of
flow starts to decrease after the plateau. The sensitivity orpotential when all other parameters are kept constant. Thus,
rp decreases continuously because the drier the sample, thibe behaviour ofs is analogous to the one gf.
less important is the resistance of the boundary layerdsAs The maxima are much less pronounced than for the evap-
scales the amount of available water wideis held constant, oration flux. For all parameters the sensitivity is more or less
the sensitivity ofds stays more or less constant after a quick constant or increases slowly in regime 1l and reaches a large
decay. For all other parameters the sensitivity decreases aft@eak atr~370 h which is caused by the passing of the dry-
the maximum and after a zero-crossing eventually increasesg front at the tensiometer position. This peak is discussed
again with opposite sign. The zero-crossing can be explaineth more detail in Sect3.2.2 A zero-crossing only exists for
by mass conservation. As the total water content of the samau as onlyn influences the shape of the soil water retention
ple is constant, a higher evaporation at earlier times has ta@urve. The generally higher sensitivity in the dry range is in
be compensated by lower evaporation towards the end of thaccordance with the result &imiinek et al. (1998 for tra-
experiment and vice versa. ditional evaporation experiments. As they pointed out, the

In contrast to the evaporation flux, the potenijg) is at ~ water characteristic becomes steeper for more negative po-
the beginning of the experiment most sensitivextand n tentials and thus parameter changes have more influence at
which control the shape of the soil water retention cug.  lower potentials.
is the only parameter for which the sensitivity is nearly zero The water content is less sensitive to parameter changes
during regime I. The sensitivity or, andés are less impor-  than the evaporation flux and the potential. During regime |
tant at the beginning, but increase during regime | and reachhe only sensitive parameters akgand r,, which both in-

a maximum at the transition to regime Il as well as the sensicrease with time. The maximum is again at the transition to
tivity on n. regime Il. For all other parameters there is no pronounced
Sincer, determines the speed of drainage in regime |, itismaximum at the transition point, but all sensitivity curves
clear that the potential, which is connected to the water conshow a sensitivity maximum at the passing of the drying

tent by the water characteristic, is also dependent,oiihis front. The water content is most sensitivert@nd Ks dur-
effect will become more pronounced as time passes becauseg the early stage of regime Il and to the available wéger
the longer a different outflux caused by a differegpis re- towards the end of the experiment.
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The sensitivity to changes of the saturated hydraulic condayerry is constant, this cannot be achieved by lowering the
ductivity is rather low for all types of measurements and boundary potential. Lowering the boundary potential speeds
reaches significant values only for the evaporation at the tranup the drainage of the sample but does not lead to new fea-

sition point and at the passing of the drying front. tures.

3.2 Multistep experiments If the sample is already in regime Il and the water vapour
pressure at the surface is increased, a second plateau and

3.2.1 Physics of the process a second drop of the flux can be seen if the pressure jump

and the time between the steps are chosen adequately. This is
As the transition from regime | to regime Il contains much illustrated with a twostep experiment, Fig(red and dashed
information, one would suggest that multistep experimentsmagenta curves). To make the second step more pronounced,
can drastically improve the sensitivity if it is possible to re- a 20 times highe& was used for this simulation. When the
produce the switch from regime | to regime Il with boundary vapour pressure at the boundary is increased, the potential
condition steps. To switch from regime Il back to |, either the drop over the boundary layer and thus the water flux de-
conductivity in the upper soil or the resistance of the bound-creases, the boundary layer becomes limiting again. The
ary layer must be increased, or the potential drop on thedlow inside the soil is now higher than the evaporation flux.
boundary layer decreased. As the resistance of the boundafhis leads to an increase of the water content and thus the
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potential at the soil surface, resulting in a larger potential ¢ ,

drop on the boundary layer and therefore an again higherZ 1} boundary condition —— 3
evaporation flux (see Fig). When this adaptation stage is = T T T T —
finished, the increase of water content in the upper soil and o4} outflux. o 5?%%21‘&;252%?;
therefore the increase of the evaporation rate ends, the deliv- 5 "J‘ potential in 2cm, no vaf,our tmnsgon 1 -1el
ery from below and the evaporation flux are equal again. If : 1
the change in the boundary condition was large enough, theS 031 o 15 zo;i
resulting evaporation flux at this point is low enough to be £025F | 7 |7 =
sustained by the soil for a longer time span and regime | is?é 02l ‘ 1 E
reached again, else the system stays in regime Il. This de-gO | : 17l g
pends on the relation between the new potential drop on the® ™ ' |
boundary layer and the hydraulic conductivity in the soil (soil ~ 0.1 1-le4
water state). 0.05 - - 1

The same effect also occurs with the normal valuer of 0 ) : - ] 165
but it is harder to see (after the first boundary condition jump 0 100 200 300 400 500

atr =625hin Fig.8 red line). The highew results in a less time /h

negative potential in the soil before the switch and a relax-rig g |nfluence of water vapour transport on the results: The three-
ation to a higher water content after the switch. Therefore itsiep experiment was simulated taking vapour transport inside the
takes longer until the conductivity drops low enough to reachsoil into account (the normal case, red) and without considering it
regime Il again. (blue). Notice thap™ jumps from equilibrium to 0.25 kPa a0.
We acknowledge that any change in the direction of flow For more explanations see SexR.1
leads to hysteresis, which was not considered in the simula-
tion. However, hysteresis is most pronounced in coarse tex-
tured porous media and in the wet range of experiments. Ircurves) which has identical general features as the twostep
our numerical multistep experiments, the switch occurs onlyexperiment but has a much larger potential range in 2cm
in the dry range where water vapour is the only relevant transdepth during the same measuring time.
port mechanism. Thus hysteresis should be negligible. The same boundary conditions may not produce a second
The twostep experiment has the disadvantage that the paegime switch with any type of soil. If the boundary condi-
tential range covered is too small during a reasonable meations are changed too early, the plateau just changes its level
suring time. This can be compensated by applying a thirdas the potential difference changes. In this case the three-
step after the experiment has entered the hydraulically domstep experiment does not enhance the estimation of the hy-
inated regime again to speed up drainage. This results imraulic properties. However, it still gives more information
a threestep experiment (Fi@, red and dashed magenta about the resistance of the boundary layer. Prior knowledge

www.hydrol-earth-syst-sci.net/14/765/2010/ Hydrol. Earth Syst. Sci., 14,78352010



774 K. Schneider-Zapp et al.: Numerical analysis of evaporation experiment

.y outflux threestep2 ) . potential 2cm threestep2 B water content threestep2
& Tk ‘ boundary condition 9 = = ‘ boundary condition B & 2F boundary condition
R OF = BN R ‘
~ T o T B T o T A E T T
- _ o ——
n— n— 0.6 - n—
Ly Ks 301 Ks ’ Ks
thetas thetas 04 thetas
b 20 - b o b ——

relative sensitivity
xl'elative sensitivity

relative sensitivit;

|
[i*3
=}
i i
S o
oo f=2)

)
S

_ I I I I I _ I I I I I I . I I I
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
time /h time /h time /h
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about the soil hydraulic properties is required to choose thealso considered superior to the corresponding twostep exper-
optimal boundary condition steps in a multistep experiment.iment.
This knowledge could be obtained by first performing a on-  To determine the optimal position of a tensiometer or per-
estep experiment and then using this information to desigrnittivity probe, profiles of relative sensitivity have been anal-
a multistep experiment. However, a major disadvantage of;sed. Figurel0(top) shows profiles of the relative sensitivity
this scheme is the long time required to conduct two experi-of the matric potential to changesdn Generally, the sen-
ments. sitivity is lower near the sample surface especially at later
To study the importance of water vapour flow inside the times. After the onset of regime I, a large sensitivity peak
soil compared to the flow of liquid water, we also performed appears, which moves downward with time. /At44 h the
a simulation where the effective conductivity contributed by sensitivity drop below the peak even leads to a zero-crossing
water vapour flow was disabled (Fig). Water vapour flow  of the sensitivity. After the increase of water vapour pressure
inside the soil is especially important at later times, when theat the upper boundary and the transition back to regime | the
soil becomes very dry after the third step of the boundarysensitivity peak vanishes for a short time and reappears after
condition atr=196.3 h. Without the water vapour transport the fall-back to regime Il. This is the result of a rewetting of
the hydraulic conductivity is already too low to get an in- the top soil, which is caused by the fluxes from below which
crease of the evaporation flux when the vapour pressure are higher than the (reduced) evaporation rate.
the boundary is reduced. The sample is effectively sealed by The peaks are located at the drying front (as can be seen
a very dry layer at the sample surface with very low conduc-for t=1769 h from a comparison with Fig.1) where the gra-
tivity, which prevents the further drying of deeper regions. dients are particularly high and thus small deviations in the
A second feature not present in the simulation without vapourparameters lead to large changes in the solution. As changes
transport in the soil is the “undershoot” of the evaporation atof the parameters also affect the position of the drying front,
the transition back to boundary layer dominated regime atsmall parameter changes generate huge potential differences
t=62.5h. With vapour transport, the evaporation before thein its proximity. Figurell illustrates the change in the pro-
switch is higher and thus the potential at the surface is lowerfiles of matric potential and water contentat1769 h if « is
This results in a more pronounced drop of the evaporatiorincreased by 10%. A zero-crossing of the sensitivity occurs
and a longer time till the dynamic equilibrium in the soil is if the parameter change leads not only to a different position,

reached again. but also to a change in the steepness of the drying front.
This is in accordance tBomano and Santiffit999 who
3.2.2 Sensitivity analysis reported that sensitivities of the matric potential in traditional

evaporation experiments in the uppermost part of the soll
While there is no big change in the relative sensitivities for Show increasing curvatures and a drop to zero. They no-
the potential and the water content 2 cm below the soil surdiced that this especially happens at larger times wheh *
face compared to the onestep experiment, the sensitivitie§hanges its sign in close proximity to the evaporating sur-
of j% increase substantially for experiments that re-enterface”, whereA# is the change of matric head. A change in
regime | (Fig.9). Multistep experiments which do not re- the sign of Ak corresponds to a change of the sign of the
enter regime | show no strong effect in the sensitivities (datacorresponding sensitivity coefficient as it was found in our
not shown here). Thus, multistep experiments are a goodtudy.
tool to increase the sensitivity. Considering the larger poten- The sensitivity of the water content to changea iis sim-
tial range which is covered by the threestep experiment, it islar (Fig. 10, bottom). However, there is always a relevant
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sample depth / cm files for the undisturbed parameters as well as witthanged by

10 % (bottom) illustrate the source of the huge sensitivity peaks at
Fig. 10. Relative sensitivity (z,7;) on« of the potentiak/m (top) z~0.15cm in the plot above, the location is marked with a dotted
and the water conterst (bottom), respectively, versus heighfor vertical line. Note the non-linear scaling of the depth axis.
differenttimeg;, both for the threestep experiment. Note the switch
in the sensitivity scale, marked with a dashed black line, and the
non-linear scaling of the depth axis. the drying front passes, the potential drops so lew@ kPa

— this corresponds te-1km water column — or less, see

Fig. 11, bottom) that it is outside the measurement range of
sensitivity at the soil surface and a zero-crossing which istraditional tensiometers. Thus, for a real measurement ten-
located above the peak at the drying front for later times. ~ Siometers have to be removed before the drying front passes

In principle the profiles of the relative sensitivity are sim- {0 @void aleakage of water into the soil and therefore the sen-

ilar for all parameters. As shown in Fig1 the profiles of sitivity peaks of potential cannot be utilised with traditional

the sensitivity of the matrix potential a&=1769 h for differ- ~ ensiometers. o

ent parameters mainly differ in the size and the sign of the ESPecially the sensitivity peaks of the water content mea-
peak. The sensitivity to changesiohas a very pronounced Surements open up the possibility to “scan” different sample
zero-crossing as always influences the steepness of the dry-|2Yers during one experiment, as the sensitivity is focused
ing front. The sensitivity peaks are most pronounced for the®" @ very small height interval and penetrates with time. |f
parameterss andr, as these parameters have the strongesfhe soil has different Iayers, the ;en5|t|V|ty would penetrate
influence on the propagation speed of the drying front, bythrough these layers with the drying front. However, mea-

determining the speed of drainage in regime | and thus theUrements of the whole water content profile would be nec-
starting time of the drying front movement. essary to exploit this. If only point measurements are avail-

For the permittivity brobe a position nearer to the SurfaceabIe, the gathered information is not sufficient to distinguish
P y P P influences at different depths, i.e. if changes in the drying
Yront propagation are caused by another layer above or by

ity of the water content is always high there, but this is hard .
. : . different parameters of the same layer. The measurement of
to realise experimentally. For the tensiometer a depth of 2 cm

is quite fine, as the sensitivity at this depth is high except for‘évftzrnf;gtgggg:ogff could be done e.g. by X-ray, neutron
very late times after the passing of the drying front. When 9 ption.
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Fig. 13. Same as Figl2 but with different target variable combinations. Note that real permittivity measurements have large errors in the
dry range, which would lead to much worse results for the easeym.

guence of the low sensitivity of the measurements to changes
in Ks. Asn=2 and the van Genuchten/Mualem parametrisa-

Figure12shows the response surfaces of the threestep expetion does yield non-physical hydraulic conductivity functions
iment with j% andym as target variables. The tensiometer for n<2 (Ippisch et al. 2006, the part of the response sur-
was removed at-30 kPa. Generally, there is a single global face withn<2 (i.e.n/ng < 1 in the contour plots) must be re-
minimum and it is relatively well-defined. Only the com- garded with care. For the other target variable combinations
binations(«, Ks), (n, Ks), (Ks,0s), and(Ks,rp) WhereKs is and boundary conditions the response surfaces look similar
involved have small valleys and the slope to the absolute minand thus are not all shown here.

imum in the direction of the valleys is low. This is a conse-

3.3 Response surfaces
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to estimate due to its low overall sensitivity. If only the evap- = ;1! s
oration flux j" is used the residual does not have a well de- 02k
fined minimum but more a banana like shaped extended re- o1k 173
gion. The minimum in the direction of is better defined if ol i iriiss] 35
only the matric potential in 2 cm depth is used but there is still 0 20 40 6080 ,loo/hlzo 1407160180200
avery long valley in the direction &. This valley becomes 0.6 - : : ame : : : 0
much shorter if a combination g and ¥, is used. The % (©)
addition of permittivity (i.e. water content) measurements 0.5 % 13
improves the situation only in the combinatiegH+ym, in Z 04} 11w
all cases involving the evaporation flux the changes are very £ o <
small. However, it should be noted that accurate permittivity < 03 model flux rejected 1152
measurements (e.g. with TDR probes) in the dry range are E 02 1 modsl poteggmdgé%mgé 120 i
not feasible. The reasons are: (i) Since the traveltime error is model potential ggggg{g} »
constant, the relative error increases with decreasingii) 0.1 3\} 12
The compound permittivity, is a function of the soil matrix L ¥ '
permittivity es, of the porosityg, and the actual geometry. 0 100 200 300 400 500

time / h

For low water contents, the uncertainty of the measurement

diverges since the permittivity contribution qf the remaining Fig. 15. Comparison between the accepted fits with the largest
water becomes equal to or even lower thgrp is notknown  eiguum and the rejected fits with the lowest residuum, for sand
accurately, and the geometry is unknown. (iii) For thin films (a) (residuum 4900 (accepted) vs. 9700 (rejected)), loamy @and

of water as found in the dry regios, is different from the  (residuum 28000 vs. 3300), and €it) (residuum 4600 vs. 7300),
one of bulk water. Additionally, the measurement volume respectively. The reason for rejecting the curves wergdpthe
which was neglected in the simulations will smear out gra-deviation of the tensiometer, f¢b) the first plateau was not repre-
dients, and results are expected to be worse than in the ideaknted, and fofc) the first peak was not represented, respectively.
case of a point measurement. Note that for(b), although the potential of the accepted fit matches
worse than in the accepted one, its deviation is just at the sort-out
imit and limit cases were still accepted, while the plateau in the
gjected fit is definitely not represented at alll.

As j%W is the derivative of the total water content, it is rea-
sonable that adding a water content measurement does on
give slightly more information. In contrast/y, is an in-
dependent observable and therefore gives more information
about the soil water retention curve. However the fundamen-
tal difficulties with tensiometers must be regarded. The in-siderable difference. The results on the response surface are
formation is only provided in a small potential window and illustrated in Fig.14. The lower the tear-off of the tensiome-
great care must be taken that the tensiometer is removed beer, the better the data. Going frofm,=—30 kPa to—70 kPa
fore the potential in the soil drops below its air entry point, gives a significant enhancement. For the hypothetical case
or the water vapour pressure, whatever is higher. Therefore ibf unlimited potential measurement, the minimum is so lo-
was also investigated whether a tensiometer which can meazalised thaty? is above the upper colour scale limit for all
sure up taym=—70 kPa or even without a limit makes a con- values but the minimum itself (data not shown). Apparently,
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tensiometers with a much wider range of measurements likdution vector to improve it, the potential in the new solution
the ones presented IBakker et al.(2007) would be most fitted worse. Because the potential has a relatively low stan-

helpful for this type of experiment. dard deviation, the residuum was not improved and therefore
the inverse fit could not improve the solution. To resolve that
3.4 Convergence study problem, the inversion was first run with the outflux data only

to obtain a reasonable start parameter set. After convergence,
The convergence study revealed the existence of local minthe potential data was added and the inversion was restarted.
ima which are not visible in the response surfaces, because Using that modified approach there were still a few non-
they are not located in two-dimensional sub-planes of theconverged fits. However these could be identified clearly
five-dimensional parameter space. When initially runningbecause the system response was apparently not fitting the
the inverse fits with potential and outflux data, the conver-data. These fits were taken out manually. The criteria for
gence was poor. The reason was that when the outflux pealsorting out were (1) the outflux peaks were not represented,
did not fit initially and the algorithm slightly modified the so- (2) the potential systematically deviated by more thaa 10
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Table 4. Results of the convergence study wijtfi andym, as target variables. For the resulting parameters and standard deviations from the
model output, as well as the deviation coefficiefitdefined by Eqg.12), mean and variance of the inversion of the start parameter sets with
each of the data sets are shown.

Sand (42 fits)

parameter  unit real value result standard deviation deviation ebeff.

o m-1 5 4.904+0.04 0024+0.001 -00204+0.009
Ks cmh1l 2 21140.07 00144-0.002 Q05+0.04

¢ m3m—3 0.3 02985+:0.0003 000076£0.00001 -00049+0.0009
b mm 3 3013+0.003 Q0086+0.0002 00044-0.001

n - 4 42+0.1 0.0218+0.0008 0054-0.02

Sandy loam (27 fits)

parameter  unit real value result standard deviation  deviation ebeff.

o m—1 10 86+0.5 0.045+0.005 -0144+0.05

Ks cmhl 01 008+0.01 00010+£0.0001 -02+0.1

¢ mm=3 0.3 0309+£0.003 Q0009G+0.00001 003+0.01

oy mm 3 283+0.08 0020+0.002 -006+0.03

n - 2 218+0.07 00062+0.0004 009+0.03
Silt (34 fits)

parameter  unit real value result standard deviation deviation ebeff.

o m—1 0.5 0503+£0.003 00012£0.0001 0006+0.006

Ks ecmhl 01 012+0.02 000070.0002 02+0.2

) mim—3 0.3 0298+0.003 Q00074£0.00005 -001+0.01

b mm 3 302+0.05 0011+0.001 Q01+0.02

n - 2 2000+0.009 Q0052+0.0004 0000+-0.004

(this corresponds to 1 kPa), and (3) the outflux plateau at thés relatively insensitive for the wet range, the region of most
beginning of the experiment was not reproduced at all. Fig-of the dynamics of the sand and sandy loam soil. The silt has
ure 15 shows a comparison between the accepted fit withthe smallest deviations since its dynamics are reaching most
the highest residuum and the rejected fit with the lowestinto the dry region of the three soils. This is also confirmed
residuum for all investigated soils. by the plots. For the water characteristic of the sand with 42
Using this procedure, the parameters were reasonably rdits, 38 practically overlap while 4 deviate quite a bit. The
produced. The mean and standard deviation of the estimatesandy loam has the most significant deviations of all three
values for each parameter is given in TaBleéhe hydraulic ~ Soils in the water characteristic, only 12 of 27 fits are prac-
functions for all converged fits together with the ones for thetically overlapping and 3 have small deviations, while the
true parameters are shown in Figs The deviations in each remaining 12 fits are relatively bad. The silt is nicely rep-
column of Table4 were calculated from the ensemble mean resented in all fits, only 2 of 34 fits are deviating slightly.
of converged results. When comparing the results of the in-Considering that the estimation of the hydraulic conductiv-
version and its standard deviation calculated from the analyity is difficult, the conductivity function is well represented
sis of the sensitivity matrix with the real parameters and thefor all soils. The analysis shows that applying the Monte-
variance encountered by the different fits in the ensembleCarlo Levenberg-Marquardt approach for real experimental
one can see that the standard deviations calculated from théata would lead to a reasonable estimate of the parameters,
analysis of the sensitivity matrix are too small in almost all since most fits converge to the correct parameters and the few
cases. This is attributed to the fact that the sensitivity ma-deviating fits could be identified in the ensemble.
trix does only give a linear approximation of the uncertain-
ties. Deviations of the resulting fit parameters are quantified
by the deviation coefficierd. No systematic deviations are 4 Conclusions
found for the silt, however small systematic deviations are
present for the sand and the sandy loam. This is expectedn accordance with experimental results from the literature,
since the evaporation method is most sensitive in the drythe physical analysis of the evaporation experiment model
range, where dynamics of the silt actually take place, but itshowed two different evaporation regimes. In regime | the
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