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Abstract. Knowledge of the water fluxes within the soil- 1 Introduction
vegetation-atmosphere system is crucial to improve water
use efficiency in irrigated land. Many studies have tried toThe Food and Agriculture Organization (FAO) and the
quantify these fluxes, but they encountered difficulties inUnited Nations World Food Program (WFP) in Rome stated
quantifying the relative contribution of evaporation and tran- in September 2010 that 925 million people in the world suffer
spiration. In this study, we compared three different meth-from chronic hunger. People depend on plants for food, and
ods to estimate evaporation fluxes during simulated sumthe major environmental factor limiting plant growth is water
mer conditions in a grass-covered lysimeter in the labora{Kirkham, 20095. Agriculture needs a huge amount of water,
tory. Only two of these methods can be used to partitionand in the future the amount of water needed for irrigation
total evaporation into transpiration, soil evaporation and in-will increase dramatically due to the increasing population.
terception. A water balance calculation (whereby rainfall, Best practice agriculture, defined as the agriculture that opti-
soil moisture and percolation were measured) was used fomizes water use, is a key to overcome this problem through
comparison as a benchmark. A HYDRUS-1D model andthe improvement of water use efficiency. Thus, most of the
isotope measurements were used for the partitioning of towater is not lost (e.g. evaporated back to the atmosphere, lost
tal evaporation. The isotope mass balance method partitionby drainage, deep percolation and surface runoff) but com-
total evaporation of 3.4mntd into 0.4mmd? for soil pletely used by plants to produce biomass. Therefore, knowl-
evaporation, 0.3 mmd for interception and 2.6 mntd for edge of the water fluxes within the soil-vegetation system to
transpiration, while the HYDRUS-1D partitions total evap- maximize the productive water loss (transpiration) and min-
oration of 3.7mmd?! into 1mmd? for soil evaporation, imize the non-productive water loss is crucial. Many studies
0.3mmd? for interception and 2.3mn7d for transpira-  have been carried out to quantify these fluxes by plants, but
tion. From the comparison, we concluded that the isotopethey encounter difficulties in quantifying the relative contri-
mass balance is better for low temporal resolution analysidution of soil evaporationHs) and transpiration &;) from
than the HYDRUS-1D. On the other hand, HYDRUS-1D is total evaporationk) (Zhang et al.2010.
better for high temporal resolution analysis than the isotope The use of environmental isotopé§@® and?H) with their
mass balance. unique attributes presents a new and important technique
to trace fluxes within the soil-plant-atmosphere continuum
system Kendall and McDonnel1998 Mook, 2000 Wen-
ninger et al.201Q Zhang et al.2010. The reason for using
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these tracers is that they are chemically and biologically stacontrast to others, we report the partitioning of evaporation
ble and show no isotopic fractionation during water uptakeinto soil evaporation and transpiration under consideration
by roots Ehleringer and Dawsqri992 Kendall and Mc-  of interception using a combination of hydrometric measure-
Donnell 1998 Tang and Feng2001, Yepez et al. 2003 ments and stable isotopes. It should be noted that we did not
Williams et al, 2004 Balazs et al.2006 Koeniger et al. measure interception directly but we modeled the intercep-
2010. Moreover, partition of the evaporation fluxes using tion flux based on known interception threshold value from
isotopes has many advantages compared with other methhe past study conducted Berrits(2010. The other advan-
ods such as lysimeter measurements, sapflow measurementages of this study are that a widely available liquid water iso-
remote sensing information, and micrometeorological techtope analyzer and non-expensive hydrometric measurement
nigues, since these methods have several limitatignset  devices were used. Meanwhile, most of the other studies used
al., 2008 Rothfuss et a].2010). more equipment to measure the isotopic composition of tran-
An earlier study where evaporation was measured withspiration flux in stem water, water vapor, ground water, etc.
deuterium was carried out lyalder et al(1986 andCalder
(2992 in India; however, they had only measured the tran-
spiration flux. In the last decade, partitioning of total evap-2 Materials and methods
oration into soil evaporation and transpiration using stable
isotopes was studied Bepez et al(2003 20095; Williams 2.1 Experimental set-up
et al. (2004); Robertson and Gaz{2006; Xu et al.(2008;
Rothfuss et al(2010; Wang et al(201Q 20123; Wenninger A grass-covered lysimeter was installed in the laboratory
etal.(2010; Zhang et al(201Q 2011). Williams et al.(2004) of UNESCO-IHE, the Netherlands. The set-up consists of
used the combination of eddy covariance, sapflow, and staa weighing lysimeter made from a PVC tube with five soil
ble isotope measurements in an irrigated olive orchard, irmoisture sensors (Decagon 5TE ECH20O probes) and five
MoroccoYepez et al.(2003 2005 separated the evapora- Rhizon soil moisture samplers (10 cm porous, OD 2.5 mm,
tion flux into soil evaporation and transpiration and estimatedsswire, 12 cm tubing) attached to it (Fig. 1). The lysimeter
the ratio of transpiration from total evaporation using Keel- has a length of 40 cm and a diameter of 20 cm and contains
ing plots of water vapor under transient conditioXs! et soil taken from a grass area in the Botanical Garden of Delft
al. (2008 partitioned soil evaporation and transpiration us- University of Technology, the Netherlands. The soil sample
ing a combination of Keeling plots and stable isotopes. Someavas collected according to the following procedure: (I) the
methods to partition total evaporation are explainedbgng  PVC tube was forced into the grass-soil until the PVC tube
et al. (2010, such as the mass balance approach, Craigwas completely filled with soil and grass. (ll) After filling,
Gordon formulation, Keeling plot method, and flux-gradient the PVC tube was taken out and sealed at the bottom part.
method Wang et al(2010 partitioned evaporation based on (1) In the laboratory, the PVC tube was installed on top of
a combination of a newly developed laser-based isotope arthe percolation device and then equipped with the soil mois-
alyzer and the Keeling plot approach. An isotope mass balture sensors and Rhizon samplers. (IV) The gap between the
ance method has been used to partition evaporation into soPVC tube and percolation device was glued to prevent evap-
evaporation and transpiration and is useful to estimate th@ration from the contact interface of the lysimeter and perco-
contribution of evaporation and transpiration during differ- lation device.
ent hydrologic season&¢rretti et al. 2003 Robertson and A wet sieving analysis was carried out to determine the
Gazis 2006 Wenninger et a)2010. Zhang et al(2011) par- soil types of soil column. The particle distribution used for
titioned evaporation into soil evaporation and transpirationthe wet sieving analysis comprises the following: gravel
using a combined isotopic and micrometeorologic approachwith a diameter more than 2 mm; sand between 63 um and
The latest technique to quantify the transpiration flux was in-2 mm; coarse silt between 38 um and 63 pm; medium and fine
troduced byWang et al(20123. They used the mass balance silt and clay less than 38 um. The results from the wet siev-
method of both water vapor and water vapor isotopes insideng analysis show that the lysimeter contains gravel, sand,
a chamber. Moreovewang et al(2012h present a detailed silty clay and clay materials. The dominant fractions in the
discussion of isotope-based evaporation partition in their newtop layer are sand (77 %), clay (16.4 %) and a small amount
paper. of gravel and silt, whereas, the middle layer is composed of
All these studies tried to partition the evaporation fluxes gravel (25.6 %), sand (47.5 %), clay (22.5 %) and silt (4.3 %),
into soil evaporation and transpiration flux only, without tak- and the bottom layer of sand (62.7 %), clay (27.4 %) and silt
ing into account the interception flux. The interception flux and gravel for the rest percentage.
can be an important component in the evaporation process Five soil moisture sensors with an electromagnetic field
and should not be neglecte8gvenije 2004 Gerrits et al.  to measure the dielectric permittivity of the surrounding
2009 2010. Moreover, partitioning with and without taking medium were horizontally pushed into the undisturbed soil to
into account the interception flux will give different portions monitor the soil moisture, bulk electrical conductivity (EC),
of soil evaporation and transpiration. Hence, in this study inand soil temperature. The temperature was measured using
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This set-up was mounted on a Kern DE60K20N platform bal-
ance to measure the water losses inside the lysimeter. This
\ device has a maximum weighing range of 60kg and read-
ability of 20g. A bucket was placed under the percolation
; device to store excess water, if the percolated water over-
3
\

Rhizon Samplers

(6:67 cm interval) Soil Moisture flows the percolation device due to the storage limitation.

Sir:;gr:r& The experiments were carried out from 16 November 2010
until 31 January 2011.

To simulate rainfall, tap water was sprinkled uniformly on
the lysimeter with a bucket. The bottom of the bucket perfo-
rated with small holes (less than 1 mm diameter) let the wa-
Frame ter out from the bucket as sprinkled precipitation. The tem-
poral precipitation pattern applied in the laboratory was de-
signed based on the average summer precipitation pattern of
p| Percolation a nearby KNMI Koninklijk Nederlands Meteorologisch In-

Meter . . .
stituuf) weather station in Rotterdam for June and July from
2005 to 2010 and was applied in November and Decem-
ber 2010, respectively. In January 2011, the precipitation was
sprinkled every 3 to 5 days. The accuracy of precipitation
sprinkling was around 2 ml.
A weather station (Catec Clima Sensor 2000 type
4.9010.00.061) using a Grant Squirrel data logger was in-
stalled in the laboratory to measure relative humidity, tem-

Bucket | perature, wind speed, and solar radiation. The accuracy of the

sensors of the weather station is 10 % for the pyranometer,

< 0.5ms ! for wind speed, 0.15C for temperature and 3 %
Fig. 1. Schematic sketch of the experimental set-up. for relative humidity. The height difference between mea-

surement devices and lysimeter surface is 15-20 cm.
One lamp (OSRAM powerstar 400 W) was installed above

a surface-mounted thermistor located underneath the probthe lysimeter to compensate for the sunlight inside the labo-
and reading the temperature of the prong surface. EC wagatory. Timers were used to control the lamp and fan. The
measured by applying an alternating electrical current to twdamp was switched on at 6 a.m. and switched off at 6 p.m.
electrodes measuring the resistance between them. The acclihe fan was turned on at 6a.m. and turned off at 5p.m.
racy of the 5TE ECH20 probes is 0.08 % for soil moisture, The value ranges of radiation, wind speed, temperature and
0.05dS n1? for EC and 0.2C for temperature. The Rhizon humidity are 1-31Wm?, 0-1.2ms?!, 18-2%9C and 18-
soil moisture samplers were installed in the opposite direc-45 %, respectively. Evaporation data from the Rotterdam sta-
tion of the soil moisture sensors to prevent rapid soil mois-tion were used for comparison. Average evaporation calcu-
ture changing due to abstraction of water. The Rhizon samiated with Makkink formula for Rotterdam during summer
plers are made from a thin hose with a porous filter (0.15—period (2005 to 2010) was 2.5-3.5 mmid Daily meteoro-
0.2um) on top and a connector to attach the syringe at théogical measurements and precipitation in the laboratory are
bottom. The distance interval between two soil moisture senpresented in Fig. 2.
sors as well as the Rhizon samplers was 6.67 cm. The bottom
of the lysimeter was filled with drainage material (diatoma- 2.2 Isotope analysis
ceous earth with diameter of 10 to 200 um) to enhance the
contact between the lysimeter and percolation device. 2.2.1 Isotope measurements

Percolation was measured using a Decagon drain gauge
G2 (passive-wick system) placed underneath the intact soilhe isotope measurements were carried out bi-weekly at the
monolith. This drain device has a 150 ml reservai®,1 mm beginning of the experiment and more frequently towards the
resolution and 10 ms measurement time. The passive-wiclend of the experiment (e.g. in January). Soil water was ab-
system has some limitations, in that there can be a mismatchtracted from every layer in the lysimeter with Rhizon soil
between the soil water suction and that applied to the wickmoisture samplers by applying a vacuum with 30 ml syringes
by the length of the hanging water coluniidissner et aJ.  for the isotope analysis. Water samples were analyzed with
2010. However, the differences may be relatively small, es-the LGR liquid water isotope analyzer (LWIA-24d). The ana-
pecially for sandy soil. Decagon EM50 data loggers with lyzer measure¥’0 and?H in liquid water samples with high
one-minute measurement interval were used to store the dataccuracy £0.2 % and 0.6 %0, respectively) in a sample

I o

Weighing
Balance
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volume of< 10 ul. The results are reporteddwvalues, repre-
senting deviations in per-mil (%.) from the Vienna Standard
Mean Ocean Water (VSMOW):

50

Temperature (celcius)

Humidity (%)

o Precipitation (mm/d) ]
Wind Speed (m/s) -

Radiation (W/m?) 3]

40

Rsample

§ =
Rvsmov

where RsampleiS the isotopic abundance ratio of, for exam- %

ple,?H/H,0 in the sample anétvswvov is the isotopic abun-

dance ratio of the Vienna Standard Mean Ocean Water. It is

convenient and common to multiply tidevalues by 1000 as

%o difference from the standard being used.

~1 1)

20

10
2.2.2 Equilibrium and kinetic fractionation

40

20 30
Day

0

Iil
50

I| IIII| ‘llll
The fractionation process changes the isotopic composi- 10
tion. Equilibrium fractionation occurs from the transforma- @
tion of water phase such as evaporation, melting, condensaF-_ 2 Dail teoroloaical s and lied init
tion, freezing, sublimation. This fractionation between two 9. <. Dally meteorological measurements and applied precipita-
. . . tion in UNESCO-IHE laboratory for December and January.
substances can be expressed by the isotope fractionation

factora:

60

R{A i

aap = A ) 2.3 Interception
Rp

where R is the ratio of the two phases A (e.g. water) an

B (e.g. vapor). The equilibrium enrichment fact@ga-) is

also expressed in %o :

d Interception is the part of rainfall that is intercepted by the
Earth’s surface such as vegetation, soil surface, litter, rock,
roads, etc $utanudjaja et gl2011; Gerrits 201Q Savenije
2009). Interception can be defined as a stoéh, (flux or

Eeq(A-B) = <& _ 1) -1000 %o= (a5 —1)- 1000 % (3)  the entire interception proces&grrits et al. 2007 2010.

Re The stock refers to the amount of water that grass can store

The fractionation factor is commonly expressed astag”  (I-€. the storage capacity), and the flux refers to the succes-

because this expression is very close to the per mil fractionSIV& evaporation from this storage. Interception models like

ation between the materials and is nearly proportional to the* Rutter-like model also use this threshold valsig(Rutter
inverse of temperaturel(T) at low temperatures in kelvin €t &l, 1971. Gerrits (2019 measured for a grassland area

(Kendall and McDonnel1998. Szapiro and Steckel (1967) N Westel_rbork (the Netherlands) a storage capacity of 2mm.

and Majoube (1971), as cited @lark and Frit2(1997), give Both the isotope mass balance calculation and the HYDRUS-

the following equation to quantify the equilibrium fractiona- 1D model use the interception flux; thus, the stock values

tion factor from liquid (A) to vapor phase (B): (mm) need to be converted into flux values (mnijby r_nL_JI- _
tiplying the stock value by the mean number of precipitation
1 Plnans 10fa N 10% ‘e (4)  events per day to get the daily interception thresh@er¢
T2 T rits et al, 2009. In this case, we have 30 rainfall events in

T is temperature in ke|vin; constants b and ¢ for 180 77 days. This results in a dally interception threshGDdof
area=1.137,h=—0.4156, and: = —2.0667 and: =24.844, 1mm d1. This threshold is used as interception value for
=_76.248 and:=52.612 for?H. both the isotope mass balance method and the HYDRUS-1D

The other fractionation process is the kinetic fractionationmodel.
(ex) which is a process that separates stable isotopes from This threshold was used to calculate the net precipitation
each other by their mass during un-idirectional processesin the isotope mass balance model (Eq. 7). We assume that
The factors that affect kinetic fractionation of water during the net precipitation that infiltrates into the soil is not affected
the evaporation process are humidity, salinity and temperaby isotope fractionation. A study fro@ehrels et al(1998
ture. The effect of humidity on isotope enrichment can be ex-also showed that interception will not play a significant role
pressed as follows:(is humidity, %) Clark and Fritz1997): in isotope fractionation for lower vegetation types. Thus, the
Plngls . net precipitation has the same isotope signature as precip-
eka-g) = 10°INaOap = 14.2(1 — h)%o (3)  itation. The isotope mass balance calculation using the net
exaB) = 10°Ina®Hap = 125(1 — h)%o (6)  precipitation will only give the soil evaporation and transpi-
ration fluxes. Therefore, interception was calculated from the
differences of the evaporation flux with and without using the
net precipitation.

The overall fractionation by evaporation is the sum
of equilibrium and kinetic fractionationeftal = eeq+ €x)
(Dongmann et al.1974).
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For the HYDRUS-1D model, interception is (pre-) pro-
grammed in a different way (Eq. 8), where a daily intercep-
tion thresholdD [mmd~1] is required.D can be estimated
by multiplying S by the number of rainfall events per day.
In this way, we foundD =1 mmd-1. Since we did not have
some parameters, we calibrated the parameterfsthe in-
terception module in such way th& equals 1 mmd! (see
Eq. 8). LAl (Leaf Area Index) used in this analysis is LAI for
clipped grass (crop heiglit. =0.05-0.15 m). Constarit is

the surface cover fraction, which is defined in Eq. 10. Details

of these formulas can be found in the HYDRUS-1D manual
version 4 Simunek et al.2008. The interception formula
from the net precipitation and the HYDRUS model are de-
scribed as follows:

where D is the daily interception threshold [LT], hgrass
the grass height, is rExtinct=0.463, LAl the leaf area index
[LL~1], P precipitation [L T-1], anda the constant entered
from the HYDRUS-1D interface (we found 4.5 mm).

Pnetz ma.X(P - D, 0) (7)

1

_bpP_
a LAl

(8)

(9)
(10)

D =a-LAl (1—

LAl =0.24. hgrass
b=1—exp(—k-LAIl)

2.4 Evaporation analysis

2.4.1 Water balance

2609
neglected.
d d dh
Eza[l{(a+co&x>}—s (12)

where# is volumetric soil water content fLL 3], 7 time [T],

h the soil water pressure head [L,the spatial coordinate
[L], K unsaturated hydraulic conductivity [L=F], « angle
between the flow direction and vertical axis<0° for ver-
tical flow, « =90° for horizontal flow), andS the sink term
[L3L-3T14.

The sink term §), defined as the volume of water removed
from the soil per unit of time due to plant water uptake, can
be described as
S(h) = a(h)Sp (13)
where Sy, is the potential water uptake rate 4] and «(h)
the given dimensionless function of the soil water pressure
head (0< « < 1). The termx (k) was defined as a functional
form by Feddes et a(1974 1978. The HYDRUS-1D model
calculated the transpiration flux based on water uptake distri-
bution with some assumptions: water uptake is assumed to be
zero if it is close to saturation and in the wilting point pres-
sure head; water uptake is optimal whefh) is equal to 1,
which means water uptake is maximal, and stress condition
is occurring due to dry or wet condition and high salinity
(Feddes et al.1978 Genuchten1987 Feddes et al.2001;
Simunek et a.2008.

In the HYDRUS-1D, potential evaporation is calculated
using either Penman-Monteith or Hargreaves formula. Beer's
law method is used to partition potential transpiration and

With this method, evaporation is calculated based on the difs0il evaporation fluxes as follows:

ferences between precipitation, storage changes, and perceclé;:t _ £.SCF

lation. The weighing balance measures the storage chang
in the lysimeter directly. The water balance formula is de-
scribed as a follows:

ds
E:P—Ea—LzP—ES—Et—Ei—L

(11)

where P is precipitation [LT1], E, total evaporation
[LT~Y] (Ea=Es+Ey+Ej), L percolation [LT1], ds/dr

changes of storage in the soil [¥F], Es soil evapora-
tion [LT~1Y], E; transpiration [LT1], and E; interception
LT

2.4.2 HYDRUS-1D model

(14)

Es=FE-(1-SCh (15)
whereE; is potential plant transpiratiorfs is potential soil
evaporation and SCF is the soil cover fraction defined as con-
stantb in Eq. (10). Thus, this potential evaporation is used as
an input to calculate the actual evaporation fluxes based on
Feddes reduction for transpiration and hCritA limit for soil
evaporation $imunek et al.2008.

In this study, the HYDRUS-1D modeling has been divided
into three parts. The first part is the calibration process to
obtain the soil parameters. The model was calibrated on the
observed soil moisture data by inverse modeling. The second
partis the validation process, and the last part is the complete
simulation from November to January. Calibration and vali-

The HYDRUS-1D model can be used to simulate the wa-dation were carried out from the first to the end of December
ter and solute movement in unsaturated, partly saturated cand the first of January until the end of January, respectively.
fully saturated porous medig&imunek et al. 2008. The We schematized our soil column as two soil layers top and
HYDRUS-1D model for one-dimensional water movement bottom which are influenced most by evaporation and perco-
is based on the modified Richards equation with the assumplation. The top layer (0—6.67 cm) consists of sand, whereas
tion that the air phase plays an unimportant role in the liquidthe bottom layer (33.3—40 cm) of clay-silt. Default soil pa-

flow process, and water flow due to thermal gradients can beameters from the HYDRUS-1D soil database were used as

www.hydrol-earth-syst-sci.net/16/2605/2012/ Hydrol. Earth Syst. Sci., 16, 268416 2012
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starting parameters. Root depth was observed at 5 cm. Henagherem; [M] is the initial mass,mp [M] net precipitation
in the model, the root distribution value of one was used formassme [M] evaporation massy; [M] final mass,m; [M]
the surface, which decreased to zero in the depth more thatranspiration mass, ane, [M] percolation masss$ repre-
5cm. Initial soil moisture was obtained from the soil mois- sents, for example, th#20 (per mil) of each component and
ture sensors, which was 0.22{m~3) for the surface layer x the fraction of water in the respective component. Thus,
to 0.38 (n¥ m~3) at the bottom. The Feddes root water up- is §180 for the initial measuremens, is $180 for the net
take model was chosen to simulate the amount of water takeprecipitation,se is §180 for evaporationg; is §180 for fi-
up from the soil for transpiration using the default parametersnal measuremens; is 180 for transpiration, and| is 180
for grass Feddes et 311974 2007). for percolationmygtg is calculated from the initial soil water
The soil parameters includg, for the residual water con- mass and precipitation massita = m; +myp), and the frac-
tent, ®s the saturated water content, and » parameters tion of each componentj) is calculated as; = m ;/motal.
describing the shape of soil water retention curve and hy-; and§; are the initial and final isotope values in the soill
draulic conductivity curveKs the saturated hydraulic con- water calculated using weighted average of isotopic compo-
ductivity and I the pore-conductivity, and they were cali- sition in every layer.
brated using inverse modeling. This inverse modeling esti-

mates the calibrated parameters by fitting the observed and Xn:@s, . H;-SWC))
the modeled soil moisture based on Marquardt-Levenberg = !
optimization algorithm. In this model, soil hydraulic prop- & =& = — - Hiotal (18)

erties are assumed to be described by an analytical model. swc

HYDRUS produces a correlation matrix which specifies thewheren is number of layerdg is thes value in the soil layer
degree of correlation between the fitted coefficients and rung, H; is a correspondence depth of layeSCW; is the soll

the optimization process until it finds the highést values ~ water content in layer, SWC is average of soil water content
(Simunek et a].2008. The time step used in this model is and Hiotg is total depth.

one hour with the length unit in mm. The single porosity van  The isotopic contents of transpired water and deep per-
Genuchten-Mualem model was used for the soil hydrauliccolated water are not affected by isotopic fractionation and
model simulation without hysteresis. The boundary condi-these terms can be combined as non-fractionation terggs (
tions used in this model are the atmospheric boundary condiMoreover, the isotopic content of this water is equal to the
tion for the upper boundary and a free drainage for the bot-averages value of soil water over time intervaf and d;

tom boundary. Se8imunek et al(2008 for more detailed (Robertson and Gazi®006. e can be calculated from
information regarding the HYDRUS-1D theory, method and minus total isotope fractionatio®fta):

default parameters.

Snf =68t =4 (19)
2.4.3 Isotope mass balance calculation 5 s (8i + 8) 20)
t=0l=—F—
The isotope mass balance calculation has been carried out 2
calculate the amount of water used for soil evaporation and® — 8t = Erotal (21)
transpiration. The assumption used in this calculation is thafnf = Xp + Xi — xe — xf (22)
the water taken by plant roots for transpiration is not affectedx; = xns — x (23)

by isotope fractionation until the water is leaving the plant

via the stomataRhleringer and Dawsqri992 Kendall and ~ Evaporated waterg) as an unknown variable can be calcu-
McDonnell 1998 Tang and Feng2007; Riley et al, 2002 lated based on the derivation of Eq. (17) and substitutes it
Williams et al, 2004 Balazs et al.2006 Gat 2010. In  With Eq. (19) to Eq. (23). The final product from the deriva-
contrast, the evaporated water from the soil and interceptiofion is Eq. (24) where there is no unknown parameter in the
are affected by isotope fractionation. Therefore, interception€guation.

needs to be subtracted from the precipitation in order to get
the net precipitation, which is assumed to have the same isoxe =
topic composition as the precipitation. The net precipitation

is not mixed with the (partly) fractionated interception water

on the grass surface. Hence, in the isotope mass balance cal- ] .
culation, the net precipitation values were used. The isotope Results and discussion
mass balance can be formulated as

Xidi + xpdp — X0 — Xpdnf + XfOnf — Xidnf
de — dnf

(24)

3.1 Soil water content and HYDRUS-1D modeling

mi + mp = me+ ms + my + m| = motal (16)

d The result from the soil water content measurements for
an depth 6.7, 20 and 33.3cm is illustrated in Fig. 3. The fluctu-
dixj + Spxp = exe + Sxf + Sx¢ + 81X ann ation of soil moisture is strongly influenced by rainfall. The
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0.45[

Depth 6.67 cm o Obs material 1

Depth 20 cm o Obs material 2

L Depth 33.3 cm Sim material 1
0.40 _ —— Sim material 2

0.45[

2611

0.35—

0.25 k H

0.20[ 1 1 1 1 1 1 1 1 1
0 20 40 60 80 200 400 600 800 1000 1200 1400
Day (d) Time Step (hour)

Soil Moisture (m*/m?®)
Soil Moisture (m*/m®)

Fig. 3. Soil moisture data measured in the lysimeter from Fig. 4. HYDRUS-1D calibration results (in December, time step 0—
16 November to 31 January (depth 13.3 and 26.6 cm results are nat44); HYDRUS-1D validation results (in January, time step 745-
plotted in order to make a readable graph). 1488).

20 T T T T T T
sensors in the upper part are mostly affected by precipitation. |8 Fcpisien
Depth 6.7 cm from surface showed indeed a quick response B I
to precipitation. In contrast, depth 33.3 cm from the surface 5 Beniia
showed a less distinct response to precipitation water. Theg e
fast response at depth 6.6 cm can be caused by macroporeg
in the soil, soil cracking, or flow at the boundary between the
soil and PVC pipe.

The HYDRUS-1D model was used to simulate the water |
fluxes inside the lysimeter. The calibration results for both .4
materials are good witk? = 0.94. However, th&®? value is
not the best indication for model and data agreement. Table 1 I
shows the calibrated parameters. After calibration, the cali- -sol_._. ) ) . . .
brated parameters were used to simulate the data in January '6 N b0 (permil \?SMOW) 2 ¢ ¢
to validate the model. The validation results are acceptable,
although therR? value is 0.82. The calibration and validation Fig. 5.Isotope measurement results plotted against GMWL.
results starting from December to January simulation are pre-
sented in Fig. 4 and the calibrated parameters in Table 1.

Figure 4 shows that the simulation results for material 11D assumes a perfect homogenous soil column while, in fact,
are unable to capture some peak values, although the receghe soil column may contain those causative factors.
sion limbs from the model fit the observations. However, ma-
terial 2 shows that the observed values and simulated val3.2
ues agree well. In addition, percolation can also be used
for model calibration. Total modeled percolation in Decem- The isotopic composition of soil water is shown in Fig. 5.
ber 2010 is 0.1 mm/month, while the observed percolationAs expected, the isotope results show that the water inside
was 0.4 mm/month. However, total percolation during thethe lysimeter is affected by evaporation in non-equilibrium
entire measurement period (3 months) is 2.4mm and totaprocesses which is indicated by a slope less than 8 for the
percolation simulated by the HYDRUS-1D model was only evaporation line (Dansgaard, 1964). The overall evaporation
0.35mm. line has a slope of 3.6 and an intercept value-df.7 %o

Although the total observed percolation is 2.4mm and(R?=0.99). The soil water at depth)(6.6 cm has an evap-
total modeled percolation 0.35mm, the percolation resultoration slope of 3.9 and an intercept value -619.6 %o..
from the model is still acceptable. The percolation error isFor z=13.3cm, the line has a slope of 3.8 and an inter-
2.05mm in 2.5months or less than 1 mm per month. Thecept of —20.2 %0, and forz =20 cm, an evaporation slope
difference between model results and observations may bef 3.6 and an intercept value 6f19.7 %.. These slope val-
caused by macro-pores, roots, soil cracking, etc. HYDRUS-ues are comparable with other studies in vadose zones that

o
T

-20

8 *H (permil V.

Isotopic composition of soil water
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Table 1.The calibrated parameters from HYDRUS-1D inverse modelingg the residual water contertds saturated water content,and
n parameters describing the shape of soil water retention curve and hydraulic conductivityktgsegyrated hydraulic conductivity ard
pore-conductivity).

Name Or (cm*em™3)  Os(cmPem3)  « (1/cm) n(=) Ks(md?l) 1(cmenm?)
Material 1 0.12960 0.50069 0.00152 1.76900 4.53730 0.34815
Material 2 0.17852 0.39118 0.00077 1.05420 0.32555 0.55768

: : : : : : : High values ofH and180 appear at depths of 6.6, 13.3, and
A3 20 cm, and the highest value occurs at a depth of 20 cm from
3 the soil surface. It shows that the effect of evaporation occurs
E from the surface until 20 cm depth and the maximum value
E at 20 cm depth is called the drying front. This enrichment
is caused by kinetic effects of diffusioB#érnes and Turner
1998 Clark and Fritz 1997. Zhang et al(2011) also show
3 that the evaporation depth is approximately 20 cm. The shape
\ o Precipitation| 3 from the surface to 20 cm depth is performed by vapor dif-
‘X. B Sibe |3 fusion, and the shape from below 20 cm depth is caused by
10 Jan E downward diffusion of isotopes. The precipitation can push
200an | 3 the enriched water downward, but the isotopic composition
, , , , G826 Jan ] of soil water after 20 cm will be depleted in heavy isotopes
-40 -30 20 (pormil VsOMOW) 0 10 20 since a downward diffusion process is taking place. Rain wa-
ter origining from tap water shows an isotopic composition
T e 5] of —40 to —50 %o for ?H. Percolation water has an isotope
[| & Event2 tadan 1 range between-15 to —30 %o and is more enriched com-
25 Lo Bventd (24Jan) B pared to the isotope value from depth 33.3cm. This enrich-
o om0 1 ment of isotopes in the percolation water may be caused by
the evaporation process inside the percolation meter and mix-
ing water from the top layer, which is isotopically enriched.
The percolation meter is not a completely closed device, and
there may be a crack inside the lysimeter between the soil
] column and the PVC pipe.
_ A Al To analyze the relationship between storm size and en-
5S¢ ] richment, A0 was plotted per rain event (see Fig. 6b).
L ° e ¢ A0 s the difference betwea®O from the next sampling
o L L L L L L (6180,+1) minus 8180 before the rain event®0;). Fig-
A "O (permil VSMOW) ure 6b shows that small precipitation events have more en-
richment ofs180. On the contrary, heavy storm events hardly
Fig. 6. Several isotopes profiles in the lysimeter measured duringepyich in their isotopic composition in one day. Storm sizes
study period (A);A 180 in several precipitation events (B). of 3.2mm, 6.4mm, 9.5mm and 21.6 mm have a maximum
A0 in fractionation of 11.2 %o, 9.9 %o, 8.9 % and 0.5 %o,
respectively. The greater the storm event is, the smaller the
enrichment. On the contrary, the smaller the storm is, the
greater the enrichment. This phenomenon may be explained
by the mobile and immobile soil water concept. Soil water in-
side small pores (e.qg. clay less than 2 um diameter) is immo-
bile compared with soil water in large pores (e.g. sand more
fRan 0.3mm diameter) which is mobile. These small pores
have a long water-residence time and can only be replaced
with heavy precipitation event8(ooks et al.2010. There-

Depth (cm)
N
o
T

-30F

= n
o o

L B e
| |

Storm Size (mm)

o
T
|

have evaporation slopes between 2 té\Bigon, 1982 Clark
and Fritz 1997 Kendall and McDonnel1998 Wenninger

et al, 2010. The evaporation line shows that the kinetic
enrichment of80 in the evaporating water is more than the
enrichment irfH. The water in the upper part of the lysimeter
has, as expected, higher soil evaporation rates compared
the water in the lower part of the soil. Precipitation, soil mois-
ture atz =33.3 cm, and some of the samplesat26.6 cm are

laying on the GMWL. This means that evaporation has IIttIefore, heavy storms replenish all water inside the soil pores,

effecton the bottom_part of the_ lysimeter. _ _ . both mobile and immobile. Thus, the isotopic composition
For a better overview of the isotope fractionation, the IS0~ "the soil water is hardly becoming enriched. However
tope values are plotted against depth and time (see Fig. 6a5. | '
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small storms only replace the mobile soil water and the
Rhizon sampler abstracts the mixing water between mobile .
and immobile water (which may have a heavily isotopic
composition due to evaporation) after several days.

3.3 Evaporation analysis 0.0

1 7 19 22 26 47 50 53 54 57 61 63 64 65 69 70
Day (d)

The evaporation analysis was carried out using the
HYDRUS-1D model, the isotope mass balance, and the warig. 8. The ratio of partitioning fluxes compared to total evap-
ter balance for comparison. Figure 7 compares the results fogration (£./Ea). x stands for soil evaporation, transpiration
these three methods. The straight lines are the cumulativand interception.
evaporation fluxes, and the dashed lines are the cumulative
evaporation fluxes between two isotope samplings. The evap-
oration fluxes can be analyzed using the isotope mass balan@ce to measure the losses of water inside the lysimeter di-
method when there are at least two isotope samples. The firgectly due to evaporation and percolation. This method was
measurement is used as an initial background value, and thesed as a benchmark for the other methods. Table 2 summa-
second measurement is the final value influenced by the isorzes the evaporation analysis results. The difference between
tope fractionation due to evaporation. The second measureahe isotope mass balance method and the water balance is
ment has evaporation signature between the first and second5.8 mm, while the difference between the HYDRUS-1D
measurements recorded in isotope value. Thus, the evaporodel and the water balance is 13.1 mm in 2.3 months. The
ration flux measured in the second measurement is the toresults show that the isotope mass balance method is better
tal evaporation flux from first to second measurements. Focompared to the HYDRUS-1D model to calculate the total
example, day 47 has an evaporation value of 81.8 mm. Thigvaporation and the average evaporation flux.
value is the total evaporation flux between day 26 to day 47. Figure 8 shows the ratio of partitioning fluxes compared
This means that the average evaporation rate during that dap the total evaporation. The ratio of partitioning fluxes from
is 3.9mmd . The high temporal resolution can be seen atthe HYDRUS-1D model is relatively steady compared to
the end of measurement period when more frequent samplesie isotope mass balance result. Soil evaporation from the
were taken. HYDRUS-1D model is more or less 27 % from the total
Itis seen from Fig. 7 that the evaporation estimation of theevaporation flux, and the biggest ratio is transpiration flux,
isotope mass balance, the HYDRUS-1D model and the watewhich is 64 % while interception is only 10 %. On the other
balance calculation is in good agreement. Actual evaporatiomand, The fluxes ratio from isotope mass balance result is
calculated with the water balance method is believed to béhighly fluctuated especially for soil evaporation and transpi-
the most accurate actual evaporation calculation comparedation fluxes. In the beginning of the measurements, the total
to the other methods, since this method uses a weighing balkevaporation flux is only partitioned into soil evaporation and
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Table 2. Evaporation analysis summary from 16 November 2010 until 27 January 21i$.the total evaporations soil evaporation,
E¢ transpiration ande; interception, whileE, is the mean total evaporatioBs mean soil evaporatiort mean transpiration anfl; mean
interception.

Methods Ea(mm) Es(mm) E¢(mm) Ej(mm) Ea(mmd?l) Esmmd?l) Eimmd?l) E; (mmd?d)

Water balance 243.1 - - - 35 - - -
HYDRUS-1D 256.2 68.9 164 23.3 3.7 1(26.9%) 2.3 (64.1%) 0.3 (9%)
Isotope mass balance 237.3 28.8 184.5 24 34 04(121%) 2.6(77.7%) 0.3(10.1%)

interception fluxes. In contrast, in the end of measurements, Total evaporation calculated with isotopes and modeled
transpiration flux has the same amount with the total evapodo compare well with the results from the water balance
ration flux. This is not true since transpiration and soil evap-method as a benchmark. Moreover, the isotope mass balance
oration fluxes were always produced during evaporation proand the HYDRUS-1D model have the advantage that they
cess. This high fluctuation makes the isotope mass balancenable to partition the evaporation flux into the productive
method less reliable compared to the HYDRUS-1D model(transpiration) and non-productive fluxes (soil evaporation
for high temporal resolution analysis. The uncertainty of theand interception). Our findings show that, in terms of total
isotope mass balance method is too high for this temporagvaporation flux, the isotope mass balance method is supe-
resolution. This is due to the fact that the differences in iso-rior compared to the HYDRUS-1D model since this method
tope value of certain parts within the soil are too small com-has closer results to the water balance. Total evaporation
pared to the accuracy of the measurement. However, the avefrom isotope mass balance is 237.3mm (3.4 mdand
age values of these fluxes during measurement periods con243.1 mm (3.5 mmd!) from water balance. Total evapora-
pare well between the HYDRUS-1D model and the isotopetion from HYDRUS-1D is slightly higher showing 256.2 mm
mass balance method. It should be noted that we assume@.7 mmd1).
that LAl is constant and grass height is also constant. In contrast, in terms of high temporal resolution, the
On average, the isotope mass balance method contributddYDRUS-1D model is better than the isotope mass balance.
more flux to transpiration (13.6 % more) and HYDRUS-1D The partitioning results from the isotope mass balance are
contributes more flux to soil evaporation (0.6 % more). Someless reliable compared to the HYDRUS-1D model. In one
studies (e.gHerbst et al.1996 Ferretti et al.2003 Yepezet  segment, the isotope mass balance result shows high soil
al., 2003 Robertson and Gazi2006 Roupsard et 812006 evaporation flux, and, in the other segment, isotope mass bal-
Xu et al, 2008 Wang et al. 201Q Wenninger et a).2010Q ance results show high transpiration flux. Moreover, the iso-
Zhang et al. 201)) including the FAO crop model calcu- tope mass balance method distributes more flux to transpira-
lated that the percentage of transpiration from total evaporation than to soil evaporation, while the HYDRUS-1D model
tion is more or less 70 %. The results from both isotope massesults are less. However, the portion of transpiration from
balance and HYDRUS-1D model are comparable which areboth methods is acceptable (77.7 % from isotope mass bal-
77.7% and 64.1 % for isotope mass balance and HYDRUSance and 64.1 % from HYDRUS-1D).
1D, respectively. In the mass balance method, interception Both the isotope mass balance method and the HYDRUS-
evaporation and soil evaporation contribute almost equal td.lD model show a great prospective to partition the evapo-
the total actual evaporation. This shows that the interceptiorration fluxes for low temporal resolution and high temporal
process plays a significant role. resolution. The temporal resolution is the main factor to con-
sider which method is suitable. In general, we suggest to use
the isotope mass balance method for low temporal resolution
(e.g. monthly or seasonally) and the HYDRUS-1D model for
high temporal resolution analysis (e.g. hourly or daily ba-

To improve water use efficiency in agriculture especially _. . : . o
. . 7 sis). This laboratory-scale experiment could give an insight
in case of water scarcity, knowledge about water fluxes in_ "’ .

. . o for field-scale experiments. However, one should also mea-
the vadose zone is essential. The partitioning study can be

used to separate the productive and unproductive quxessure percolation water and its isotopic composition and this

. : Is a significant limitation of this method for field applica-
;Véct)rirg?:;%iirt;arzggtgnhztla;blste':gtc;pe Ii(c:ihtr:)l qujaigsyhtﬁder;gons. Itis suggested to apply this experiment in the field dur-
PR d Ihg different climatic conditions especially during the spring
fluxes and were compared. Both the isotope mass balance

method and the HYDRUS-1D model show promising and season when plants will start to grow. I_\/IoreO\_/er, pon_wmodlty
plants are recommended to be used since this will give more
comparable results.

benefits to the agricultural sector.

4 Conclusions
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