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Abstract. Soil evaporation is a key process in the water cycle and can be conveniently quantified using
8”H and 8'%0 in bulk surface soil water (BW). However, recent research shows that soil water in larger //

pores evaporates first and differs from water in smaller pores jn §?°H and 8'*0, which disqualifies the

/
quantification of evaporation from BW &?H and 8'%0. We hypothesized that BW had different isotopic |

compositions from evaporating water (EW). Therefore, our objectives vere to test this hypothesis first, ‘

and then gvaluate whether the isotopic difference alters the calculated evaporative water loss. We |

measured the isotopic composition of soil water during two continuous evaporation periods in a summer | |||

maize field. Period I had a duration of 32 days following a natural precipitation event, and Period I lasted |||

24 days following an irrigation event with a *H-enriched water. BW was obtained by cryogenically |

extracting water from samples of 055 cm soil taken every 3 days; EW was derived from condensation |||/

water collected every 2 days on a plastic film placed on the soil surface. The yesults showed that when |||

gevent water was “heavier” than pre-event BW, 8°H of BW in Period II decreased with an increase jn |||

evaporation time, indicating heavy water evaporation, When gvent water was “lighter” than the pre-event “‘
|

BW, 8°H and 8'%0 of BW in Period I and §'30 of BW in Period II increased with increasing evaporation ‘\‘

|
time, suggesting Jight water evaporation. Moreover, relative to BW, EW had significantly smaller 8°H |

and 8'%0 in Period I and significantly smaller §'30 in Period IT (p < 0.05). These observations suggest, /

that the evaporating water was close to the gvent water, both of which differed from the bulk soil water.

Furthermore, the gvent water ynight be in larger pores, from which evaporation takes precedence. The

soil gvaporative water losses derived from EW Jsotopes gvere compared with those from, BW. With a

(BW). However, recent research shows that

MIER T : with ...sing 82H and 8'30 in bulk surface soil water
larger soil pore
water...oil water in larger pores evaporates first and differs
from water in smaller pores water ...n §H and §'%0, which
disqualifies the quantification of evaporation from BW &H
and 8'%0. We hypothesized that BW has ...ad different
isotopic compositions than ...rom evaporating water (EW).
Therefore, our objectives are ...ere to test the ...his
hypothesis first,...and then to ...valuate if ...hether the
isotopic difference alters the calculated evaporative water
loss. We measured the isotopic composition in ...f soil water
in ...uring two continuous evaporation periods in a summer
maize field. Period I had a duration of 32 days following a
natural precipitation event, and Period II lasted 24 days
following an irrigation event with a 2H-enriched water. BW
was obtained by cryogenically extracting water from samples
of 0—... cm soil taken every three ... days; EW was derived
from condensation water collected every two ... days on a
plastic film placed on the soil surface. The R...esults showed
that when newly added...vent water was “heavier” than pre-
event BW, 8H of BW in Period II decreased with the ...n

increase of ...n evaporation time, indicating evaporation

of ...eavy water evaporation;... when ...hen newly )
[RETHER: 54k st )

MER T : This ...hese observations suggests. ..that the
evaporating water was close to the newly added...vent water,

both of which were ...ifferent...d from the bulk soil water. ]

{ MER T : We also calculated s }

MEE T : evaporation ...vaporative water losses derived from

EW using water ...sotopes from EW ...ere compared with

those fromand...
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small isotopic difference between EW and BW, the evaporative water losses in the soil did not differ H]'JI%T: and they

significantly (p > 0.05). Our results have important implications for quantifying evaporation processes

(RETHR: ok s

Qusing water stable isotopes. Future studies, are needed, to investigate how soil water isotopes, partition

{ﬂm;m: with

differently between pores jn soils with, different pore size distributions and how this might affect soil

BETHR

:L\_/ L _J

evaporation estimation.

1 Introduction

Terrestrial ecosystems receive water from precipitation and subsequently release all or part of the water

to the atmosphere through evapotranspiration. The evapotranspiration process consumes approximately

25% of the incoming solar energy (Trenberth et al., 2009) and can be divided into two components:

transpiration from plant leaves and evaporation from the soil surface. Soil gvaporation yaries from 10 to

60% of the total precipitation (Good et al., 2015; Oki and Kanae, 2006), Precise,£stimation of soil

evaporative water loss relative to precipitation is critical for improving,our knowledge of water budgets,

plant water use efficiency, global ecosystem productivity, allocation of increasingly scarce water |

resources, and calibrating hydrological and climatic models (Kool et al., 2014; Oki and Kanae, 2006; Or |

| of the total precipitation (Good et al., 2015; Oki and Kanae,

MIBR T : E...vaporation from soils ...aries from 10 to 60 ...

2006);... and p...recisely...estimating ...stimation of soil
evaporative water loss relative to precipitation is critical
to ...or improvinge...our knowledge of water budgets, plant
water use efficiency, global ecosystem productivity,

the ...llocation of increasingly scarce water resources, and
calibrating hydrological and climatic models (Kool et al.,
2014; Oki and Kanae, 2006; Or et al., 2013; Or and Lehmann,
2019; Wang et al., 2014) and calibrating hydrological and
climate models (Or and Lehmann, 2019)

etal., 2013; Or and Lehmann, 2019; Wang et al., 2014), /

Water loss from soil progresses with air invasion into the soil jn the order

/
(Aminzadeh and Or, 2014; Lehmann and Or, 2009; Or et al., 2013). Soil pores can be divided into large, /

MIEE T : pores ...n an ...he order from ...f large to small
pores (Aminzadeh and Or, 2014; Lehmann and Or, 2009; Or
et al., 2013). Soil pores can be divided into large pores...

medium pores... and small pores, and film water space

medium, and small pores, There is a minimum amount of small pore water,at which liquid water in soil

BT : The maximum...mount of film ...mall pore water

amount. ..

is still continuous or connected, below which liquid water is no longer connected, and vapor transport is

MIERT: ...(Van Genuchten, 1980; Zhang and LockingtoH

the only way to further reduce water in soil. This water content is called the residual water content in the

soil characteristic curve,(Van Genuchten, 1980; Zhang,et al., 2015). When large,soil pores are filled gvith /

water, water in small pores does not participate in evaporation (Or and Lehmann, 2019; Zhang et al., / |

/

/
2015). Therefore, soil evaporation can be divided into three stages (Hillel, 1998; Or et al, 2013). Stage I: /

/
/

the evaporation front is in the surface soil, and water in large and medium pores participates in /

MR T : r...s0il pores are occupied ...illed by ...ith water,
water in small pores water ...oes not participate in
evaporation (Or and Lehmann, 2019; Zhang and
Lockington...t al., 2015). Therefore, soil evaporation can be
divided into three stages (Hillel, 1998; Or et al, 2013). Stage
I: the evaporation front is in the surface soil, and water in

large and medium pores water

evaporation, but larger pores are the primary contributors. With the progressive reduction of water in the

larger pores, the evaporation rate gradually decreases, Stage II: evaporation front is still in the surface /

soil, but larger pores are filled with air, water residing in the medium soil pores in the surface soil /

evaporates, and deep larger soil pores recharge the surface medium pores by capillary pull (Or and

MR T : water progressively depleted... the evaporation rate
gradually decreases gradually... Stage II: evaporation front is
still in the surface soil, but larger pores are occupied ...illed
by ...ith air, water residing in the medium soil pores in the
surface soil evaporates, and deep larger soil pores recharge

the surface medium pores by capillary pumping

2
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Lehmann, 2019, and the evaporation rate remains constant. Stage III: the hydraulic connectivity between

the surface medium pores and deep large pores breaks, such that the evaporation front recedes into the

subsurface soil. Water in the surface small pores and water in medium pores pn the evaporation front

evaporates. The evaporation rate decreases to a low value (Or et al, 2013).

Furthermore, pre-event soil water fills the smallest pores that are empty. When the event water amount

is small, the empty small soil pores are filled with gvent water firstyBeven and Germann, 1982; Brooks

etal., 2010). However, when small pores are filled with water or when the amount of event water is large

the infiltration water preferentially enters,larger pores and bypasses the saturated small, pores (Beven and

Germann, 1982; Booltink and Bouma, 1991; Sprenger and Allen, 2020). As larger pores have greater /

hydraulic conductivity, water residing in larger pores flows faster and drains first, Conversely, water

residing in small pores drains lastly (Gerke and Van Genuchten, 1993; Phillips, 2010; Van Genuchten,

1980). Therefore, water in smaller pores has a longer residence time in the soil (Sprenger et al., 2019b). |

The sequence of water jnfiltration and yeduction could introduce variability in the isotopic composition

between soil pore spaces. Jt is well known, that there are seasonal, temperature, and amount effects of

local precipitation events, causing strong temporal variation in the isotopic composition of precipitation

(Kendall and McDonnell, 2012). As a result, different precipitation events with different isotopic

compositions recharge different soil pores, which may yield different isotopic compositions between

small; and large-pore water (Brooks et al., 2010; Goldsmith et al., 2012; Good et al., 2015). Isotopically,

small-pore water may be similar to old precipitation, with large-pore, water yesembling new precipitation

(Sprenger et al., 2019a; Sprenger et al., 2019b). In addition, mineral-water interaction, soil particle
surface adsorption, and soil tension may also cause isotopic variations in the soil pore space (Gaj et al.,
2017a; Gaj and McDonnell, 2019; Oerter et al., 2014; Orlowski and Breuer, 2020; Thielemann et al.,
2019).

Despite the recent progress,in understanding evaporation processes and isotope partitioning in soil pore / /

space, the latter, to fhe best of our knowledge, is not considered in the calculation of soil gvaporative

water loss in terms of the isotope-based method, The isotopic composition of bulk soil water, which is |~

extracted by cryogenic vacuum distillation containing all pore,water, is still routinely used in gvaporation

calculations using the Craig-Gordon model, (Allison and Barnes, 1983; Dubbert et al., 2013; Good et al.,

2014; Robertson and Gazis, 2006; Sprenger et al., 2017). This jnight bias the evaporation estimates,

MR T :); ..., and the evaporation rate remains constant.
Stage III: the hydraulic connectivity between the surface
medium pores and deep large pores breaks, so ...uch that the
evaporation front recedes into the deep ...ubsurface soil.
Water in the S...urface small pores water ...nd water in
medium pores water ...n the evaporation front evaporates.

TT...e evaporation rate drops (]

| MIB& T : due to the low water potential,...the empty small soil

| pores small soil pores in a dry soil are ...re filled with

infiltration ...vent water firstly... ... Beven and Germann,
1982; Brooks et al., 2010). But ...owever, when small pores
are filled with water or when the amount of event water is
large, the infiltration water preferentially entersfrom
precipitation or irrigation water goes into...larger pores
preferentially ...nd bypasses the saturated smaller...pores
(Beven and Germann, 1982; Booltink and Bouma, 1991;
Sprenger and Allen, 2020). As larger pores have

larger ...reater hydraulic conductivity, , ...ater residing in
larger pores flows faster and drains firstly... Conversely,
water residing in small pores drains lastly (Gerke and Van

Genuchten, 1993; Phillips, 2010; Van Genuchten, 1980). ]

MER T : invasion ...nfiltration and depletion ...eduction
could introduce variability in the isotopic composition
between soil pore spaces. As ...t is well -...nown, ...that
there are seasonal, temperature, and amount effects of local
precipitation events, causing strong temporal variation in the
isotopic composition of precipitation (Kendall and
McDonnell, 2012). As a result, the ...ifferent precipitation

events having ...ith different isotopic compositions recharq%

MR T : of these. .. he recent progresses. ..in understanding
evaporation processes and isotope partitioning in soil pore
spaces... the latter, to our ...he best of our knowledge, is not
considered in the calculation of soil evaporation ...vaporative

water loss in terms of the isotope-based method‘ca]culatior{ﬁ

/| MIBRT: -that...which is extracted by cryogenic vacuum

distillation, and...containing ...ontaining both large and
small.. 1l pores...water -... is still routinely used in

the ...vaporation calculations through ...sing the Craig-
Gordon models...(Allison and Barnes, 1983; Dubbert et al.,
2013; Good et al., 2014; Robertson and Gazis, 2006;
Sprenger et al., 2017). This may ...ight bias the evaporation

estimates,. .. ]
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because of isotopic variation in pore space and the preference for Jarger-pore water by evaporation.

Therefore, we hypothesize that the isotopic composition in evaporating water (EW) is similar jo that of

water in larger pores put differs from that in BW; thus, evaporative water loss based on isotope values in

BW will be biased. The objectives of this study were to verify 1) zvhether isotopic compositions differ

/
between EW and BW,and 2) if the isotopic composition difference substantially biases the calculated /
evaporative water loss. This study may help improve our, understanding of soil evaporation and

\

\
gcohydrological processes. \

//ﬂ MIER T : of ...or larger

/
/
/

\

2 Materials and methods

2.1 Experimental site

The field experiment was conducted from June to September of 2016 at Huangjiabao Village (34°17, N,

108°05, E, 534 m above sea level), located in the southern Chinese Loess Plateau. The study site

experiences a temperate, semi-humid climate, with a mean annual temperature of 13 °C, precipitation of
620 mm, and potential evaporation of 1,400 mm (Liang et al., 2012). Winter wheat followed by summer

maize rotation is youtine practice in fhis region (Chen et al., 2015).

2.2 Experimental design

A summer maize field (35 m long and 21 m wide) was selected for this study. On June 18, 2016, maize

seeds were sown in alternating row spaces of 70 cm and 40 cm with 30-cm seed intervals in each row.

Seeds were planted at a depth of 5 cm peneath the soil surface pising a hole-sowing machine. On August

\

/ MR Y : with ..o that of that of ...ater in larger pores

=

water ...ut differs from that in BW; thus, evaporative water

loss based on isotope values in BW will be biased. The
objectives of this study were to verify 1) if ...hether isotopic
compositions differ between EW and BW; ...and 2) if the
isotopic composition difference substantially biases the
calculated evaporative water loss. We obtained water isotopic
compositions in BW by cryogenically extracting water from
0-5 cm soil samples and EW derived from condensation
water on the plastic film in two continuous evaporation
periods in a maize field using a randomized replication

design.

MER T : better...understanding of the process of ...oil

evaporation and the ...cohydrological water cycle

MR T:"...N, 108°05"...E, 534 m above sea level), located

in the southern Chinese Loess Plateau. The area ...tudy site

experiences a temperate, semi-humid climate, with a mean
annual temperature of 13 °°..., precipitation of 620 mm, and
potential evaporation of 1,400 mm (Liang et al., 2012).
Winter wheat followed by summer maize rotation is

the ...outine practice in the

MIB& T : . ...n June 18, 2016,2016/6/18,...maize seeds were
sown in alternating row spaces of 70 cm and 40 cm with
30- ...m seed intervals in each row. Seeds were planted at a

depth the...f 5 cm depth ...eneath the soil surface by ...sing a

/ . .
26.2016. the field was irrigated with 30 mm water (5°H = 49.87 & 2.7 %o, 550 = -9.40 & 0.05 %o, o = 5) / hole-sowing machine. On August 26, 2016, T )
_ » B . . (BEBTHR: Tk gt )
which was a mixture of tap water (3’H = -61.11 %o, 5O = -9.42 %o) and deuterium-gnriched water (the N
MIBR T : of mixed ...tap water (8°H = -61.11 %o, 5'%0 = -

2H concentration was 99.96%, 5*’H = 1.60 X 10/ %o: Cambridge Isotope Laboratories, Inc., Tewksbury. ‘ 9.42 %o) and deuterium- ...nriched water (the 2H
MA. USA), , N concentration was 99.96 )
(HETER: L )

2.3 Samples collection and measurement

A randomized replication design was used to collect samples. To determine the water isotopic

composition in EW from the condensation water of the evaporation vapor, we randomly selected three

rectangular plots, (40 cm long and 30 cm wide) in the field. A channel of 3 cm deep was dug around the

MBRT: on2016/8/26... The 8°H and §'*0 in the irrigation
water were 51.1242.7 %o and -9.40+0.05 %o (Mean+SE, n=5),
respectively. ]

MIEE T : In order t... determine the water isotopic
composition in EW from the condensation water of the
evaporation vapor, we randomly selected three rectangular

areas ...lotsof...
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BT : area }

and 50 cm) was used to cover the soil surface, with an extra 5 cm pn each side. The channels were then

backfilled with soil to keep the covered area free of the wind. To eliminate the secondary evaporation of

the condensation water, we first allowed evaporation and condensation $o equilibrate, for 2 days under

/| MB& T : about ...pproximately 0.2 m?, 40 cm by...nd 50 cm)

was used to cover the soil surface, with an extra 5 cm at ...n
each side. Then t...he channels were then back ...illed with

soil to keep the covered area free of the the effect of

the plastic film,Then, in the early morning (approximately 7 a.m.), we collected the condensation water

adhered fo the underside of the plastic film using an injection syringe (Fig. 1a), The collected water was

immediately fransferred into a | -mL glass vial. Therefore, it is reasonable fo assume that the condensation

water, was in constant equilibrium with the evaporating water in the soil, and the water isotopes of

evaporating water in the soil gould be obtained from gondensation water on the plastic film. After,

collection, the plastic film was removed with little disturbance to the site. Subsequently, three new plots

were selected randomly and similarly covered with a new piece of plastic film for the next water

MIBR T : After...o equilibrateium. ..for two ... days under the
plastic film.,... Then, in the early morning (approximately 7
a.m.), we collected the condensation water adhered on ...o
the underside of the plastic film was collected ...sing an
injection syringe in the early morning at about 7 a.m. to
eliminate the second-evaporation of the condensation

water ...Fig. 1a),... The collected water was immediately
and ...ransferred into a 1 ...-mL glass vial. Therefore, it is
reasonable We. ..o assume that the condensation water

is...was in constant equilibrium with the evaporating waterr"‘H

collection.

(b

Condensation water
Plastic film
Y

Soil Water
T, a

e 13,03 - Schematic processes
T,: Soil temperature under film
T,: Vapor temperature under film
T;: Field soil temperature
a;: Equilibrium fractionation factor in soil under film
a3 : Equilibrium fractionation factor in vapor under film

Conde
Plastic fil
-\

Vapor u
7

Field condition Schema

T,: Soil temperature T,: Soil temperatur
T;: Vapor temperature under film

a;: Equilibrium fractionation factor in s
a;: Equilibrium fractionation factor in s
a3 : Equilibrium fractionation factor in

WY

a3: Equilibrium fractionation factor in field soil

Figure 1: Photo of new plastic film cover and d tion water collection using a syringe ), sch tic of

the condensation process

, and photo of field soil condition (c),

#HER T : Photos of field condition (a), ...hoto of new plastic
film cover and condensation water collection using a

of the d

h e

syringe (b...), and .. tion process

(c...), and photo of field soil condition (c)..

In addition, BW was obtained from 0-5 cm surface soil water (Wen et al., 2016). The,soil samples were

collected using a soil auger every 3 days with 3 replicates, and each was jmixed well and separated into

2 subsamples: one for determining the soil gravimetric water content and the other for water stable

MR T : -... cm surface soil water (Wen et al., 2016). The 0-5
m...soil samples were collected using a soil auger every

three ... days with three ... replicates, and each was

well ...ixed well and separated into two

5
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isotope analysis. The subsample for soil gravimetric water content was stored in an aluminum box and

pven-dried for 24 h at 105 °C, while the water stable isotope analysis sample was stored inl 50-mL high-

density polyethylene bottles, sealed with Parafilm®, transported, and stored,in a freezer at -20 °C at the

laboratory until cryogenic liquid water extraction took place. To obtain bulk soil density, field capacity.

and residual water content, three 70-cm deep pits were dug at the end of the growing season

3

ngs with a volume of 100 cm’ (DIK-1801; Daiki Rika Kogyo Co., Ltd, Saitama, Japan) were pushed
into the face of each soil pit at depths of 10, 20, 40, and 60 cm to obtain the soil samples.
were then saturated with distilled water, weighed, and placed in a high-speed centrifuge (CR21GII;

Hitachi, Tokyo, Japan) with a centrifugation rotation velocity equivalent to a soil suction of 1 kPa for 10

min. The soil samples were weighed again to obtain the gravimetric water content at the aforementioned

suction. This was repeated for suctions of 5, 10, 30, 50, 70, 100, 300, 500, and 700 kPa for 17, 26, 42

49, 53, 58, 73, 81, and 85 min, respectively, to obtain the soil characteristic curve. After centrifugation

the soil samples were oven-dried and weighed to obtain the bulk soil density, which was used to convert

gravimetric water content to volumetric water content.,,

A cryogenic vacuum distillation system (Li-2000; Lica United Technology Limited, Beijing,China) with

a pressure of approximately 0.2 Pa and a heating temperature pf 95 °C was used to extract soil water

(Wang et al., 2020). The extraction time was at least 2 h until all the water evaporated from the soil and

was deposited jn the cryogenic tube. To calculate the extraction efficiency, samples were weighed before

and after extraction,and weighed again after oven-drying for,24 h following extraction. Samples with an

extraction efficiency of less than 98% were discarded. In terms of weight, cryogenic vacuum distillation /

extracts all water from the soil. However, in terms of isotopic compositions, the extracted water is

generally depleted in heavy isotopes yelative to the yeference water, and the extent of depletion is affected

by, soil clay content, and water content, due to incomplete soil water extraction (Orlowski et al., 2016;

Orlowski et al., 2013)To extract all water from a soil sample. ahigher extraction temperature (>200 5C)

might be desirable, especially for soils with substantial clay particles such as in the present study (clay

content of 0.24 g g™, (Gaj et al., 2017a; Gaj et al., 2017b; Orlowski et al., 2018). Therefore, the water )

isotopic compositions obtained from our distillation system were subsequently corrected by gcalibration

equations:

pfﬁ (post COI‘i‘@ClCd)‘:AZH (neasured):21.085*WC(water content)5. 144*CC(clay content)+5.944 and

(BT EN) [4] )

MIBR T : oven ...ven-dried for 24 h at 105 ..., while the
water stable isotope analysis sample . The other one ...as
stored in 150 ...50-mL high ...igh-density polyethylene
bottles, sealed with parafilm...arafilm®, transported, and
stored to...in a freezer at -20 *°... in .

MIER T : A...t the end of the growing season, ... s...tainless
rings with the... volume of 100 cm® (DIK-1801; Daiki Rika
Kogyo Co., Ltd, Saitama, Japan) were pushed into the face of
each soil pit at depths of 10, 20, 40, and 60 cm to obtain the
soil samples. Subsequently, t...he soil samples were then
saturated with distilled water, weighed, and placed in a high-
speed centrifuge (CR21GII; Hitachi, Tokyo, Japan) with a
centrifugation rotation velocity equivalent to a soil suction of
1 kPa for 10 min. The soil samples were weighed again to
obtain the gravimetric water content at the aforementioned
suction. This was repeated for suctions of 5, 10, 30, 50, 70,
100, 300, 500, and 700 kPa for 17, 26, 42, 49, 53, 58, 73, 81,
and 85 min, respectively, to obtain the soil characteristic
curve. After centrifugation, the soil samples were oven-dried
and weighed to obtain the bulk soil density, which was used
to convert gravimetric water content to volumetric water
content.oven-dried and weighed. The bulk soil density was

obtained by dividing the dry soil mass by volume.... ]

MIER T : A ... cryogenic vacuum distillation system (Li-2000;
Lica United Technology Limited, Beijing,LICA, Li-
2000,...China) with a pressure of approximately about ....2
Pa and a heating temperature at ...f 95 °°... was used to
extract soil water (Wang et al., 2020). The extraction time

was at least 2 h until all the water evaporated from the soil ]

MER T : spiking experiments show that ...he extracted water

is generally depleted in heavy isotopes than ...elative to the

spiking ...eference water, and the extent of depletion is (]

C(BRTEN (] )

{ﬂ]ﬂ B2 T: Moreover }

MIBR T :, ...igher extraction temperature (>200 ©...)
is ...ight be desirable, especially for soils s...ith substantial

clay particles such as in the present study (clay content of

‘ E#T [1]: Orlowski et al., 2016; Orlowski et al., 2013

WET:a
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5150ost corrected)=g!* O(neasured):2.095*WC+0.783*CC+0.502 . The equations were obtained

through a spiking experiment with 205 °C;oven-dried soils,

Five deep soil profiles were collected on July 17, 2016, (pre-precipitation), August 3, 2016,(10 days after

precipitation, DAP), August 17, 2016,(24 DAP), September 1, 2016,(6 days after irrigation, 6 DAI), and

MR T : contains clay and soil water content as factors and

as...ere obtained through a spiking experiment with

205 ... ... oven-dried soils (the related data was submitted to
Hydrological Processes, under review) (=]
RETHR =

September 16, 2016,(21 DAI) with increments of 05, 5-10, 1020, 2030, 30-40, and 40-60 cm. These

soil samples were used to measure soil texture (Dane and Topp, 2020), soil water content, and soil water

isotopic composition. Furthermore, the lc-excess of the soil water before the gnriched->H irrigation was |

calculated to infer the evaporation enrichment pf soil water. A jnore negative lc-excess value indicates a

stronger evaporation effect (Landwehr and Coplen, 2006).

Jc-excess= 5 H-7.815%010.42, o)

where §2H and $'®0 are the soil water isotopic compositions;,7.81 and,10.42 are the slope and intercept

of the local meteoric water line (LMWL), respectively.

Precipitation was collected during the gntire growing seasonyising three rainfall collectors (Wang et al.,

2010) in the experimental field. The amount of rainfall was determined by weighing using a, balance.

Subsequently, sub-samples of these rainfall samples were transferred to J|5-mL glass vials, sealed

immediately with Parafilm®, and placed in a refrigerator at 4 °C. To obtain the LMWL, we used 3 years

of precipitation isotope data (Zhao et al., 2020) from April 1, 2015_to March 19, 2018, The equation for

LMWL was §°H=7.81 §'"*0+10.42,

Hourly air and 0-5;cm soil temperature under the newly covered plastic film from, September 10, 2016, \

to September 28, 2016, were measured psing an E-type thermocouple (Omega Engineering, Norwalk,

CT, USA) controlled by a CR1000 datalogger (Campbell Scientific, Inc., Logan, UT, USA). The 0-5;cm

field soil temperature was measured, during the whole field season psing an ibutton device (DS1921G;

Maxim Integrated, San Jose, CA, USA) at a frequency of | h. The 0—5-cm soil temperature and air

temperature under the plastic film are required to calculate the evaporation ratios, but these measurements

MIEE T : /7/17.. .(pre-precipitation), August 3, 2016/8/3...(10
days after precipitation, DAP), August 17, 2016/8/17...(24
DAP), September 1, 2016/9/1...(6 days after irrigation, 6
DAI), and September 16, 2016/9/16...(21 DAI) with
increments of 0—..., 5—...0, 10—...0, 20—...0, 30—...0, and
40—...0 cm. These soil samples were used to measure soil
texture (Dane and Topp, 2020), soil water contents. .. and soil
water isotopic composition. Furthermore, the lc-excess of the
soil water before the enriched ...nriched->H irrigation was
calculated to infer the evaporation enrichment to ...f soil
water. AM

: { BETHR: 7k (L) Times New Roman

BETHER

BT

MR T:p10.42 ...

BETHR

BETHR

MERT:a

BETHR: ik iR

WERT:b

BETHX: b =

O R R )

MIBR T : whole ...ntire growth ...rowing season by ...sing
three rainfall collectors (Wang et al., 2010) in the
experimental field. The rainfall ...mount of rainfall was
obtained ...etermined by weighing using an

electrical...balance. Subsequently, sub-samples of these

rainfall samples were transferred to 15 ...5-mL glass Vials,h

BT

were not available before September 10, 2016. To obtain these temperature values, a regression equation

was established between the measured 0-5;cm soil temperature values under the newly covered plastic

film and those without plastic film covering from September 10, 2016, to September 28, 2016, We then

used the equation to estimate 0—5-cm soil temperature under the newly covered plastic film before

September 10, 2016, based on the ibutton-measured temperature of the 0—5-cm soil without the plastic

BT @A) [6]

MER T : local meteoric water line (...MWL)... we used

(RETHR: Lis

MR T : The

MIBR T : -... ...cm soil temperature under the newly cover:

MIER T : /9/10.. .to September 28, 2016,/9/28...were

MIER T : We estimated...he measured 0—... ... cm soil

nhl L]
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film covering in the same period. Subsequently, another regression equation was obtained between air

temperature and 0—5-cm soil temperature from September 10, 2016, to September 28, 2016, both of

which were under the newly covered plastic film. Then the air temperature under the newly covered

plastic film before September 10, 2016, was estimated from the estimated 0—5-cm soil temperature under

MR T : using ibutton. Similarly, air temperature under the
newly covered plastic film before 2016/9/10 was calculated
from the temperature of 0-5 cm soil under the newly covered
plastic film by regression between air temperature and 0-5 cm

soil temperature under the newly covered plastic film.

the newly covered plastic film, The regression equations are presented in the Supplement File. Moreover, | { HIER T : were J
the hourly ambient air relative humidity was recorded by an automatic weather station (HOBO event { MERT:, J
' /- { HIBR T : nearby at a distance of }
logger; Onset Computer Corporation, Bourne, MA, , USA) located 3 km away. s
’ { MIBR T : with three }
A micro-lysimeter (Ding et al., 2013; Kool et al., 2014) replicated thrice, made of high-density
{ BBRT : s }
polyethylene with a 105¢m in depth, 5.25¢m jnner radius, and 3ymm thickness, was used to obtain the soil { BT }
evaporation amount. The micro-lysimeter was pushed into the soil surface between maize rows to retrieve { M T: }
an undisturbed soil sample. Subsequently, we sealed the bottom, weighed the micro-lysimeter, placed it { MET:in }
back in the soil at the same level as the soil surface, and no other sensor was installed in the micro- {ﬂ]ﬂ[@j’ : }
lysimeter. After2 days of,evaporation, fhe lysimeter was weighed again. The mass difference was defined AN { BT in }
as the amount of soil evaporation, When evaporation occurs, unlike with soil outside the lysimeter, the \ {M%T: with }
soil within lysimeters is not replenished with water from deeper layers; thus, relative to soil outside the A\ \ {M%T: with }
. . . . . . . { MR T : two }
lysimeter, the soil water content within the lysimeters is generally smaller following continuous
BT }
evaporation. [Therefore, to represent the field soil conditions, the soil within the Jysimeter was yeplaced
\ { WBRT : we }
every 4 days. In addition, after every rainfall or irrigation period, the inner soil was changed immediately. { WET }
\ it
All water samples were analyzed for §*H and §'*0 using isotopic ratio infrared spectroscopy (Model | { WBT: amount }
IWA-45EP; Los Gatos Research, Inc., San Jose, CA, USA), The instrument’s precision was 1.0 %o and i { M T : Further }
0.2 %o for 8’°H and 8'%0, respectively. Three liquid standards (LGR3C, LGR4C, and LGR5C and their | {mﬂ[{g?‘; of }
respective 8*H =-97.30, -51.60, -9.20 %o; 5'80 = -13.39, -7.94, -2.69 %o) were used sequentially for each [ MR T : inside }
of the three samples to remove the drift effect. To eliminate the memory effect, each sample was analyzed { TR T : changed }
using six injections, of which only the last four injections were used to calculate the average. To check H]'J%T: four }
. ) ) { MIER T : inside the micro-lysimeter }
the effect of extrapolation beyond the range of standards, we performed a comparative experiment. In
" EFET [4]: At the end of growing season, stainless rings
. - N . N ) o
the experiment, 10 liquid samples with 3°H varying from 0.14 to 107 %o and 5"°O from -1.75 to 12.24 %o with the volume of 100 cm?® were pushed into the soil to
were analyzed using LGR 3C, LGR 4C, and LGR 5C as standards (same with our former analysis) and obtain the soil samples. Subsequently, the soil samples were
were also analyzed using LGR 5C, GBW 04401 (8*°H = -0.4 %o, 8'%0 = 0.32 %o), and LGR E1 (8°H = {M%T: the }
8 . { MER T : Los Gatos Research, IWA (Model)-45EP, USA }
107 %o, 8'°0 = 12.24 %o) as standards. The differences between the two sets of measurements were
[ MIEE T : at Northwest A&F University, China }
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regressed with the sample isotope values obtained using LGR 5C, GBW 04401, and LGR E1 as standards

with a linear relationship of A’H = -0.0198°H-0.271 (with R?>=1) and A'"*O = -0.0538"%0-0.091 (with

R?=1). We then applied the relationship and corrected the isotopic data that had §*H larger than -9.26 %o

and §'%0 larger than -2.72 %o. All the analyses in this study were based on the reanalyzed data

The results are reported in §,notation;

ME& T : The precision of this machine is 1.0%o and 0.2%o for
p

&°H and 8'%0, respectively.

5= M-I}xzooo %o , 2

Rstandara

where Rgmple denotes the ratio of the number of heavy isotopes to that of the light jsotope in the sample

watet, and Rgandard4S the ratio in the Vienna Standard Mean Ocean Water (V-SMOW).

2.4 Equilibrium fractionation processes

The jsotopic composition of EW was calculated psing the condensation water that adhered jo the

underside of the newly covered plastic film. We assumed that the water vapor under the newly covered

plastic film,and above the surface soil constitutes a closed system. Within the system, two equilibrium

fractionation processes are temperature-dependent and occur independently: gvaporation from surface

soil water to air under the plastic film occurs during the day time (8 a.m. to 8 p.m., Fig. 2), condensation

from the water vapor under the plastic film to liquid water ensued at night time (8 p.m. to 8 a.m.), and

the resulting dews (condensation water) adhered fo the plastic film. The average temperaturesfrom 8 a.m. _

to 8 p.m. and 8 p.m. to 8 a.m. on the day before water collection were used to calculate the equilibrium

fractionation factor () (Horita and Wesolowski, 1994) for the evaporation and condensation processes,

respectively.

1000xInac* 1 _ 1158.8XT° 1620.1xT° | 794.84xT 161 04+2.9992x109 3
nat (*H )= 1001 0 T o ©)

6.7123x10° 1.6664x10° | 0.35041x10°

1000xIna’* (*°0 )=-7.685+=—"——- Tt 4)

+_ Slguia 1000

& por 1000 2 ©)

a*=1/at , (6)

where at and a*_are the equilibrium fractionation factors during condensation and evaporation,

respectively; Jjiqiq is the isotopic composition in the liquid water, Jyqp, is the isotopic composition in

— A OO YO O

the vapor, and T'is the temperature presented in Kelvins.

BT -

MIBE T : relative to V-SMOW as detailed in Equation (2).

WETHEN: 76k R

MIEE T : one

W7

MIER T : denotes

BETHX: b =

MERT 1

MBR T : from that of

MR T : was

BT : on

WY,
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MIEE T : were
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MR T : of

e o . Jo U J Ju JC JC JC O C JU JL )

(HETHRR: ik s

(BETHR: T JEbiR




70

—e— Soil under film 8pm 8am 8pm
—— Vapor under film

Slam
\
=— Field soil o \ 70 : .
60 r_,  Ambient air = } —— Soil under film
2 | —— Vapor under film 60
g \ -— Soil 5
. 5 \ 60 —— Ambient air ry
0 50 |- © | 2 o
o 2
o S 50+ S
2 40 L 20
3 o
) g |
g § 40|
2 g
~ 30} :
= 30}
20 |
20 b
10 1 1 1 T 1 1 1 T 1 1 1 T 1 1 1 T 1
9/10 9114 918 /22 9/26 19 ' '
9/10 9/14 918
o6 Date (M/D) . -

1197 Figure 2: JTemporal variation,in temperature of soil under film, vapor under film, field soil, and ambient air

{ MEE T : Temporal temperature

1198 during the study period. | BB T: of 0-5 cm soil in field condition (green), 0-5 cm

1199 Based on Egs. (3) to 6) and Fig. b, the fractionation factors for the two processes under the newly soil under newly covered plastic film (black), vapor under

newly covered plastic film (red), and ambient air (blue)

1200  covered plastic film are expressed using equations (7) and (8).

MR : -
o Ogw+1000 \
201 &=, o0 ™ MIERT : 1c
1202 g =SorH%0 ® MR T
Syp+1000

1203 where dyp represents the isotope values of water vapor under the newly covered plastic film, Gpw

BETHR: 7k 6
MR T : water

(RETHER: 7k Fhs
(RETHR: 7k b

MR T : ed

1204 represents the isotope value in evaporating water, and dcw represents the isotope value in condensation

1205 water.

1206 Combining equations (7) and (8), we obtain,the isotopic composition in the EW:

{
[
N
BT 2
(
[
(
(
[

 Ju JC J . JC L)

1207 aEW=a;—uz+ (Ocy+1000)-1000 )

1208 2.5 Evaporative water losses

1209 For an open system (field soil condition, Fig. 1¢), evaporation from surface soil water to ambient air [ WETHER: 4 (2RiA) Times New Roman, 10 %
(BETH#R: 4k (BRiL) Times New Roman, 10 i

1210 undergoes, two processes: the equilibrium fractionation process from the surface soil to the saturated

[ﬁi?%iﬁ: AR (BRiL) Times New Roman, 10 %

10
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vapor layer above the soil surface and the kinetic fractionation process from the saturated vapor layer to

ambient air. The isotopic composition of evaporation vapor is controlled by the isotope values of the

evaporating soil water and ambient vapor, equilibrium, and kinetic fractionations. The kinetic

fractionation can be described by the enrichment factors (&, )_of 'O and ?H as a function of ambient air

relative humidity (/) (Gat 1996):

£,(1%0) = 28.5(1 — h) (10)

ee( 2H) = 25.115(1 — h) (1n

The total enrichment factor, €, can be obtained from the kinetic enrichment factor (&;,)_and equilibrium

fractionation factor (gg) (Skrzypek et al., 2015):

£=(1—a3) 1000 + &, (12)

The ambient vapor isotopic composition (&, )can be obtained as follows (Gibson et al., 2008):

84 = (Brain — (af — 1) * 1000) /a} (13)

where aj_is the equilibrium fractionation factor in the ambient air, &,,;,_is the amount weighted

isotopic composition in precipitation from July 11, 2016, to September 16, 2016.

The isotopic compositions of bulk soil water and evaporating water can be used to evaporating soil water

in the Craig-Gordon model (Eq. 14) to calculate the isotope value of the evaporation vapor (g ).

_ a3Spw—hba—¢ azSpw—hSa—¢

[iﬁﬁT’l‘%iﬁ: AR (BRA) Times New Roman, 10 fi

) [&ET*&:‘&: T (BRiL) Times New Roman, 10 5%

(RETHR: ik 105

(RETHR: ik 105

(RETHR: 7105

| BETHRN: Fik 10 B

WETHRR: 710 5

\BETHRR: ik JEHR

Soy =
EV ™ (1-h)+£,/1000——(1—h)+£4/1000

a4 -

Based on the bulk soil water isotope mass balance, i.e., the change in bulk soil water isotopic composition

multiplied by the soil water reduction equals the evaporation vapor isotopic composition multiplied by

the evaporation amount (Hamilton et al., 2005; Skrzypek et al., 2015; Sprenger et al., 2017), we can

calculate evaporative water loss to the total water source (f).

Spw—6"

[ ap

where §;_is the isotopic signal of the original water source. §;, is generally unknown and can be

conveniently obtained by calculating the intersection between the regression line of the 0—5-cm bulk soil

water isotope in Period I and the LMWL in the dual-isotope plot (Fig. 3). m_and §* in Eq. (15) are

given by:
£
ne—f_
— 1000
M=k (16)
1000 A2
hx8a+¢€
5 =4 17)
P
1000 A2

11

BETHER: 7k i

[
[
[
(BETHR: Tk e
[
(

(BETHR: 7k Hft

o J JC )

/| MIB&T : The evaporative water losses were estimated using

Eqgs. (10-18) (Hamilton et al., 2005; Skrzypek et al., 2015;
Sprenger et al., 2017), which is based on water balance and
Craig-Gordon model(Hamilton et al., 2005; Skrzypek et al.,
2015; Sprenger et al., 2017).

F#7T [7): (Hamilton et al., 2005; Skrzypek et al., 2015;

Sprenger et al., 2017), which is based on water balance and
Craig-Gordon model(Hamilton et al., 2005; Skrzypek et al.,
2015; Sprenger et al., 2017).
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Figure 3: The dual-isotope plot of precipitation and 0-5;cm bulk soil water from 2016/7/25 to 2016/8/25

(Period D). The regression line of precipitation represents the local meteoric water line,,

In Period 11, the initial values (-9.52 and 11.50 %o for §'%0 and &°H, respectively) were calculated from

the weighted average of the isotope values of irrigation water and Period I original water described above.

BB T :

e=¢"+g , (13)

& =(1-aj)+

1000 , (14)
=(i-1)+

1000 , (15)

£.(180) = 28.5(1 —h) , (16)

& (2H) = 25.115(1—-h) , 17)

by =

Orain — 1)/} (18)e* =

(af —1) %1000 , (15)

where f represents the ratio of evaporative water loss to the

total water source; a; is the equilibrium fractionation factor

in the soil; @ is the equilibrium fractionation factor in the

ambient air; h is the average ambient air relative humidity[f

TEBT 2" = (af — 1) *

BT E@AN) [2]

MEE T : The regression for precipitation represents LOH

/| E#T [6]: To obtain the local meteoric water line (LMWL),

MR T : was
MER T : amount

To calculate evaporative water loss from EW 8'30, we used BW to express EW and obtained the

following formulas (Egs. ,18-19) for evaporatiyve water loss.

f=1—[w]% : (18)

§;—8*+n

where z is an intermediate variable and can be expressed as follows:

MEE T : In order t

| MBRT: 19-20

MIERT: 19

BETHR: S5 mik

—1.99a] 7
n=——, 19
¥ 1000v v £

2.6 Statistical Analysis

A general linear model (GLM) was used to test if the regression lines for isotopic

composition/evaporative water loss of BW as a function of days after precipitation/irrigation (DAP/T)

differ, from fhose of EW. GLM was also used to compare the Period I evaporative water loss derived from :

&°H and 8'80 of BW. The Shapiro-Wilk test was used to test the normality of the error structure of fhe
12
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348 model (p > 0.05). Further, Student’s /-test (Knezevic, 2008) was used to compare two corresponding H]'JI%T: ‘ }

349  mean values of three replicates. ‘ [&ET%E‘:: Tk R ]
1350 3 Results
/{ MR T -... -
351 3.1 Variation of 0-5;cm soil water content /| BB T : /7/24....and September 20, 2016/9/200. ... there was no
f /| effective precipitation, except for an irrigation event of 30
352 Between the two large precipitation events on July 24, 2016, and September 20, 2016, there was no mm on August 26, 2016/8/26 =
353 effective precipitation, except for an irrigation event of 30 mm on August 26, 2016, (Fig. 4a). Thus, two ,/ MR T: was ...from July 25, 2016,/7/25...to August 25,
. . . . . . 2016/8/25... and Period II was ...from August 27,
354 continuous evaporation periods can be identified: Period I from July 25, 2016,to August 25, 2016, and
2016,/8/27...to September 19, 2016/9/19 ]
355 Period I from August 27, 2016,to September 19, 2016,
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Figure 4: The amount of precipitation, irrigation, and 0-5-cm bulk soil water content (a), §*°H and

(RETHR: i i

8'%0 of precipitation and irrigation (b), 8*H of 0—5-cm bulk soil water and evaporating water (c),

BETHR
BETHR

8'30 of 0-5-cm bulk soil water and evaporating water (d) at different times of the experimental

[(RBTHR: 7k

period. Black arrows in panel (a) indicate dates when deep soil sampling took place, and the

dalall

B T : Figure 4: Temporal variation of water stable

corresponding days after precipitation (irrigation) are indicated above the arrows. The two

evaporation periods, marked by colored shades, include Period I from July 25, 2016, to August 25,

2016 (green) and Period II from August 27, 2016, to September 19, 2016 (cyan). Within the green

circle in Period I, the mean =+ standard error values were 8°H =-46.80 % 1.07 %o and 5'%0 -3.22 + |

0.31 %o for 0-5-cm bulk soil water, and §’H =-57.55 + 2.60 %o and 8'°0 = -5.35 + 0.22 %, for

evaporating water.

A

Soil water content in 05 cm yeached field capacity (0.30 cm?® cm™) with a volumetric water content of

0.30 £0.007 cm® cm™ and a porosity of 0.50 = 0.05 cm® ¢cm™ right after the first large precipitation event

(July 24, 2016) and then decreased with evaporation time (grey bars in Fig. 4a). At the end of Period |

0—5-cm soil water content was 0.05 + 0.005 cm? cm?, close to the residual water content of 0.08 + 0.03

topic compositions (upper panel for §2H, lower panel
for 8'%0) in different water bodies and the dynamics of
precipitation/irrigation amount (P/I, blue bars) and 0-5
cm soil water content (SWC, grey bars). 0-5 cm bulk soil
water (BW, black dots), evaporating water (EW, red
squares), precipitation (P/I, blue upward-triangles). The
precipitation on 2016/8/26 represents irrigation. The
values are expressed in Mean+SE. Moreover, two
evaporation periods are indicated by three dashed grey
lines. Period I is from 2016/7/25 to 2016/8/25 and Period II
is from 2016/8/27 to 2016/9/19. The isotopic composition of
BW and EW in Period I was compared by the mean value
indicated by the pink circle with §*H -46.80+1.07, -
56.14+2.06 and §'%0 -3.21+0.32, -5.03+0.18 for BW and
EW, respectively. The dates that deep soils were taken are
indicated by black arrows.

Figure 4 shows that the s

cm’® cm. Similarly, after the irrigation event (August 26, 2016), 0-5-cm soil water content jncreased to

a high value (0.24 £ 0.03 cm® cm™) and then decreased with an increase jn evaporation time (Fig. 4a). At

the end of Period I1, 0—5-cm soil water content was 0.09 + 0.005 cm® cm, also close to the residual water

content. In total, there was a 12.73 +0.58 mm and 7.51 + 1.24 mm reduction jn soil water storage at 0—

MIBR T : -... cm was close to saturation...eached field

capacity (0.30 cm? cm™) with a volumetric water content oﬁ

WETRR -

MIER T : ...imilarly, after the irrigation event (August 26, [—}

(T }

S
S cm during Periods I and ]I, respectively. However, from the micro-lysimeters, we obtained a total >{ M T

evaporation amount of 20.45 +0.95 mm in Period I, and 9.56 +,1.18 mm in Period II. Therefore, the

evaporation amount in each of the two periods was greater than the soil water storage reduction at 0-,5

cm, suggesting that soil water from below 5 cm moved up and participated in evaporation in each of the

two periods, especially in Period 1.
3.2 5°H and 8'%0 in evaporating water and bulk soil water

The precipitation on July 24, 2016_had a 8'30 value of -8.11 %o and 3*H value of -62.97 %o, which were

"/ BT : £2...81 %o for 8°H) (Fig. 4). The irrigation water

smaller than the respective values of pre-event BW (-1.24 + 0 87 %o for §'*0 and -37.79 +2.81 %o for | )

&’H) (Fig. 4). The irrigation water—with a §'30 of -9.40 +0.05 %o and 5°H 0f 49.87 + 2.7 %o on August

26, 2016had a lower 8'30, but a much higher 5°H than the pre-irrigation BW (-0.27 +0.56 %o for §'*0
15

..24 mm reduction of ...n soil water storage [—}

MIER T : £0...95 mm in Period I,

MIBR T : £1...18 mm in Period II. Therefore, the evaporati

MIBR T :/7/24 .. .had a 8'%0 value of -8.11 +0.05
MK T :+0.20
MR T: 22

L BB R

il

MIEE T : £0...05 %o and 5*H of 51.12

MIBR T : £2...7 %o on August 26, 2016/8/26... - ...ad a lo

MR T :£0...59
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and -39.21 £2.81 %o for 8*°H). Jn summary, the gvent water in Period I was more depleted in heavy

isotopes fhan in pre-event BW (p < 0.05). In Period 11, the gvent water had a lower §'30,but a higher §°H

than pre-event BW (p < 0.05).

As expected, the 5°H and 8'%0 in BW increased as evaporation occurred during Period I (p < 0.05). The N\
increase jn 8*H and §'®0 in BW had a significant linear relationship with evaporation time (p < 0.05; Fig. : \

5). suggesting
8'80 in BW. Jn Period II, BW 8'80 also increased as evaporation progressed (p < 0.05). The increase ;pﬁ

(RETHR: 7k bR

(RETHER: 7k gt

that evaporation favored the lighter water isotopes from BW, resulting in greater §°H and

BW §'%0 also had a significant linear relationship with evaporation time (p < 0.05; Fig. 5). In contrast

MIEE T : £2...81 %o for 8°H). Therefore...n summary, in
Period I, ...he newly added...vent water in Period I was more

depleted in heavy isotopes relatively to

MIER T : newly added...vent water had a lower §'30,

MIERT :in
BETHR: 7k R

BETHERX: ik Bk

O isotopeand heavier H isotope from BW,
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Figure 5: Temporal variation of 3’H (upper panel) and 5'*0 (lower panel) in 0=5;cm bulk soil water, and

evaporating water during Period I (Ieft column) and Period II (right

1 ). The precipitation pccurred on

July 24, 2016, and the irrigation fook place on August 26, 2016, ,
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WERT:).

MHIBR T : This ...uggests...ng that evaporation favored the

(
{
|
(BB T:of
(
{

lighter water isotopes from BWof both O and H from BW.
(B®T @A) [5]
[ MIBR T : occurred

BETHRR: 7k ik
WERT : of

MIEE T : On the contrary...n contrast, &H of BW,
surprisingly

L )

(WBTHR: 7 ikl

MR T : were ...oth significantly different
(BETHR: 7k g
MIER T : . ... This...suggests...ng that in Period I,

evaporation favors...takes away the...he lighter isotope

for ... isotope,...but...nd heavier H isotope for H...rom B

MK T : -... ...cm bulk soil water (black circles)...and [%

EFET [5]: In Period 11, BW 8'80 also increased as }
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The evaporation line, defined as the change in water isotopes with evaporation time in EW, was

remarkably similar to that for BW (Fig. 5). For example, in Period II. *H in both EW and BW decreased

as evaporation proceeded, and both lines had a slope significantly smaller than zero (p < 0.05; Fig. 5b).

This is contrary to our understanding that evaporation enriches >H in EW and BW. Moreover, it seemed

that EW had higher 2H vales than BW, but the slope and intercept of the EW evaporation line did not

differ from that of the BW evaporation line (p > 0.05: Fig. 5b)|

In period I, 880 in both EW and BW increased with evaporation time (Fig. 5d), and the slopes and

intercepts _significantly differed from zero (p < 0.05), indicating that evaporation, as expected,

significantly enriched '*O in EW and BW. However, there were some differences between EW and BW;

3'%0 was consistently more depleted in EW than in BW during this period. Further regression analyses

of §'%0 vs. time relationships in EW and BW in Period II indicated that though §'%0 vs. time in EW had

the same slope as that in BW (p > 0.05), it had significantly smaller intercept than BW (p < 0.05). Thus.

the linear relationship in 8'30 between EW and BW was given as 3'*O(EW) = 5'SO(BW)-1.99 (Fig. 5). |

As is well known, the evaporation line (3'%0 vs. time) reflects the evaporative demand and the source

water isotopic signature. First, the slopes of the evaporation lines represent the evaporative demand of

the atmosphere. Given that EW and BW are under the same evaporative demand, their evaporation lines

should have identical slopes. Second, the intercept of the evaporation line represents the isotopic

signature of the initial evaporation water source. Therefore, in Period II, the intercepts of an §'*0 value

of -1.76 %o for BW and -3.75 %o for EW represent the initial water sources of BW and EW, respectively.

In other words, the sources of water for BW and EW had different isotopic compositions during Period

LV

In Period I, we compared the mean 8*H and §'30 values of all measurements within the green circle (Fig.

4) for both EW and BW. The mean ’H and §/*0 values for EW were significantly lower than those for /

BW (p <0.05). Unfortunately, there were only four data points for EW, so we could not obtain a reliable

isotopic relationship between EW and BW.

3.3 Variation of deep soil water content, 8*H, 8'*0, and lc-excess

The precipitation event on July 24, 2016, increased the soil water content in the top 60 cm_and decreased

soil water 8*H and 8'%0 in the top 20 cm (Fig. 6, upper panel). Therefore, the top 20 cm Ic-excess

increased at 10 DAP. However, precipitation did not influence she deeper soil 5°H, 5'°0, and lc-excess. |
7

1

H#L¥E [SB1]: Not clear. What is not different? Do you mean

slope or intercept? Or the means?

HLIE [SB2]: Why you came back to 180 again? You should
finish 180 and then talk about 2H. Do not going back and
forth, otherwise, it will be very hard for people to understand.

MIBR T : The change of water isotopes in EW is very similar
to that in BW. For example, in Period II, water isotopes in
EW showed a similar trend as in BW: 8'30 increased with
evaporation time (Fig. 5d) and the slope and intercept were
significantly different from zero (p<0.05). And §'%0 was
consistently more depleted in EW than in BW in the period
with same slope but significantly smaller intercept (p<0.01).
Also similar to that in BW, 8°H in EW decreased with
evaporation time but did not differ from that in BW (p>0.05,
Figs. 4, 5), therefore the two lines had the similar slope and
intercept (Fig. 5b). Therefore, the linear relationship in §'*0
between EW and BW was given as:

SO(EW) = §'*0(BW)-2.13 (Fig. 5)

While the slopes represent the evaporative demand of the
atmosphere, regardless of the source of water, the intercept
represents the initial condition of the source of water for
evaporation. Therefore, the initial water source in Period II
had a §'30 value of -1.67%o for BW, but of -3.80%o for EW.
Therefore, the sources of water for BW and EW had different

isotopic compositions in Period II.
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At the end of evaporation Period I (24 DAP), the soil water content decreased in the top 60 cm. In the

top 10 cm, soil water 8?H and §'%0 increased, and Ic-excess decreased,,

2
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Figure 6: Temporal variation of deep soil water content, 8*H, 'O, and lc-excess during Period I (upper panel)

and Period II (lower panel). The precipitation event occurred on July 24, 2016, and the irrigation took place

on August 26, 2016. ,
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circles) and during Period I (2016/8/3, blue upward-
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panel represents before (2016/8/17, red downward-
triangles) and during Period II (2016/9/1, yellow

Similar fo precipitation on July 24, 2016, the irrigation on August 26, 2016, increased the soil water

WERT: with

MR T: /724

content and decreased the 8'%0 of the top 1 0-cm soil (Fig. 6, lower panel). However, the irrigation event

increased the 8°H in the top 20 cm. At the end of evaporation Period II, i.e., 21 DAI, the top ] 0-cm soil

water 8'%0 became more enriched,whereas 3*H became more depleted. Note that the §?Hat 510 cm was

similar to that at 05 cm (Fig. 6f).

3.4 Evaporative water loss derived from bulk soil water and evaporating water

In Period I, evaporative water loss (f) derived from either §?H or 8'0 in BW increased with increasing

evaporation time (p < 0.01), and there was no significant difference between them with the same slope

and similar intercepts (p > 0.05, Fig. 7). The average f values during the period were 0.27 +0.004 and
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0.23 +0.002 for 8*H and §'30, respectively. In Period II, f derived from §'%0 in BW and EW increased

with evaporation time (p < 0.05), and there was no significant difference between them with the same

slope and similar intercepts (p > 0.05). The average ' was 0.27 +0.01 and 0.24 +0.01 for BW and EW,

respectively. However, the evaporative water loss could not be calculated from 8’H in BW or EW, as 8°H

decreased as evaporation progressed (Fig. 5), which was inconsistent with the evaporation theory that

BETHER: ik mis

BT+

BETHER: 7k ik

soil evaporation enriches heavier water isotopes in the residual soil water. Moreover, we could not

calculate the evaporative water loss based on the isotopic composition of EW in Period I, as a reliable

linear isotopic relationship between EW and BW could not be obtained from the four data points we had

during the period,,
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Figure 7: Temporal variation of evaporative water loss (f) derived from isotope value (5*H for upper panel

and 8'%0 for lower panel) in bulk soil water,and evaporating water,during Period I (left column) and Period

II (right column). The precipitation and irrigation events pccurred on July 24, 2016, and, August 26, 2016, =~ !

respectively. ,
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4 Discussion

4.1 Why evaporating and bulk soil water have different isotopic compositions,

During evaporation, light isotopes are preferentially evaporated, enriching the residual liquid water jn

heavy isotopes (Mook and De Vries, 2000). This could explain why, with increasing evaporation time, /

S5?H and §'%0 in BW jncreasedjn Period 1. In Period 11, §'*0 (Fig. 5) displayed a similar, increasing trend,

whereas 8°H had an opposite, decreasing trend. The progressive decrease in §°H with increasing

evaporation time cannot be explained by the general notion that with evaporation, residual soil water
becomes more enriched with heavy water isotopes. Therefore, there must be a mechanism that

preferentially removes *H or dilutes *H with 2H-depleted water.

For the latter, because there is negligible water input from the atmosphere (both in vapor and liquid form),

the only water input could be from the soil below 5 cm. Indeed, because the evaporation amount was

larger than the 05;cm soil water storage reduction (Sectjon 3.1), the water below 5 cm must have moved

upward as evaporation occurred. Consequently, due to evaporation, the order of 3*H value should be 0—

cm > the mixture of pre-evaporation 05 cm and 510 cm soil water > 5-10 cm. However, 0-5:cm §°H
? p p

at the end of the evaporation period,(21 DAI)was similar to 5-10;cm 8*H (Fig. 6f). Moreover, if dilution

occurred, the 8'0 would also be diluted, which is not supported by the progressive increase jn BW §'%0
during evaporation in the same period and of both §°H and 8'0 in BW of Period I, which should have a |

deeper soil water contribution (Sect. 3.1). Therefore, dilution does not, substantially affect, the isotopic

signature of BW. This is further supported by the larger §'0 in BW in Period II than that in EW (Figs. |

4, 5). By deduction, the possible cause of the depletion in ?H would be fhe preferential removal of 2H

from the top 5 cm of soil.

No significant 3*H differences were observed between EW and, BW in Period II (Fig. 5). However, there

was a significant §'*0 difference between EW and BW in Period II, and both *H and 'O in EW differed

% MIBRT: differ

B T : favored to the vapor...referentially evaporated,
making ...nriching the residual liquid water enriched ...n
heavy isotopes (Mook and De Vries, 2000). This can ...ould
explain why, with increasing evaporation time, both [?H and
5'%0 in BW experienced increasing ...ncreased trend ...n
Period I. In Period II, §'30 (Fig. 5) displayed a similar,
increasing trend, but ...hereas §?H had an opposite,
decreasing trend. This is inconsistent with the trend, of 8'%0
in the same period and, of both §?H and §'%0 in Period I (Fig.
5). ...he progressive decrease in §?H with increasing
evaporation time cannot be explained by the general notion
that with evaporation, residual soil water becomes more
enriched with heavy water isotopes. Therefore, there must be

a mechanism that either ...referentially removes 2H or dilutes

’H by .

MIEE T : of water ...rom the atmosphere (both in vapor and
liquid form), the only water input of water ...ould be from the
soil below 5 cm. Indeed, because the evaporation amount ,
derived by lysimeters, ...as larger than the 0—... ... cm soil
water storage reduction (Sect. ...on 3.1), the water below 5
cm must have moved upward as evaporation occurred.
Consequently, due to evaporation, the order of §*H value
should be 0—... cm > the mixture of pre-evaporation 0—...
cm and 5—...0 cm soil water > 5—...0 cm. However, 0—
R cm &°H at the end of the evaporation period, i.e.

on ...(2016/9/16...1 DAI),...is...as similar to 5—...0 ...cm
8%H (Fig. 6f). Moreover, if dilution occurred, the §'%0 would
also be diluted, which is not supported by the progressive
increase of ...n BW §'80 during evaporation in the same
period and of both §*H and §'%0 in BW of Period I, which
should have more ... deeper soil water contribution (Sect.

3.1). Therefore, dilution should ...oes not havc...substantia{”‘H

from, the respective values in BW in Period I (Figs. 4, 5). The different isotopic signatures of BW and

EW indicate, that the water sources for BW and EW were different. Further, the source of EW is closer

to the gvent water than that of BW. This could be explained by a conceptual model of gvent water and

pre-event water partitioning in the soil (Fig. 8).

20

MER T : We did not detect }

MIBRT :in...EW from that...nd in...BW in Period II (Fig.

5). However, there was a significant §'%0 difference between
EW and BW in Period II, and both §’H and §'*0 in EW
differed fromdifference ...the respective values in BW in
Period I (Figs. 4, 5). The D...ifferent isotopic signatures of
BW and EW indicates. ..that the water sources of water ...or
BW and EW were different. Further, T...he source of EW is
closer to the new ...vent water than that of BW. This could[’“lT
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4.2 Conceptual model for water partitioning in large and small pores during evaporation

{

WBRT:s

For large precipitation events, gvent water preferentially infiltrate into the empty large pores because of

fheir high hydraulic conductivity, The infiltrated water may partially or fully,transfer o the surrounding

empty smaller pores, thus bypassing the small soil pores that are filled with pre-event water,at the point

of water entry and along the infiltration pathway (Beven and Germann, 1982; Booltink and Bouma, 1991;

Simtinek and van Genuchten, 2008; Weiler and Naef, 2003; Zhang et al.. 2019). In our experiment, the

MER T : As pointed out abundantly in the recent literature,
there could be isotopic separation in water isotopes between
large pores and small pores (Brooks et al., 2010; Goldsmith et
al., 2012; Good et al., 2015; Sprenger et al., 2019a). The
irrigation water would first enter large pores, because small
pores are occupied by bound water and large pores are empty

(Beven and Germann, 1982; Gerke and Van Genuchten, l9f‘lH

{

MIEET : pores }

precipitation event on July 24, 2016, was 31 mm, and the irrigation event on August 26, 2016, was 30

mm,and both were large events. Because small pores were prefilled with pre-event water, we assumed

that the new water filled large pores, and medium pores were likely filled by a4 mixture of pre-event,and

BT : new ...vent water will ...referentially infiltrate into
the empty large pores preferentially due to...ecause of the

large. . .heir high hydraulic conductivity associated with large

pores, and... The infiltrated water may partially or fully )

gvent water. Therefore, water in large pores was similar to the gvent water and water in the small, pores

WETHR: 7k (BRiL) Times New Roman, (113C) 254k,
10 B, FARGUE: ) RE, AR EDES s, BE HR

was close to the pre-event water, i.e., old event water (Brooks et al., 2010; Sprenger et al., 2019a).

MR T: /724 }

\

On the other hand, at the end of the evaporation period, Ic-excess of 0-5:cm soil at 24 DAP, which had

a lower soil water content than jn Period II, was still the smallest compared with deeper soil (Fig. 6d).

Therefore, the evaporation front was in the surface soil during both periods. Accordingly, the evaporation

MIEE T : /8/26...was 30 mm,, ...and both are ...ere large
events. Because small pores are ...ere prefilled by ...ith pre-
event water, we assumed that the new water filled large pores

will be filled by the new water;... and medium pores

in our experiment was in evaporation stage I or Il, as indicated in the Introduction. During evaporation

stages I and II, small-pore, water does not evaporate (Or and Lehmann, 2019; Zhang gt al., 2015), and

Jarger-pore, water is the primary source of water for evaporation (Lehmann and Or, 2009; Or et al., 2013),

MIBR T : -... ...cm soil at on 2016/8/17...4 DAP, which had
the ... lower soil water content than that ...n Period II, was
still the smallest comparing ...ompared with deeper soil (Fig.

6d). Therefore, the evaporation front was in the surface soih

/

Therefore, EW is mainly from Jarger-pore water, similar to the gvent water in isotopic composition; BW

21

MIER T : large ...arger-pore water, which is ...imilar to the

new ...
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contains EW and evaporation-insulated small-pore, water, similar to the, pre-event water. Compared with

pre-event water, gvent water takes evaporation precedence, Therefore, the sequence of water in the

evaporation layer can be analogically summarized as adhering to a “last-in-first-out” rule. Thus, when

/
isotopic composition in the gvent water was smaller than that in pre-event BW, such as 8°H and §'*0 in /

Period T and 8'30 in Period II, the isotopic composition in EW was smaller than that in BW (Fig. 4).

When the gvent water was enriched in heavy isotopes relative, to pre-event BW, such as 3°H in Period 11,

EW should be enriched in 2H compared with BW; however, a more precise analysis is needed.

Furthermore, evaporative enrichment and loss of Jarger-pore water both affect the temporal variation of

&°H and 8'80 in EW and BW. When Jarger-pore water is depleted in heavy isotopes relative, to pre-event

water, the isotopic composition of EW and BW increases with time; when Jarger-pore water is enriched

in heavy isotopes relative, to pre-event water, the enriched water in largey pores empty first, leaving lighter

water molecules in BW, which will decrease the isotopic composition in EW and BW with evaporation

time.

4.3 Why the, different isotopic compositions in evaporating water and bulk soil water did not make

MER T : the ...W and evaporation-insulated small ...mall-
pores...water, which is close...imilar to the old,...pre-event
water. Compared with old ...re-event water, new ...vent
water takes evaporation precedence to be evaporated. ..
Therefore, the sequence of water in the evaporation layer can
be analogically summarized as adhering to a “last-in-first-
out” rule. Thus, when isotopic composition in the newly
added...vent water was smaller than that in pre-event BW,
such as §2H and 8'%0 in Period I and 8'%0 in Period II, the
isotopic composition in EW was smaller than that in BW
(Fig. 4). When the newly added...vent water was enriched
in heavy isotopes relatively...to pre-event BW, such as §?H in
Period II, EW should be enriched in >H compared to

MIER T : large ...arger-pore water both affect the temporal
variation of 8H and §'30 in EW and BW. When
large ...arger-pore water is depleted in heavy isotopes
relatively...to pre-event water, the isotopic composition
in ...f EW and BW increases with time; when large ...arger-

pore water is enriched in heavy isotopes relatively...to pre-

event water, the enriched water in larges

a difference in estimated evaporative water loss?

There was a significant difference in the isotopic composition petween EW and BW; however, the /{ BT : of .

evaporative water loss derived from EW and BW did not differ (» > 0.05). As discussed above, the

difference between EW and BW is caused by the small-pore, water, which does not experience

evaporation. The difference,in Period II,was,1.99 %o for §'*0. Nevertheless, the 5'°O difference petween

EW and BW was too small to make a difference jn the calculated evaporative water loss. However,

hypothetically increasing the difference from ,1.99 %o to 3.40 %o, resulted in a significant difference in

the calculated evaporative water loss (p < 0.05). The hypothetically calculated 5'°O difference is highly

likely in two adjacent precipitation events, based on the 3 years’ precipitation isotope data with the largest

difference of 16.46 %o. Many factors could contribute to the differences in isotopic composition between

(RETHER: 715 bh

{ MIER T : isotopic difference

)

..etween EW from

=

(BEBTHR: 7k ikt

)

MER T : small ...mall-pores...water, which does not
experience evaporation. The differences,...in Period IL,...was
2.13....99 %o for 8'80. Nevertheless, the 5'%0 difference in
8'%0 of ...etween EW and BW is ...as too small to make a

difference on ...

MIER T : by ...ypothetically increasing the difference
value ...rom 2.13....99 %o to 3.52 ...0 %o, resulted in a there

willbea ...

)

EW and BW. The first is the relative amount of small-pore water that did not experience evaporation and

its isotopic composition difference with EW. The higher the clay content, the greater the amount of small- -

pore water for the same bulk soil water content (Van Genuchten, 1980). The second is the amount of

event water and its isotopic difference with pre-event water. As such, the greater the temporal isotopic

variability in precipitation, and evaporation loss, the greater the isotopic difference between EW and BW.
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Finally, higher soil cations and clay contents also elevate the isotopic difference between EW and BW.

as the cations hydrated water and water absorbed by clay particles undergo isotopic fractionation (Gaj et

al., 2017a; Oerter et al., 2014). Therefore, an increased difference in isotopic composition between EW /)

and BW may occur for soils with high clay content and salinity and when the amount and isotopic

composition differ greatly between event water and pre-event soil water,,

The event water was more enriched in heavy isotopes than pre-event soil water, as shown by our 8*°H /~

result in Period II, However, this rarely occurs in nature. Normally, soil water experiences evaporation

and thus has more heavy isotopes than precipitation. Nevertheless, when the sub-cloud evaporation effect

in precipitation is strong (Salamalikis et al., 2016), precipitation can have more heavy isotopes than pre-

event soil water. In this situation, it is impossible to calculate the evaporation ratio using current theories

and methods. New theories, or methods to precisely measure water evaporation are needed in this regard.

Larger-pore water, preferyed by evaporation, also has a relatively,higher,matric potential and flows more )

rapidly, and may thus be preferred by roots and dominate groundwater recharge (Sprenger et al., 2018). N

In other words, evaporation, transpiration, and groundwater preferentially tap the same pool of water, the \

water that resides in larger soil pores. This is consistent with the findings of Brooks et al. (2010), as

water-filled pores became progressively smaller after large-pore water percolates into streams

(groundwater) and/or is adsorbed by plant roots, and can have broad ecohydrological implications.

5 Conclusion

We performed an experiment in two continuous evaporation periods: a relatively depleted water input in

T

Period I and a more enriched 2H and depleted '*O water input in Period II. We collected condensation

water yising a newly covered plastic film,and subsequently calculated the evaporating water’s isotopic |

composition.

The gesults showed that 8°H and §'30 in EW had a similar trend jo that in BW. When gvent water was |

depleted in heavy isotopes relative, to pre-event bulk soil water, isotopic composition in EW and BW

increased with increasing evaporation time (p < 0.05), and EW was depleted in heavy isotopes relative, /-

to BW (p < 0.05). When gvent water was enriched in heavy isotopes relative, to pre-event bulk soil water, /

the isotopic composition in EW and BW decreased with increasing evaporation time (p < 0.01). Moreover,

the average evaporative water loss derived from 8'*0 was 0.27 + 0.01 and 0.24_+ 0.01 for BW and EW,
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respectively. The difference between evaporative water loss was negligible owing to the small difference

in 3'%0 between EW and BW. As $°H in BW and EW decreased with evaporation, gvaporative water loss

could not be obtained using §?H. Our results indicate that although the isotopic composition in BW was

significantly different from that in EW, the difference was too small tq, affect evaporative water loss

calculation. However, a larger isotopic difference between the gvent and pre-event water may do. Our

research is important for improving our, understanding of soil evaporation processes and using isotopes

MR T : due

MR T : of

MR T : the

MIER T : we could not obtain the

MR T : even

MR T :is

to study evaporation fluxes.
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