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a  b  s  t  r  a  c  t

Plastic  film  mulch  is  a cropping  system  feature  for water  saving  that  is  used  extensively  in arid  and
semiarid  areas.  However,  research  on  water flow  beneath  and  through  the  perforated  film  mulches  is  still
limited, and  the  detailed  processes  of vaporization  and transport  of  evaporation  vapor  in the  soil  are  not
examined  thoroughly.  Here  we  used  an  isotope-based  method  to  quantitatively  describe  the  processes  of
the  soil  water  and  vapor  exchange  in a maize  field  under  plastic  mulch.  Micro-lysimeter-based  methods
and  sap  flow  combined  with  soil  water  balance  method  (E(F-B))  were  conducted  to compare  and  verify
the results.  It shows  that  heavy  oxygen  isotope  (18O)  depleted  and  enriched  alternately  along  with  the
processes  of  condensation  and  distillation,  and  enriched  again  when  the  second  evaporation  occurred
in  condensation  water  adhered  in  plastic  film. Soil  evaporating  front  was  presented  in  5–10 cm  soil
layer,  and  the  exchange  motions  of  water  vapor  occurred  in 0–5 cm  soil  layer  before  it  diffused  to the
outside.  During  the  whole  maize  growing  season,  about  4.5%  of  soil  water  in  the  0–20  cm  soil  layer  was
evaporated,  and  72.6%  of  the evaporation  vapor  was  condensed  and  70.0%  of  this  condensation  water
was  evaporated  again.  About  2.3%  of  soil  water evaporated  through  plastic  film  holes,  with  the  mean
evaporation  rate  of 0.80  mm/d.  A good  agreement  was  found  between  the  evaporation  determined  by
our isotope-based  method  (E(Iso))  and  (E(F-B))  method.  The  evaporation  rate  was  relatively  high  with the

ratio  of  E  to ET around  21.2%,  although  the  areas  of  the  holes  only  taking  up 0.5–5.0%  of the  whole  area of
the  plastic  cover.  Therefore,  the isotope-based  method  was  robust  in estimating  evaporation  under  plastic
film  mulch.  These  quantitative  analyses  will  improve  our  understanding  of the  mechanism  of  soil water
movement  and  vapor  exchange  under  plastic  mulch  and  provide  accurate  estimation  of  evaporation  in
field.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Plastic film mulch has become a globally agricultural practice
ue to the ability to save water, improve production and increase
rop water use efficiency especially in the arid and semi-arid
egions (Li et al., 2013; Steinmetz et al., 2016; Xie et al., 2006).
s a special surface cover, it evidently influences soil temperature,
oisture and surface microclimate, and is often used to protect

eedlings and shoots by reducing soil evaporation and maintaining
oil temperature and humidity (Han et al., 2015; Wang et al., 2009;

ang et al., 2016; Yang et al., 2012). However, the physical pro-

esses between top soil and plastic film mulch such as the vapor
xchange and its quantification are remains uncertain. Research
n soil water and vapor movement beneath and through the per-

∗ Corresponding author.
E-mail addresses: dutaisheng@cau.edu.cn, dts1975@126.com (T. Du).

ttp://dx.doi.org/10.1016/j.agwat.2017.01.005
378-3774/© 2017 Elsevier B.V. All rights reserved.
forated film mulches is still limited. It is a critical and challenging
issue to clarify the mechanism of water vapor movement and quan-
tify soil evaporation with plastic film mulch. If the problems above
could be solved effectively, the accuracy of field evaporation esti-
mating will be further improved, and it will be very useful for
agricultural water management.

Evaporation, as the first step in the hydrologic cycle, plays a
crucial role in hydrometeorology system (Cappa, 2003). Although
the evaporation rate with plastic film mulch is much lower than
that of bare soil, the evaporation process from the soil surface is
not negligible, especially in a long term. Conventional methods
have been developed to quantify evaporation and its vapor move-
ment in field studies, such as weighing lysimeter measurements
(Cavanaugh et al., 2011; Li et al., 2013; Liu et al., 2002; Mitchell
et al., 2009; Zhao et al., 2015), micro-meteorological methods (Li

et al., 2013; Wolf et al., 2008; Yunusa et al., 2004), remote sensing
(Immerzeel et al., 2008; Stehman and Milliken, 2007) and hydro-
logical models (Droogers, 2000; Yang et al., 2012; Zhao et al., 2015).

dx.doi.org/10.1016/j.agwat.2017.01.005
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2017.01.005&domain=pdf
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ach of these methods suffer from poor spatial representation or
ime-consuming. Furthermore, high-spatial density measurements
re usually limited by instruments, and calculations are often com-
licated under the plastic film mulch, during which the second
vaporation occurred in condensation water adhered in plastic
lm along with the process of soil water and evaporation vapor
xchange, and it has been reported in few studies (Steinmetz et al.,
016).

As the stable isotopes of liquid soil water and water vapor are
atural tracers of water movement, they can provide useful infor-
ation to understand and quantify the vapor exchange (Allison

nd Hughes, 1983; Braud et al., 2009; Wu  et al., 2016a; Yepez et al.,
003). Stable isotopes hydrological analysis approach has become
ommon since it is relatively easy and robust to measure the isotope
ompositions in water and vapor (Araguás-Araguás et al., 1995;
appa, 2003; Meißner et al., 2013; Sutanto et al., 2014; Wu et al.,
016a; Yamanaka and Yonetani, 1999). Compared with other meth-
ds such as energy balance and modeling, this isotopic technique
artially fills the gap in investigation of evaporation by providing

nformation on the water distillation and condensation processes.
oil evaporation alters both the soil water content and isotopic
omposition, and results in the fractionation of soil water isotopes
Zimmermann et al., 1968). The isotopic fractionation effects deter-

ine the isotope values of both evaporating vapor and residual
ater by discriminating heavier isotopes in the process of water

hase changes (Gat et al., 1994; Kim and Lee, 2011). Isotopic com-
ositions of liquid soil water change in response to the fractionation
rocesses of evaporation and condensation (Gat, 1996) and are thus
ynamically linked to the isotope values of the soil water vapor
Soderberg et al., 2012). In the distillation and condensation pro-
esses, the Rayleigh model is widely used to explain the isotopic
omposition of water vapor and moisture transport as a function of
he initial isotopic composition at the moisture source, the degree of
vaporation and the condensation temperature (Salamalikis et al.,
015; Tsujimura and Tanaka, 1998; Yoshimura, 2003).

In this study, we tried to use the micro-lysimeters to esti-
ate evaporation under plastic film mulch, since micro-lysimeters

ave been widely used to measure evaporation in bare soil since
hey were simple, low-cost and relatively accurate (Allen, 1990;
i et al., 2013; Zhang et al., 2011b; Zhao et al., 2015). We  quan-
itatively described the processes of the soil water and vapor
xchange between the top soil and plastic mulch based on soil
ater balance, isotopic mass balance and the Rayleigh equation.

he specific objectives were: (1) to identify the temporal character-
stics of isotopic variation in shallow soil water and the evaporation
apor; (2) to clarify the mechanism of soil water movement and
ts vapor exchange under plastic film mulch; and (3) to quantify
he evaporation from soil surface and the second evaporation from
ondensation water adhered in plastic film.

. Fundamentals and theories

The stable water isotopes 18O and D are measured in the unit of
arts per thousand (‰) relative to the standard mean ocean water
SMOW), the isotopic compositions are calculated as follows:

18O(orıD) = (
Rsample
Rs tan dard

− 1) × 1000 (1)

here Rsample and Rstandard are the 18O/16O (or D/H) molar ratios of
he sample and standard water (SMOW), respectively.

As for the H and D, and 16O and 18O, they have different phys-

cal and chemical properties due to the mass differences, which
re manifested as a fractionation effect. When water changes from
as to liquid, the light isotopes preferentially enrich in the gas.
ut when water changes from liquid to gas, the heavy isotopes
nagement 184 (2017) 59–66

preferentially enrich in the liquid. The fractionation is expressed
as:

˛A-B = RB/RA (2)

where � is the isotope fractionation factor, R is the isotope ratio and
the subscripts A and B represent gas and liquid (or liquid and gas)
phase, respectively. When �A-B < 1, the heavy isotopes are depleted
in phase B. When �A-B > 1, the heavy isotopes are enriched in phase
B.

As water phase changes, the evolution of the isotopic composi-
tion is described by a Rayleigh equation with fractionation factor
� (Rayleigh, 1896; Tsujimura and Tanaka, 1998; Yoshimura, 2003)
as:

Rf
Ri

= 1 + 10−3ıf

1 + 10−3ıi
= (
Wf

Wi
)
˛−1

= f0
˛−1 (3)

where � is water isotopic composition of 18O (or D), W is the amount
of water in the final phase, f0 is the fraction of remaining water,
and the subscripts i and f represent the initial and final phases,
respectively.

In this study, the process of soil evaporation under plastic film
mulch can be determined by three steps: (1) the soil water changes
from liquid to vapor; (2) the evaporation vapor changes to be con-
densation water adhered in plastic film; and (3) the condensation
water evaporates again and through the perforated film mulches
by vapor phase.

Therefore, for the first step, the distillation process, isotopic
ratios of initial soil water and remaining water are given by:

RLr/RLi = f1
˛L−V−1 (4)

where f1 is the fraction of remaining soil water, and the subscripts
Lr and Li represent remaining water and initial water, respectively.
Using the � values as shown by Eqs. (1), (4) can be rewritten as:

(10-3ıLr+1)/(10-3ıLi+1) = f1
˛L−V−1 (5)

For the second step, the condensation process, relationship
between the isotopic ratio of the initial vapor and the remaining
vapor is given by:

RVr/RVi = f2
1/˛L−V−1 (6)

where f2 is the fraction of remaining vapor, and the subscripts Vr
and Vi represent remaining vapor and initial vapor, respectively.
Thus, it can be rewritten as:

(10-3ıVr+1)/(10-3ıVi+1) = f2
1/˛L−V−1 (7)

Similarly, for the distillation process of the third step, the
relationship between the isotopic composition of the initial con-
densation liquid water and the remaining condensation water can
be determined as:

(10-3ıCLr+1)/(10-3ıCLi+1) = f3
˛L−V−1 (8)

where f3 is the fraction of remaining condensation water, and the
subscripts CLr and CLi represent remaining condensation water and
initial condensation water, respectively.

The fractionation factor from liquid to vapor �L-V can be calcu-
lated with soil temperature (Cappa et al., 2003; Majoube, 1971) as:

˛L−V (18O)

= 1
1000

(1.137 × 106/T2 − 0.4156 × 103/T − 2.0667) + 1 (9)
Thus, the fraction of soil liquid water evaporating to vapor, the
fraction of evaporation vapor changing to condensation water, and
the fraction of condensation water evaporating to vapor should
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Table  1
Methods of determining evaporation (E).

Methods Method Desc

E(LB) Measured by micro-lysimeter with bared soil
E(LM) Measured by micro-lysimeter with plastic film hole
E(LB  × HR) Estimated by E(LB) × Plastic film hole rate

b
a
t
(
fi

f

3

3

E
r
1
n
o
a
3
t
t
a
0

3

o
C
2
s
1
i
4
l
a
T
t
w
a
a
s
p
T
s

b
s
u

3

o
m
t
T

E(Iso) Based on isotope measurement and modeling
E(F-B) Calculated by sap-flow and soil water balance (ET-T)

e (1-f1), (1-f2) and (1-f3), respectively. During the processes, we
ssume that the amount of vapor between soil surface and plas-
ic mulch remain constant. Therefore, the total evaporation ratio
ft, the fraction of total evaporation vapor from soil through plastic
lm holes) can be determined by:

t = (1-f1)(1 − f2)(1 − f3) (10)

. Materials and methods

.1. Experimental site

The experiment was carried out in a maize field, located at the
xperimental Station of China Agriculture University in the Shiyang
iver basin of north-west China (37◦52′ N, 102◦51′ E, altitude
581 m)  during the 2015 seasons. The site is in a typical conti-
ental temperate climate zone, with a mean annual precipitation
f 164.4 mm and mean annual pan evaporation about 2000 mm,
nnual temperature of 8 ◦C and annual sunshine duration of over
000 h. Water is in severe shortage in this region, where the water
able is 30–40 m below the ground surface. The experimental soil
exture is loamy in top soil and sandy loam in lower soil, with

 mean soil dry bulk density of 1.51 g/cm3 and field capacity of
.28 cm3/cm3 (Wu  et al., 2016b).

.2. Experimental design

Maize was planted with row spacing of 50 cm and plant spacing
f 20 cm.  The plant density was about 66,600 plants per hectare.
rop was sowed on 20 April and harvested on 15 September
015. The growth stages of maize can be divided by early growth
tage (DOY 110–159. DOY, day of year), middle growth stage (DOY
60–208) and late growth stage (DOY 209–257). The field exper-

ment consisted of 3 plots with three replications. Each plot was
 m × 100 m.  The field was covered with plastic film with hole

ocated above each seed (Fig. 1). The diameters of the holes were
bout 3.0 cm since they were perforated by a same maize planter.
hus, the total area of the holes took up 0.5% of the area of the plas-
ic film. Considering the destruction of plastic film (e.g. by weeds,
ind and farmer activities) during growth stage, the ratio of this

rea was about 0.5–5.0% at a rough estimate using ruler and photo
nalysis. Photos were taken randomly in the field and Photoshop
oftware was used to estimate the area of the holes. The holes also
rovided channels for irrigation and rain water to infiltrate into soil.
he precipitation and irrigation quota during the whole growing
eason were 117.8 mm and 172.0 mm (Fig. 6), respectively.

In this study, isotope-based method and three micro-lysimeter
ased methods were used to quantify soil evaporation (E), and the
oil water balance method combined with the sap flow method was
sed to verify this quantification (Table 1).

.2.1. Micro-lysimeters
Eighteen micro-lysimeters (MLs) were used to measure evap-
ration in the maize field, with nine having bare soil without
ulch and another nine with plastic mulch. The ones with plas-

ic mulch had similar ratio of hole area as in the field (Fig. 1).
he details of three micro-lysimeter methods were described in
nagement 184 (2017) 59–66 61

Table 1. Each micro-lysimeter was  made of PVC tubes, with a
diameter of 10 cm and a height of 20 cm.  The micro-lysimeters
were installed in field according to Zhao et al. (2015) and Li
et al. (2013). They were weighed daily (and hourly during iso-
tope sampling days) to calculate water loss gravimetrically using
electronic balances. The micro-lysimeters were reinstalled within
one day after each irrigation and heavy rain, and no measure-
ments were conducted during the irrigation or precipitation events.
To investigate the effect of reinstalling soil and unchanging soil
instead of sealed by filter paper on soil evaporation measure-
ment, one comparative experiment were conducted with one
treatment reinstalled every 3–5 d, and compared with unchanged
treatment. The difference between two methods was very close
(Ereinstalled = 1.03Eunchanged−0.09, R2 = 0.91). Thus, to avoid largely
destroying the plastic film mulch in the field, the unchanged micro-
lysimeter was used, and they were only sealed by filter paper, which
can ensure the water exchange between the soil inside and outside
the container.

3.2.2. Sap flow
Plant transpiration (T) was  determined using sap flow system

(Flow32–1 K system, Dynamax, Houston, TX, USA). Eight maize
plants were randomly chosen within a 30 m diameter in the field,
and sap flow was monitored during DOY 158–248 in 2015. The
gauges were installed at a height of >0.2 m above the ground surface
on the maize stem. The sensors were disconnected before irriga-
tion and rain and reinstalled within 2–3 days after irrigation and
rain in case of flooding and damaging for the sensors (Zhang et al.,
2011a; Zhao et al., 2015). Gauge output were measured every 60 s
and recorded as 15-min averages with a CR1000 data logger. Sap
flow (L d−1) was scaled to plant transpiration (mm  d−1) using the
average ground area of each maize plant, and the field transpiration
was averaged from the eight monitored plants.

3.2.3. Soil water balance
Crop evapotranspiration (ET; mm)  was calculated by the water

balance equation (Li et al., 2013; Rana and Katerji, 2000):

ET = P + I + Q − R − D − (Wt1 − Wt0 ) (11)

Where P is the total rainfall during the growing period; I is the
amount of irrigation water; Q is the contribution from groundwa-
ter; R is the surface runoff; D is the deep drainage; Wt0 and Wt1 is
the amount of soil water stored at 0–100 cm soil layer at time t0
and t1, respectively. All the units of the variable above are mm.

The surface runoff (R), the deep drainage (D) and contribution
from groundwater (Q) were considered negligible since the exper-
imental site was  flat and the precipitation and irrigation was not
intensive, and the groundwater depth was over 30 m.  So the soil
water balance Eq. (11) can be simplified as:

ET = P + I + (Wt1 − Wt0 ) (12)

Wt0 and Wt1 were monitored by the ECH2O sensors (5TE,
Decagon Devices Inc., Pullman, USA), which monitored the volu-
metric soil water content and the soil temperature continuously,
and collected every 15 min  using a data-logger (Environmental log-
ging system, Decagon Devices, Inc., USA). The ECH2O sensors with
three replications were distributed in soil depths of 5, 10, 20, 40,
60, 80 and 100 cm,  respectively.

3.2.4. Isotopic sampling and measurements
The soil samples were collected with a bucket auger at depth of

0–5, 5–10 and 10–20 cm,  and water were extracted using the vac-

uum extraction system (LI-2000, LICA, China). Water vapor samples
of soil evaporation were collected using a cold-trap multi-channel
equipment (AWVCT04, LICA, China) as shown in Fig. 2. Conden-
sation water samples were collected using injection syringes. All
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Fig. 1. Maize field under plastic film mulch and micro-lysimeters. (a)Plastic film mulch and holes, (b)Micro-lysimeters and mulched-hole.
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Fig. 2. Field experiment configurat

f the samples were collected with three replications, each water
ample was stored in airtight container at 4 ◦C. The stable isotopic
ompositions (�D and �18O) of the water samples were measured
y Liquid-Water Isotope Analyzer (PICARRO L2130i, Picarro, USA).

. Results and discussion

.1. Soil evaporation determined by micro-lysimeter methods

Diurnal and seasonal variations of evaporation determined by
hree micro-lysimeter methods are shown in Fig. 3. The evapora-
ion of E(LB × HR) (estimated by bare soil evaporation × hole-rate)
as obviously lower than E(LM) (measured by micro-lysimeter
ith plastic film hole), and E(LB) (measured by micro-lysimeter
ith bare soil) was not much higher than E(LM), even though the
icro-lysimeters were mulched of 95.0–99.5% by plastic film in

(LM) method. This indicated that the evaporation under plastic
lm mulch should be relative high, and there would be some devia-

ion in E(LB × HR) method to estimate soil evaporation under plastic

lm mulch. However, previous study (Li et al., 2013) reported that it
as feasible using micro-lysimeters to measure evaporation under

lastic film mulch. They considered plastic film has a width of 1.1 m
ith a spacing of 0.45 m (bare-soil-rate was about 29%), thus evapo-
or water vapor samples collection.

ration under plastic film mulch can be calculated by 29% of the bare
soil evaporation. The evaporation rate was  0.2–0.8 mm/d estimated
by Li et al. (2013), which was lower than our E(LM) method with
0.6–1.3 mm/d  but much higher than our E(LB × HR) method with
0.05–0.08 mm/d. This discrepancy may  come from the difference of
plastic film mulch pattern, which soil was completely mulched in
our study while partly mulched in Li et al. (2013), and evaporation
from the open-hole above each seed may  be a relative large value
which have been underestimated in E(LB × HR) method.

For the diurnal variations (Fig. 3a), evaporation in E(LM) was
higher than that of E(LB) in the morning and at late afternoon. It
was probably because soil surface moisture was higher under plas-
tic film mulch in the morning due to compensation of condensation
water adhered in plastic film at the previous night, and the soil
temperature decreased slowly with film mulch at late afternoon
causing evaporation deceased slowly but rapidly decreased in bare
soil. Similar diurnal variations of bare soil evaporation were found
in Zhao et al. (2015), who  used micro-lysimeters in a vineyard and
indicated that soil evaporation measured by micro-lysimeter can

provide reliable measurements of hourly and daily ET components.
For the seasonal variations (Fig. 3b), evaporation with high value
of 1.33–1.45 mm/d  at early stage, due to low vegetation cover and
the strengthening of direct solar radiation. At middle growth stage,
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Fig. 3. Soil evaporation determined by three micro-lysimeter methods, (a) diurnal variat
soil;  E(LM), measured by micro-lysimeter with plastic film hole; E(LB × HR), estimated by

F
v

e
s
t
r
w
s

l
t
c
d
s
h
e
t
s

4
p

s
t
e
t
a
h
d
l
c
v

DSL and a relatively wide sub-zone within the DSL. Similar results
ig. 4. Isotope composition distribution of condensation water (�C), evaporation
apor (�V) and soil water (0–20 cm)  (�S) during the whole growing season.

vaporation rate was low with values around 0.69–1.12 mm/d, and
lightly increased to 0.85–1.13 mm/d  at late stage. E(LM) was  close
o E(LB) at early stage, which maybe because the stronger evapo-
ation at this stage resulted in high concentration of condensation
ater under plastic film, and therefore resulted in higher surface

oil water content than bare soil.
Although measured evaporation in bare soil using micro-

ysimeters was feasible, there would be some deviation using
he method in the field with plastic film mulch, since it was  a
omplicated process that the second evaporation occurred in con-
ensation water adhered in plastic film along with the process of
oil water and evaporation vapor exchange, and the areas of the
oles in the plastic mulch was difficult to quantify accurately (Li
t al., 2003). Thus, we further clarified this mechanism by quanti-
atively explaining the processes using isotope-based method and
oil water balance.

.2. Isotope-based method for quantitatively explaining the
rocesses of evaporation under plastic film mulch

The distribution of three water isotopic compositions at the sea-
onal scale is shown in Fig. 4. Significant differences were found in
he isotopic compositions between condensation water (�C) and
vaporation vapor (�V), their distributions ranged from −6.14‰
o 4.08‰,  and −21.65‰  to −2.37‰,  with the mean of −0.19‰
nd −12.43‰  respectively. Condensation water had achieved the
ighest isotopic compositions due to isotope fractionation in con-

18
ensation process causing the heavy isotopes (� O) enriched in
iquid water (Rayleigh, 1896; Yoshimura, 2003). The low isotopic
ompositions and its large distribution range in the evaporation
apor were caused by isotope fractionation in distillation process,
ions, and (b) seasonal variations. (E(LB), measured by micro-lysimeter with bared
 E(LB) × Plastic film hole rate).

and the heavy isotopes were depleted in vapor. Besides, the tur-
bulent component of the kinetic fractionation in the evaporation
process may  largely influence the isotopic compositions of vapor
(Dubbert et al., 2013). The stronger isotopic enrichment was  also
found in the shallow soil (0–20 cm), which ranged from −11.04‰ to
−1.68‰, with the mean of −3.74‰.  Soil water evaporation resulted
in stronger fractionation in oxygen isotopes (Allison and Hughes,
1983; Braud et al., 2009; Meißner et al., 2013).

Temporal dynamics of soil water, condensation water and evap-
oration vapor isotopic compositions at the daily scale are shown in
Fig. 5. No large variation were observed among different growth
stage for the distribution pattern of the same water isotopic com-
positions. For example, �18O in different water presented laminar
distribution in the early growth stage. The �18O followed the
order of �C > �S(0–5cm) >�S(10–20cm) >�V, but it seemed turbulent in
�S(5–10cm). There were strong diurnal variations in the condensa-
tion water (�C) and evaporation vapor isotopic compositions (�V)
(Fig. 5a), �C increased from early morning to midday and decreased
from midday to late afternoon, but the �V showed an inverse pat-
tern. The main reason is that the strongest evaporation in midday
(13:00) resulted in the strongest isotope fractionation causing the
heavy isotopes (�18O) enriched in liquid water (�C) and depleted in
vapor (�C) (Braud et al., 2009; Dubbert et al., 2013; Rayleigh, 1896).
The results suggested that heavy isotope depleted and enriched
alternately along with the processes of condensation and distilla-
tion, it was enriched again when the second evaporation occurred
in condensation water.

For the shallow soil water at 0–5 cm layer, there was  a decrease
trend from early morning to midday and an increase trend from
midday to late afternoon. While the isotopic composition for soil
water at 10–20 cm layer (�S(10–20cm)) showed an inverse pattern,
although they had similar values at midday. However, at 5–10 cm
layer, there were no very clear diurnal variations, with a maxi-
mum  value in midday, and it was  higher than both �S(0–5cm) and
�S(10–20cm). It indicated that the soil evaporating front was pre-
sented in 5–10 cm soil layer, then the evaporation vapor were
adsorbed by 0–5 cm soil layer, and the exchange motions of water
molecules had occurred before it diffused to the outside.

Similar results were found in Yamanaka and Yonetani (1999),
who evaluated the effect of soil moisture on the evaporation from
bare soil surfaces using stable isotopic techniques, suggesting that
evaporation and condensation occurs alternately within the dry
surface layer (DSL) with diurnal cycle due to cyclic change in
solar radiation and soil temperature, the evaporation zone con-
sists of an arrow sub-zone around the bottom boundary of the
were found with Braud et al. (2009) and Dubbert et al. (2013),
they indicated strongest isotopic enrichment was  found in 2–5 cm
soil depth, resulted from the turbulent component for the kinetic
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Fig. 5. Diurnal variations of the isotope compositions of condensation water (�C), evaporation vapor (�V) and soil water (0–10 and 10–20 cm)  (�S) at (a) early growth stage,
(b)  middle growth stage, and (c) late growth stage.
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Fig. 6. Comparison of soil evaporation estimates between the isotopic m

ractionation, and the isotopic composition of evaporation was con-
rolled by the isotopic composition of the liquid water within very
hin soil surface layers when soil water transfer is dominant within
he soil. However, those researches were most focusing on the bare
oil or open-water, and few direct investigations of the evaporation
rom the soil surface have been conducted in field with plastic film

ulch.
In order to present the mechanism more clearly, we quanti-

atively explaining the processes using the isotopic mass balance
nd the Rayleigh equation. The fractions of distillation and con-
ensation during the water vapor exchange process are shown in
able 2. As have been described above, the (1-f1, %) was the frac-
ions of soil liquid water (0–20 cm)  evaporated to vapor, thus, at
arly growth stage, with 5.1% of the soil water evaporated, 82.3%
1-f2) of this evaporation vapor changed into condensation water
nd 77.8% (1-f3) of this condensation water evaporated into vapor.
inally, the fraction of total evaporation vapor from soil through
lastic film holes was 3.3% (ft), estimated by the initial soil water
ontent, the evaporation was about 1.18 mm/d  at early stage, and
he evaporation fraction (FE, ratio E to ET) was about 38.2%.

Similarly, at the middle growth stage and late growth stage,
ith 1.7% and 2.0% of soil water was evaporated through plastic

lm holes, and the evaporation fraction (FE) being 9.9% and 15.5%,
espectively. During the whole growing season, with the mean of
.5% of the soil water evaporated, 72.6% of the evaporation vapor
 (E(Iso)) and sap flow combined with soil water balance method(E(F-B)).

were exchanged to condensation water and 70.0% of condensa-
tion water evaporated to vapor, with 2.3% of soil water evaporated
through plastic film holes, and the evaporation rate was  about
0.80 mm/d, the evaporation fraction (FE) was about 21.2% (Table 2).

4.3. Comparison with sap flow and soil water balance methods
and other studies

Soil water balance calculated evapotranspiration (ET) and sap
flow determined transpiration (T) have been proved to be reli-
able (Cavanaugh et al., 2011; Han et al., 2015; Li et al., 2013;
Mitchell et al., 2009; Rana and Katerji, 2000; Zhao et al., 2015). In
this study, after forcing the energy balance to be closed (E = ET-
T), we used these methods to verify evaporation quantification
by isotope-based method. Fig. 6 shows that E(F-B) was close to
E(Iso) during the maize growth season, the regression equation was
E(F-B) = 0.95E(Iso) (R2 = 0.88), with root mean square error (RMSE)
of 0.23 mm/d  (Fig. 6b), indicating a good agreement between the
measured evaporation by two approaches. Thus, our isotope-based
method to estimate evaporation under plastic film mulch was

robust. Therefore, the evaporation rate was  relative high (about
21.2%, ratio E to ET), although the proportion of the hole-rate of the
plastic film mulch was  small (0.5–5.0%). But it was often ignored by
previous researchers.
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Table  2
The fractions of distillation and condensation for the water vapor exchange process and evaporation quantification.

Early growth stage Middle growth stage Late growth stage whole growth stage (average)

f1 0.949 0.957 0.960 0.955
f2 0.177 0.359 0.285 0.274
f3 0.222 0.379 0.297 0.300
ft 0.033 0.017 0.020 0.023
E(mm/d) 1.178 0.580 0.649 0.803
ET(mm/d) 3.087 5.871 4.181 4.380
FE 0.382 0.099 0.155 0.212
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1 is the fractions of remain soil water, f2 the fractions of remain evaporation vapo
rom  soil through plastic film hole, FE the evaporation fraction (E/ET).

Compared with the results of micro-lysimeter methods (Fig. 3b),
hese isotope-based results were slightly lower than our E(LM)

ethod and much higher than E(LB × HR) method. By compared
ith other studies, Li et al. (2013) reported that the evaporation

n maize field with 72% of plastic film mulch estimated by micro-
ysimeter and modeling methods was 0.2–0.8 mm/d, which was
ower than our results by isotope-based method with mean value
f 0.8 mm/d. Using micro-lysimeters placed below the plastic film

n watermelon field to estimate evaporation, Xie et al. (2006) indi-
ated that evaporation was about 51 mm (about 0.38 mm/d) and
educed by 78.0–93.7 mm in entire growing period when the gravel
urface in field was mulched with 80% of plastic film. As reported
y Han et al. (2015), evaporation in drip irrigation under plastic
ulch could be reduced by 86.5% using the dual crop coefficient

pproach and soil water balance, where 85% of the field area was
overed with plastic film. As we can see, there is no consensus
s to which evaporation estimation methods are most accurate,
lso it is challenging to validate and benchmark the isotope-based
ethods. In review of previous studies on plastic film mulch, most

f them were focusing on the effects of mulches on crop water
se efficiency and production (Liu et al., 2009; Steinmetz et al.,
016; Wang et al., 2009; Xie et al., 2006), and on soil temper-
ture, soil moisture, and surface microclimate (Han et al., 2015;

ang et al., 2009; Wang et al., 2016; Yang et al., 2012). Few direct
nvestigations to determine evaporation rate from open-hole plas-
ic film mulch in field and quantitatively explain the mechanism
f soil water movement and its vapor exchange under plastic film
ulch. We  expect that future development of methods are able to

ccurately and continuously measure evaporation and evaluate its
ater vapor movement, so as to improve understanding of water

ycling through the soil–plant–atmosphere continuum.

. Conclusions

The paper presented a new set of field experiments aiming at
stimating the evaporation (E) under plastic film mulch and clari-
ying its mechanism of soil water movement and vapor exchange
ased on soil water balance, isotopic mass balance and the Rayleigh
quation. Micro-lysimeters-based methods and the sap flow com-
ined with soil water balance method (E(F-B)) were conducted to
ompare to the evaporation quantification and verify the results.
t showed that the isotope-based method was robust in estimating
vaporation under plastic film mulch, but there would be some
eviation using micro-lysimeter methods. Heavy isotope (18O)
epleted and enriched alternately along with the process of con-
ensation and distillation, it was enriched again when the second
vaporation occurred in condensation water adhered in plastic film.
he soil evaporating front was presented in 5–10 cm soil layer, and
he exchange motions of water molecules had occurred in 0–5 cm

oil layer before diffusing to the outside. During the whole maize
rowing season, about 4.5% of the soil water (0–20 cm)  evaporated,
2.6% of this evaporation vapor was condensed and 70.0% of this
ondensation water was evaporated again. About 2.3% of soil water
e fraction of remain condensation water, ft the fraction of total evaporation vapor

evaporated through plastic film holes, with the mean evaporation
rate of 0.80 mm/d, and the evaporation fraction (FE, ratio of E to
ET) was  about 21.2%. That was, evaporation through small mulch
holes was relative high and it should not be ignored. This quantita-
tive analyses will improve our understanding of the mechanism of
soil water movement and vapor exchange under plastic film mulch,
and provide accurate estimation of evaporation in field, and it will
be very useful for agricultural water management in similar arid
areas.
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