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Abstract. A multi-scale, multi-technique study was con- of transpiration over evapotranspiration was principally due
ducted to measure evapotranspiration and its components ito the mulched film above the drip pipe, low soil water con-
a cotton field under mulched drip irrigation conditions in tent in the inter-film zone, well-closed canopy, and high wa-
northwestern China. Three measurement techniques at diter requirement of the crop.

ferent scales were used: a photosynthesis system (leaf scale),

sap flow (plant scale), and eddy covariance (field scale). The

experiment was conducted from July to September 2012. To )

upscale the evapotranspiration from the leaf to plant scale, afr  Introduction

approach that incorporated the canopy structure and the rela-
tionships between sunlit and shaded leaves was proposed.
upscale the evapotranspiration from the plant to field scale
an approach based on the transpiration per unit leaf area w.
adopted and modified to incorporate the temporal variabil-

vapotranspiration (ET) is a major component in energy bal-
ance and water cycling (Katul et al., 2012). Much effort has
een devoted to the measurement of ET because it is a criti-
cally important process in many fields, including hydrology,
ecology, agriculture, forestry, and horticulture. Over the past

ity in the relationship between leaf areas and stem diame decad | i t techni including th
ter. At the plant scale, the estimate of the transpiration basea‘l':"W ecades, several different techniques, including the use
of eddy covariance, lysimeter, Bowen ratio, soil water bud-

on the photosynthesis system with upscaling was slightly

higher (18 %) than that obtained by sap flow. At the field g_et, large-aperture scintillometer, sap flow, and photosynthe-

scale, the estimates of transpiration derived from sap flowp'S System (also known as leaf gas exchange instrument),

with upscaling and eddy covariance showed reasonable cor{'—/lave been developed (Evett etal., 2012; Lei and Yang, 2010;

sistency during the cotton’s open-boll growth stage, during acKay et al., .2002)' In general, transpiration at the.Ieaf
scale can be reliably measured through a photosynthesis sys-

which soil evaporation can be neglected. The results indi- inal the high lity humidit in the leaf ch
cate that the proposed upscaling approaches are reasona feh using the high-quality humidity SEnsors in the leaf cham-
er. At the plant scale, sap flow based on stem energy balance

and valid. Based on the measurements and upscaling a i widel led t i irat "
proaches, evapotranspiration components were analyzed f peor_y IS widely applied 1o measure transpiration, particu-
arly in herbaceous plants. Lysimeter and soil water budget

a cotton field under mulched drip irrigation. During the two thod directly estimate ET based on th bal
analyzed sub-periods in July and August, evapotranspiratioﬁnfa 0ds can directly estimate ased on the mass balance
principle, but representativeness of the control volume is

rates were 3.94 and 4.53 m ddy respectively. The fraction il dubi ol d e £inh
of transpiration to evapotranspiration reached 87.1 % beforg"’ AUDIOUS, especially under conditions ot inhomogeneous
soil moisture distribution caused by drip irrigation. Although

drip irrigation and 82.3 % after irrigation. The high fraction
P Irrigat ° rmgat 9 ! ET can be obtained by Bowen ratio and the large-aperture
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scintilometer, eddy covariance is generally considered thestudies conducted in the forest ecosystem) (Dugas, 1990) or
most reliable and state-of-the-art technique for the accuraten plant population and sampled plant leaf area (Ham et al.,
measurement of ET at the field scale. 1990). Both of these approaches demonstrated that the cot-
The abovementioned measurement techniques are esseton transpiration measured by sap flow was higher than those
tially different in terms of instrumentation, applicable spa- measured by the lysimeter and the Bowen ratio. Additionally,
tial scale, and theoretical background (Alfieri et al., 2012).these studies suggested that sap flow should be expressed
Due to the different spatial scales to which ET measuremenper unit leaf area to improve field ET estimates. It was hy-
methods are applied, scale transformation approaches shoufibthesized that the upscaling approaches based on an accu-
be used to make ET values measured by different methodgate estimate of field leaf area would provide reliable results.
comparable (Evett et al., 2012). Additionally, through com- Alfieri et al. (2012) and Chavez et al. (2009) compared ET
parisons, scale transformation approaches can be validateglues obtained by eddy covariance with that measured by
and improved. lysimeter, and discussed the causes of discrepancy between
Using valid scale transformation approaches, ET valueshem. However, comparison of ET measurements in agri-
can be inferred outside of their observed scales and comeultural crop fields under water-saving irrigation conditions
pared at the same scale (Evett et al., 2012). For instances limited. In addition, a comparison of the photosynthesis-
field evapotranspiration can be obtained after upscaling theystem-based method with other techniques has rarely been
measurements obtained using the photosynthesis system apédrformed in previous studies. The partitioning of ET un-
sap flow. A comparison of ET measured at different scalesder mulched drip irrigation using these methods is seldom
can not only allow for the determination of the accuracy andreported.
uncertainty of these independent measurements but also pro- Mulched drip irrigation, which is a new micro-irrigation
vide solid and reliable ET estimates (Allen et al., 2011b). Ad- approach that incorporates the surface drip irrigation method
ditionally, different techniques are often combined with ap- and the film mulching technique, has been widely applied
propriate scale transformation approaches in water researcin northwestern China (Wang et al., 2011). Using this irri-
such as the partitioning of evaporation and transpiration in argation method, the fraction of transpiration over ET can be
ecosystem, and the development of ET models from groundmarkedly increased by delivering water precisely to the root
based data or remote sensing images (Alfieri et al., 2012zone and by eliminating of the majority of useless soil evap-
Williams et al., 2004). In addition, the extrapolations of wa- oration via mulching (Zhang et al., 2014). Soil thermal con-
ter use from the level of individual leaf to the whole plant, ditions are also improved by mulching to ensure crop ger-
as well as the extrapolations from individual plant to a standmination and seedling growth (Bonachela et al., 2001; Hou
of plants by using upscaling approaches, represent a criticat al., 2010; Li et al., 2008). In 2009, mulched drip irriga-
step in the linking of plant physiology and hydrology (Hatton tion was adopted in fields with an area amounting to more
and Wu, 1995). than 1.2 million hectares in the Xinjiang Province of China.
Several studies have compared sap flow, soil water budgetylulched drip irrigation is also potentially applicable to other
Bowen ratio, and eddy covariance measurements in a forarid and semi-arid regions with similar climatic and farming
est ecosystem (Granier et al., 2000; Silberstein et al., 2001¢onditions based on the abovementioned noteworthy advan-
Williams et al., 2004; Wilson et al., 2001). These studies havetages (Zhang et al., 2014). Because matter/energy exchanges
primarily focused on the applicability of these techniques,on the land surface, including those of water and heat, are
evapotranspiration components, and the energy balance isignificantly altered by mulched drip irrigation (Zhou et al.,
the forest ecosystem. The approaches used in these studig®11), a comprehensive study of ET using integrated mea-
to upscale from the plant (sap flow) to field scale (eddy co-surements should be conducted in order to obtain a more
variance) were mainly based on plant population and the sizéhorough understanding of this process. In this study, three
of plant stems. different ET measurement methods (i.e., photosynthesis sys-
Cotton is one of the most important fiber economic cropstem at the leaf scale, sap flow at the plant scale, and eddy
(Ashraf, 2002). A number of ET measurements in cottoncovariance at the field scale) were compared in a crop field
fields have been performed using one of these different techunder mulched drip irrigation condition. The approaches for
niques, such as eddy covariance (Zhou et al., 2011), lysimedpscaling ET from the leaf scale to the plant scale and from
ter (Howell et al., 2004; Ko et al., 2009; Tolk et al., 2006) the plant scale to the field scale were discussed and improved,
and sap flow (Dugas et al., 1994; Tang et al., 2010). Sevand evapotranspiration and its components were determined
eral comparisons of ET measurements in cotton field havdor the analyzed periods.
also been carried out. Comparisons of ET measurements us-
ing the sap flow and lysimeter methods (Dugas, 1990) or the
sap flow and Bowen ratio methods (Ham et al., 1990) have
been implemented under flood irrigation conditions. The ap-
proaches used to upscale ET from the plant to field scale
were based on plant population and stem size (similarly to
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Fig. 2. One pipe, one film, and four rows of cotton arrangement.
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The experimental cotton field had an area of 3.48 ha. A
10 m stationary tower was erected in the middle of the field
\ 378.0m to mount flux and meteorological instruments. Because the
| | 187.0m prevailing wind blows from the northeast, sap flow and pho-
tosynthesis system measurements were both conducted on
the north side of the tower, where the potential source of
e I the water flux was measured through eddy covariance. The
T S I surrounding field had the same cotton planting and irriga-
__________ tion conditions as the experimental field, which provided ad-
I ICI R IR [ equate fetch for the meteorological measurements. The pro-
e e eeennaaa | files for soil water content measurements were located on the
south side of the tower. The east part of the field, which was
denoted the Eastern Field, was divided into 100 sub-plots
with an area of 6< 6 m? to measure the spatial distribution
o1 of cotton (Fig. 1).
[ Tower x Sap flow and Lcpro+ measurement position o Groundwater well The Style of cotton p|anting and dnp p|pe arrangement is
« Soil water moisture measurement profile ® 6x6 m? plots for vegetation measurements referred to as the “one pipe’ one f||m’ and four rows of cot-
(b) Experimental field layout ton arrangement” (Hu et al., 2011), which indicates that one
drip pipe beneath the mulched film is in the middle of four
Fig. 1. Geographic location of the study site and experimental field ;s of cotton. The width of the film is 110 cm, and the inter-

(a) Geographic location of the study site
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layout. film zone is 40 cm. The three soil profile terms, i.e., wide-row
zone, narrow-row zone, and inter-film zone, are defined as
shown in Fig. 2.

2 Methods and materials In the experimental field, cotton was planted on 23 April
2012 and harvested from 20 September 2012 to 20 Novem-

2.1 Experimental site and cotton planting ber 2012. The seeds were sown at 0.1 mintervals in each row

to yield an anticipated population of 260000 plantsha
The experimental site (862 E, 41°36' N; 886 ma.s.l.; see However, the emergence rate in 2012 was 46.3% due to
Fig. 1) is located on the northeast edge of Taklimakansandstorm and freezing damage, and actual plant density
Desert, which belongs to the Bayangol Prefecture of Xin-was 120000 plants hd. Groundwater table depth varied
jiang Province in northwestern China. The study area is charfrom 2.09 to 3.27 m during the cotton growth period. The
acterized by a typical inland arid climate with strong di- amount of irrigated water was 540.23 mm in total through-
urnal temperature fluctuation and scarce precipitation. Theout the growth period, and the irrigation schedules adopted
mean annual precipitation is approximately 60 mm. The an4n 2012 are summarized in Table 1. To meet the plant re-
nual mean temperature is 1148, and the annual total quirements for nutrients, 173 kghhacompound fertilizers
sunshine duration is 3036 h, which is favorable for cotton (14 % N, 16 % BOs, and 15% KO), 518 kg ha' calcium
growth. The mean annual potential evaporation measureduperphosphate (18% N and 40 %(R), and 288 kg hat
with a ®20 evaporation pan is 2788 mm (Zhang et al., 2014).diammonium phosphate £®s > 16 %) were applied as the
The major soil type in the experimental region is silt loam, basic fertilizer before plowing. As supplemental fertilizers
and saturated volumetric water content is 0.42. The plantediuring the growth period, approximately 293 kghaurea
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Table 1.Irrigation schedule adopted for experiments in 2012.

Z. Zhang et al.: A comparison of methods for determining field evapotranspiration

Cotton |
growth
stage

Squaring stage \

Flower stage

\ Bolls stage | Total

6-10/11
6-14/15

65.17

Irrigation 6-21 6-28 7-6/7 7-15/16 7-26

date

Amount 3435 3532 36.77 33.26

(mm)

44.10 40.00 59.28

8-4/5 8-8 8-12/13 8-17 8-22/23 8-27/28

46.73 4219 50.84 52.22  540.23

(46 % N) and 586 kg hial drip compound fertilizer (13% N,
18% R0Os, and 16 % KkO) were applied through the ferti-
gation method, and 27 kg h& foliar fertilizer (K20 > 34 %
and ROs > 52 %) was applied through the sprinkle method.

2.2 Instruments
2.2.1 Photosynthesis system

Leaf transpiration occurs simultaneously with photosyn-

2.2.2 Sap flow

To measure the water use of individual plants and estimate
the transpiration of the crop, sap flow gauges were used for
stems that were 8-16 mm in diameter (model SGA9, SGA13,
Dynamax, Inc., Houston, TX, USA); this measurement ap-
proach is based on the stem energy balance theory. This
model of sap flow gauges was chosen because it is well
adapted to small, non-ligneous stems and has been shown to
be accurate in several important economic crops, including

thesis, and photosynthesis system can be used as a refiyiton (Baker and Vanbanel, 1987; Ham et al., 1990; Tang et

able and accurate tool for the measurement of transpiration|
(Mahouachi et al., 2006; Mengistu et al., 2011). In this study, ¢

an LCprot+ photosynthesis system (model LCproADC

BioScientific Ltd., Hertfordshire, England) was used to mea-

sure transpiration at the leaf scale.
The basic components of LCproare a broad leaf cham-

ber, an infrared gas analyzer, two high-quality humidity sen-
sors, an air probe, and a console with a keyboard, display,
and memory. The selected leaf was placed in the leaf cham-

ber with a known area of the leaf (6.25 gnenclosed in the

broad leaf chamber. The measurements were conducted in an
open system configuration in which fresh gas was continually
passed through the plant leaf chamber. The transpiration rates

were calculated from the differences in the@Hconcentra-
tion between the incoming gas (the reference levels) and th
gas after passing the leaf specimen (the analysis level§). H

concentration was measured using two high-quality humidity
sensors contained inside the plant leaf chamber. The increa:

ing concentration of water vapor can be converted to tran
spiration rate by the following equation (ADC BioScientific
Ltd., 2004):

_ (ean — eref) - Us

M =
Pq

: 1)

2010). The stem water flow rate is calculated using the
following equation (Sakuratani, 1981, 1984):

KsT1 - Astem- (dTy + dTg)
dx

Fp=36x 10° x |:P.n—

—Ksn-CH]/(Cw - dT), 2
Where Fj, is the stem water flow rate (gh), Py is a fixed
amount of heat powered by a DC supply (W) is the ther-

mal conductivity of the stem (W m K1), Agtemis the stem
cross-sectional area &xn %ﬁ—“ (Km=1) and%ﬁ—d (Km~1) are

the temperature gradients in the up and down directions, re-
Spectively, @ is the spacing between the thermocouple junc-
tions (m), Ks is the sheath conductivity (W m\t), CH is

ﬁwe radial-heat thermopile voltage (m\W)y, is the specific

heat of water (Jkgt K—1), dT is the temperature increase
of the sap (K), and 3.6 10F is a unit conversion factor. The

S_

Second part of the equation, shown in square brackets, rep-

resents the axial heat conduction through the stem, and the
third part represents the radial heat conducted through the
gauge to the ambient air. Hence, the value enclosed in square
brackets is heat convection carried by the sap. After divid-
ing by the specific heat of water and the temperature increase
of sap, the heat flux is directly converted to water flow rate.

where M represents the transpiration rate of the measuredn particular, heat storage of the stem is assumed to be zero

leaf (mmol nT2s™1), eqn is the water vapor pressure leaving
the leaf chamber after dilution correction (mbag)s is the
water vapor pressure entering the leaf chamber (mbai3,

(Dugas, 1990).

2.2.3 Eddy covariance

the mass flow of air entering the leaf chamber per square me-

ter of leaf area (mmolm?s~1), and P, is the atmospheric
pressure (mbar). For a typical leaf, the®iflux M lies be-
tween 0 and 15 mmol nfs~1.

Hydrol. Earth Syst. Sci., 18, 10532072 2014

The eddy covariance (EC) is known to be a reliable method
for obtaining direct field ET measurements (Baldocchi et al.,
2001). In this study, the EC system consists of a fast-response
3-D sonic anemometer (model CSAT3, Campbell Scientific
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Inc., Logan, UT, USA), a fast-response open-path infraredcotton growth stages were selected for comparison analy-
gas (B0 and CQ) analyzer (model EC150, Campbell Sci- sis of sap flow and eddy covariance analysis, that is, sub-
entific Inc., Logan, UT, USA), an air temperature/humidity period 1 (SP1) from 23 to 25 July in the flower stage, sub-
sensor (model HMP155A, Vaisala Inc., Woburn, MA, USA), period 2 (SP2) from 9 to 11 August in the bolling stage,
and a micrologger (model CR3000, Campbell Scientific Inc.,and sub-period 3 (SP3) from 16 to 18 September in the open
Logan, UT, USA). The CSAT3 sensor was oriented towardboll stage. In addition, photosynthesis system measurements
the predominant wind direction with an azimuth angle of were performed on 3 days (i.e., 23 July, 27 July, and 10 Au-
50° from true north. The net radiation at a height of 2.25 m gust) to compare with sap flow results. There was no irriga-
(model LITE2, Kipp & Zonen, Delft, the Netherlands) and tion during these sub-periods and days.
soil heat flux (model HFPO1SC, Hukseflux, the Netherlands; Four sap flow gauges were installed on two wide-row cot-
two plates were placed 0.05m below the ground surface irtons and two narrow-row cottons on the north side of the
the wide-row zone and inter-film zone, respectively) weretower (see Fig. 1). All of the gauges were sampled every
measured to test the data quality based on energy balanck) min, and data were stored in a CR1000 data logger (model
closure. CR1000, Campbell Scientific, Inc., Logan, UT, USA). Rep-
Multiplying the vertical velocity fluctuations by a scalar resentative plants that had the averaged plant height and leaf
(e.g., water vapor, carbon dioxide, and air temperature) conarea index (LAI) of the field were selected for measurements,
centration fluctuation can provide a direct estimate of the la-and the averaged value of four gauges was used to represent
tent heat (LE), CQ, and sensible heafd) fluxes (see Egs. 3 the individual plant transpiration rate. The stem diameter of
through 5) (van Dijk et al., 2004). The EC data were cor- each gauged plant at 5cm above the soil surface was mea-
rected in the post-processing calculations through the folsured every 2 days, and the leaf area of each gauged plant
lowing methods: linear de-trend, tilt correction through the was measured at the time of gauge remo®al.varied from
yaw and pitch rotation, density fluctuation correction, and 80 to 150 mW due to gauge size, akigt was assumed to be
correction of the sonic temperature for humidity (van Dijk 0.54 W nT1K~1 (Sakuratani, 1984). The value &fsy was
etal., 2004; Webb et al., 1980). The missing data due to sysunique to each configuration, with a different gauge and a dif-
tem failures or data rejection were filled using two strategies.ferent stem diameter, and was determined by solving Eq. (2)
Short gaps (less than 2 h) were filled through a linear inter-under the zero flow conditiorff, = 0) using the data obtained
polation, and larger data gaps (more than 2 h and less thaeach day. Previous studies have assumed that the transpira-
1 day) were filled using the mean diurnal average methodion should be zero before dawn (Chabot et al., 2005; Dugas

(Falge et al., 2001). et al., 1994; Kigalu, 2007). Such a condition was assumed
to be achieved from 03:00 to 05:00 (UHS) in this study,

FL = paw'’s’, ) given that sunrise occurred between 05:00 and 06:00 LT dur-

AET = Apaw'q, 4) ing study periods. The stem energy balance method required

a steady state and a constant energy input from the heater
strip inside the gauge. Therefore, in practice, we installed
aluminum bubble foil shields around the gauges to insulate
he stem section from changes in the environment.

The EC system was installed 2.25ma.g.l. (above ground
level) on the stationary tower and maintained at the same
height throughout the experiment (cotton canopy height
reached 60cm on 1 July 2012 and 67cm on 30 Septem-
ber 2012). The measurements were conducted at a frequency
of 10 Hz, and 30 min-averaged fluxes were computed. Eddy
covariance provided continuous ET data for the whole study

H = Cppaw'T’ (5)

In the general equation presented as Eq. (3), FL is the flu
of specific massp, is the air density (kgm?3) at a given

air temperature, and’s’ is the covariance between the fluc-
tuations in the vertical wind spead (ms™1) and the fluc-
tuations in a scalar concentratieh In particular, when the
instantaneous deviation of the specific humidity from mean
specific humidity §), which is denoted’ (kg kg™1), is used

in the general equatiorE T can be derived from Eq. (4).
AET is the latent heat fluiZ(ggW r?), andx is the latent heat period
of water vaporization (JKg"). The sensible heat fluxed ' .

(Wm~2) can also be calculated using the instantaneous de- The LCpror photosynthesis system measurements were

viation of the air temperaturgé’ (K). Cp is the specific heat conducted at 08:00, 10:00, 13:00, 16:00, and 18:00
of drv air at constant pressure (JAH.EKfl) (UTC+ 6) on the 3days (23 July, 27 July, and 10 August).
y P ' On these days, LCprewas applied to four plants on which

2.3 Evapotranspiration measurements and upscaling sap flow gauges were insta!led. For each plant, six sunlit
approaches leaves Io_cated at the _top, m|dd_le, and bottom layers of the
canopy (i.e., two sunlit leaves in each layer) were selected

231 Evapotranspiration measurements for LCpro+ measurements. Five Samples for each leaf were

measured and the averaged value was the representative tran-
The experiment was conducted during summer 2012 inspiration of this leaf.
this cotton field. Three sub-periods representing the typical

www.hydrol-earth-syst-sci.net/18/1053/2014/ Hydrol. Earth Syst. Sci., 18, 108372 2014
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Table 2. The ratio of the sunlit¢) or shaded (* «) leaf area to the total leaf area and the ratio of transpiration rate of a shaded leaf to that
of a sunlit leaf B) at a specific time and canopy layer.

Time Top layer Middle layer Bottom layer
(occupied 10.1 % (occupied 60.5 % (occupied 29.4 %
of the leaf are®) of the leaf are®) of the leaf are®)

ob l-« ,Bb P l—« ,Bb oP l-« ﬂb

08:00 0.29 0.71 0.55 021 0.79 0.44 0.17 0.83 0.26

10:00 0.33 0.67 0.64 0.23 0.77 054 0.20 0.80 0.46

13:00 0.34 0.66 0.58 0.24 0.76 0.45 0.21 0.79 0.65

16:00 0.29 0.71 0.39 0.21 0.79 0.46 0.17 0.83 0.34

18:00 0.14 0.86 0.47 0.17 0.83 0.40 0.12 0.88 0.40

aZzhang et al. (2007f Tao (2007).

To understand the variation and uncertainty introduced(Sarlikioti et al., 2011; Thanisawanyangkura et al., 1997).
through LCpre+ measurements and upscaling approachesTherefore, a new upscaling approach (Approach 2) is pro-
a variability analysis of the transpiration at leaf scale atposed. This approach incorporates the canopy structure and
three different levels (i.e., leaf level, layer level and plant the relationships between sunlit and shaded leaves, and plant
level) was conducted in the morning, noon, and afternoon ortranspiration rate can be calculated based on the following
23 July. All of the tested leaves were sunlit leaves. At the leafequation:
level, five samples were measured on one typical leaf, and the
mean, standard deviation (SD), and coefficient of variation 3%

’ o Mp = 6.48 x 10 M - -A

(CV) were calculated based on the five samples. At the layer P x 21:{ ke e A
level, five different leaves in the same canopy layer were se-
lected. The transpiration for each leaf was obtained by aver- [((Mic - Br) - (1= ) - A} ©)
aging five samples. The mean, SD, and CV associated With nere a5 is the representative plant transpiration rate
the Igyer level were calculated based on .the transplrat|on otg h~1), m is the number of canopy layers (denoted tom),

the five tested leaves. At the plant level, five dlﬁerepF IeavesMk is the LCpror measurement value for the sunlit leaf in
were randomly selected from the whole plant. Additionally, layerk (see Eq. 1), mmol m? s~1), a andy are the ratio of

the transpiration for each leaf was obtained by averaging fivey it jeaf area to total leaf area and the ratio of transpiration
samples, and the mean, SD, and CV were calculated basgde of 4 shaded leaf to that of a sunlit leaf in layerespec-

on the transpiration of these five leaves. tively, A, is the leaf area in layer (cn?), and 6.48< 103

is a unit conversion factor.

In this study, when using Approach 2, the cotton canopy
was divided into three layersi(= 3), and two sunlit leaves at
The inter-comparison of multi-scale ET can validate ET es-each layer were selected to be measured. The averaged value
timates and provide ET components. However, due to thevas the representative transpiration rate for a sunlit leaf at the
particular spatial scales at which the different ET are mea-indicated layer, whereas the representative transpiration rate
sured, as well as the variation in the samples (e.g., leavetor a shaded leaf at this layer was calculated based on the
and plants), it is necessary to utilize appropriate upscalingatio of transpiration rate of a shaded leaf to that of a sunlit
approaches before performing the inter-comparison (Evett eteaf (Tao, 2007).
al., 2012; Hatton and Wu, 1995). Because we did not measure the parameters of the cotton

To obtain ET at the plant scale, transpiration can be simplycanopy, we used the typical parameters reported in the litera-
upscaled from ET at the leaf scale by multiplying the averageture. A stable canopy structure was formed prior to the mea-
transpiration rate of a unit leaf area by the total plant leaf aressurement days of 23 July, 27 July, and 10 August, thus the
(Approach 1). Due to the enormous variability in leaf transpi- canopy structure was assumed to be identical for the anal-
ration at the plant level, as well as the marked differences irysis (Zhang et al., 2007). Based on the study conducted by
transpiration between shaded and sunlit leaves, this approackao (2007) on the physiological properties of shaded and
is hypothesized to induce significant errors (Petersen et alsunlit leaves of cotton, the ratio of the shaded to the sunlit
1992). leaves and the ratio of transpiration rate of a shaded leaf to

The ratio of the shaded or sunlit leaves to the total leaveghat of a sunlit leaf can be obtained at a specific time and
is associated with the canopy structure, and the diurnal trentayer (Table 2).
varies due to sun position in the different canopy layers

2.3.2 Upscaling approaches
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Traditionally, to obtain field ET from plant scale, we can  The sap flow is assumed to be proportional to the leaf area;
multiply the average sap flow per plant by the population hence, field transpiration ratésg can be calculated by the
of plants in the experimental field (Approach 3; for more following equation:
details, see Dugas et al., 1994). Although we selected the
gauged plants as typical representative plants, the limited; . _ ﬁ . Atotal ’ 8)
samples and large variability between the plants results in Ag 1000Q
a large error in the estimation of field ET using this approach

(Ham et al., 1990). Reliable field transpiration estimates re-VN€reEsr s the field transpiration rate derived from the sap
ow measurements (mnth), Fy is the plant sap flow rate

quire additional plant attributes, such as stem diameter andl 1 X X

leaf area, to construct a relationship between individual (sag9 ™ )» Ag is leaf area of the plant on which sap flow mea-

flow) and population (field) transpiration. surements are performed (®mQ is the field area (%), and
Some studies have reported that sap flow is proportionaf-000 IS @ unit conversion factor. _ o

to the stem diameter of a plant (Wilson et al., 2001; Granier US'”% the similar approach, the field transpiratibps

et al., 2000). Because the measurement of a stem diametéMM ") can also be obtained from the LCpraneasure-

is a simple and rapid process, we can easily obtain the repments through. the following equation, 'the results of which

resentative stem diameter for a field and then calculate th&"€ Presented in Sect. 3.3.5 for comparison:

representative plant transpiration. The field transpiration can Mp

then be directly estimated by multiplying the representative Eps =

plant transpiration by the plant density (Approach 4; for more

details, see Dugas, 1990). Through the use of upscaling approaches, ET results mea-

Since transpiration represents the water vapor lost fromy ;g using different methods can be compared at plant or
leaf surfaces, the upscaling approach would be improved ifjg|q scale.

the adjustment of the sap-flow-based ET estimate is based
on the leaf area (Heilman and Ham, 1990). However, mea2.4 Other measurements
surement of the leaf area may require additional work com-
pared with measurement of the stem diameters, and is timeln addition to the ET measurements described above, soil
consuming and impractical if the number of samples is toomoisture and crop attributes (e.g., leaf area and stem diam-
large. With comprehensive respect to feasibility and accu-eter) were also measured in this study. Thirty soil sensors
racy, an integrated upscaling approach of ET from plant- to(three models, i.e., Hydra Probe, Stevens Water Monitoring
field scale was developed by Chabot et al. (2005). A relation-System, Inc., Beaverton, OR, USA; Digital TDT, Acclima
ship (functionA = (D)) between leaf area and stem diame- Inc., Meridian, ID, USA; CS616, Campbell Scientific Inc.,
ter of sugarcane was developed based on 100 plant samplesogan, UT, USA) were placed in the wide-row, narrow-row,
Based on the investigations of the stem diameters and thand inter-film zones at 0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50,
plant densities in 12 1 m-long sub-plots distributed through-0.60, 0.70, and 0.80 m below the ground to obtain a general
out the field, the total leaf area can be calculated using theview of field soil water condition. The data were stored every
abovementioned relationship. The sap flow was expressei min in a CR1000 data logger.
per unit leaf area, and the transpiration can then be obtained In order to obtain the relationships between leaf area and
by multiplying the sap flow per unit leaf area by the total leaf stem diameter ; = f;(D;) used in Approach 6, 10 typical
area in the field (Approach 5; for more details, see Chabot etotton plants of an averaged size (compared with the plants
al., 2005). throughout the field) were randomly selected for the leaf area
In consideration of annual crops growing quickly and the measurements every 2 weeks and stem diameters of selected
relationship between leaf area and stem diameter changinglants were recorded at the same time. All of the leaves were
rapidly, Approach 5 is modified to incorporate the tempo- stripped from each plant, and the leaf area was then obtained
ral variability in the relationship between leaf area and stemby directly scanning all of the leaves using a leaf area meter
diameter to obtain Approach 6. The different relationships(model Yaxin-1241, Beijing Yaxinliyi Science and Technol-
between leaf area and stem diamedgr= f;(D;) are used ogy Co., Ltd., China). The LAl was calculated by dividing
for different cotton growth stagesin Approach 6. The to- the leaf area by the area that each plant occupied.
tal leaf area in the field can be estimated using the following The plant density and cotton stem diameters were investi-

Mp Atotal
Ag 1000Q°

)

equation: gated inside 100 sub-plots of the Eastern Field on 1 July and
12 September. We selected six 0.6 quadrats distributed
Awotalj = fj(Dj) - n, (7) throughout each sub-plot to count the number of plants, and

_ _ _ _ we measured the stem diameters of 20 plants in each sub-
whereAral i total leaf area () in the experimental field  pjot. The dynamic change of stem diameter was measured
andn represents the number of plants. with 10 fixed plants (typical ones with the averaged plant

height and LAI of the whole field) located in the Eastern
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Table 3. Variability in transpiration at the leaf scale on 23 July 2012.

Time Morning (07:30-08:30) Noon (11:30-12:30) Afternoon (16:30-17:30)
Level of analysis Leaf Layer Plant Leaf Layer Plant Leaf Layer Plant
Mean (mm h'1) 1.09 1.07 0.75 1.68 187 1.39 1.14 1.15 1.09
Standard deviation (mntH)  0.04 0.14 0.22 0.06 0.34 0.38 0.05 0.19 0.40

Coefficient of variation (%) 3.63 1285 29.09 3.28 1796 27.58 474 16.94 36.30

Field every 2 weeks during cotton growth period. In addi- 40 : 1200
tion, all stem diameters were measured at 5 cm above the soil T b emperaure
surface. i - coh ) L 1000
304 /) " R N

>
@
o
o

3 Results 20|

(=2}
o
o

3.1 Meteorological conditions + L 400

Air temperature (C)
Net radiation (W m?2)

N
o
o

The meteorological conditions during the study period, in-
cluding air temperature, net radiation, vapor pressure deficit
(VPD), and wind speed, are shown in Fig. 3. The air tem-
perature and net radiation were considerably higher during 023002400125 27 Aug 9 Aup 10Aug 11 Sep 16580 178ep 18
SP1 and SP2 than during SP3, whereas the VPD and wind Sub-period 1 Sub-period 2 Sub-period 3
speed showed no significant difference among the three sub- pate
periods. In addition, no precipitation occurred on these days.
Frequent drip irrigation at 5- to 10-day intervals was im- 8
plemented during July and August (see Table 1) and resulted
in high air relative humidity in SP1 and SP2 with a value
of approximately 50 %. Because irrigation was terminated in
September, the soil surface became dry, and the air relative

0 ‘ Lo

— — — Vapor pressure deficit
Wind speed 4

T
N

g
3 A
humidity dropped to 34 % in SP3. However, the VPD during  § . . £
. . . e [ 7 r [
these three sub-periods did not change significantly due to 3 , b g
the change of saturation vapor pressure, which was lowest in £ ) 7 ’IH fv\ f " T -
SP3 s ) }/\M /m I\\ ){ Y Iy } Lo 1‘ A \\ /JL1 2=

i S 29 i | PR [ I
The 3 days (23 July, 27 July, and 10 August) that were = | | |"} AR ly! \ (o oy \,J \

chosen for the LCpré measurements were sunny days with b cobt ol [t

) e |
the highest net radiation. In contrast, on cloudy days, such as ol : —— E—

P . Jul 23 Jul 24 Jul 25 Jul27  Aug 9Aug 10Aug 11 Sep 16Sep 17 Sep 18
I24 July, 25 July, and 9 August, the net radiation was relatively Sub-period 1 Subperiod 2 Sub-period 3
Oow. Date

Fig. 3. Diurnal trends of air temperature, net radiation, vapor pres-

3.2 Comparison at the plant scale - _
sure deficit, and wind speed measured 2.25 m above the ground.

3.2.1 Variability in transpiration at the leaf scale

The variability analysis results at the leaf scale are shown irthe difference in the transpiration rate between a sunlit leaf

Table 3. The CVs at different times (morning, noon, and af-and a shaded leaf can be significant, e.g., as high as fourfold
ternoon) reveal the consistent trend obtained for each level oat 8 a.m. (Tao, 2007).

analysis. The averaged CV at the leaf level, which had a mag-

nitude of 3.89 %, is hypothesized to reflect the random error3.2.2 Upscaling from the leaf to the plant scale

The CV at the layer level, which had an averaged value of

15.91 %, was greater than that at the leaf level and less thaBased on the upscaling approaches from leaf to plant scale
that at the plant level. Regardless of the different transpira-and the data obtained from the measurements and literature,
tion rates between sunlit and shaded leaves, the CV of théhe scaled plant transpiration can be determined using Ap-

whole plant was 30.99 %, which suggests a large variabilityproaches 1¥s) and 2 (Mp) (Table 4). In general, the value

in the leaf transpiration rate throughout the plant. In addition,of Mswas as high as 1.69-fold @fp. In consideration of the
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Table 4. Plant transpiration derived using ApproachMs] and Approach 2¥p).

Date 23 Jul 27 Jul 10 Aug
Time Ms(@h™l) Mp@h™h)  Ms@hh) Mp@hh)  Ms@@hh)  Mp(ghh
08:00 95.17 47.32 Data missing 82.91 44.53
10:00 164.83 110.06 156.82 100.82 107.64 67.33
13:00 168.27 106.28 121.19 75.38 174.29 103.65
16:00 101.35 59.76 135.15 75.54 148.53 84.44
18:00 53.39 26.42 30.55 13.79 54.11 26.77
120 150
// (a) Expressed by per plant —=8—— Plant1
[ v o Plant 2
100 .‘ 7 120 v :'V\ ——%—— Plant3
1 € 7 ——e— Plant 4
= // ‘_Tg N\v&,w\
p . / E
,‘_Tl 80 // \Z) 90 -
°
5 LCpro+=1.18SF / i §
g 60 +%0.70 e g 601
/ :
£ ° g
§ 40 e B 301
2 s
3 ® .
20 /7 ®  SFusLCpro+ 0
[ 34 ——— 1:1line 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00
7 Regression line §
/7 Time
0 T T T T T
0 20 40 60 80 100 120
Sap flow transpiration (g pt plant '1)
. . . . 0.05
Fig. 4. Correlation between the transpiration measured by sap flow . —e— Plant1
. . (b) Expressed by unit leaf area o Plant 2
and the scaled transpiration of LCgraneasurements on 23 July, il
27 July, and 10 August. o 0044 % —.—&.—- Plant4
£
. . > 003 il
difference between the sunlit and shaded leaves, Approach 1 s
takes all the leaves as sunlit ones, and likely overestimates g
plant transpiration. g %%
B3
3.2.3 Comparison of sap flow and the scaled LCpre :% 0.01
measurements
The scaled transpiration obtained using ApproachV)( o0 oboo 1000 1300 w00 100 100 2000
was compared with the results measured through sap flow Time

(Fp) for the same cotton plants. The results are shown in
Fig. 4. In general, the value @ffp was slightly higher than )
that of Fp, and the slope of the regression line was 1.18Unitleafarea and per plant.

(r?=0.70). Biases clearly existed when the transpiration rate

was too low or too high, which indicates that the LCpro

measurement may most likely disturb the normal status of3-3 Comparison at the field scale

leaf transpiration due to contact. In contrast, the comparison o o

of Approach 1 results and sap flow measurements resulted-3-1 Variability in transpiration at the plant scale
in slope and-? values of 1.94 and 0.52, respectively (data

not shown in Fig. 4, see Table 5). Thus, Approach 2 exhibitsLarge differences in the plant transpiration were observed
significantly improved upscaling results. among four plants that were gauged based on sap flow
(Fig. 5a). On 9 July, the cumulative sap flows obtained for

plants 1 through 4 were 866, 840, 959, and 659 gday

Fig. 5. Transpiration estimates based on sap flow and expressed by
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Table 5. The slope and coefficient of determinatior) for the different upscaling approaches.

Upscaling approach Equation Slope r2  Brief description Error analysis
(% or UESF)*
Mp Esr
From leaf- to plant scale  Approach1l LCgre1.94SF 194 0.52 Total leaf area and uniform transpiratignéte 0.311
Approach2 LCpr¢-=1.18SF 1.18 0.70 Canopy structure, sunlit and shaded leaves 0.161
From plant- to field scale  Approach3 SF=1.61EC 1.61 0.88 Plantpopulation (PP) 0.156
Approach4 SF=1.31EC 1.31 0.88 HAPis proportional to the stem diameter (SD) 0.123
Approach5 SF=1.33EC 1.33 0.87 HAPis proportional to the leaf area (LA), 0.113
Fixed relationship between LA and SD
Approach6 SF=1.10EC 1.10 0.87 PP, Tis proportional to LA, 0.073

Dynamic relationship between LA and SD

* Mp is upscaled plant transpiratioAgg is upscaled field transpiratioaMP andaESF are the standard error fofp and Esp, respectively.

30 Central solid line: median
40004 ® July3 /I Edges of the box: the 25th and 75th percentiles
@ July24 'y 5] Whiskers: the most extreme data points
° AUgUSt 11 // - "| Solid circles: outliers
o August 27 '/ E
® September 18 //‘. Ty = 20
3000 | ———y=138.5x+470.4, >=0.71 P 3
€ ———y=388.7x-2273.1, ’=0.86 Y E 15
g ———y=419.1x-2575.1, ’=0.97 ° g 8 S
8 y=371.8x-2382.1, 1*=0.93 oo, . 0”@ § 10
& 20004 | ———y=363.3x-2500.2, r>=0.91 //1 s e »
B e 0%0/0
4 s s 5
— e e 7
e
1000+ /// /s 01— . . . . . . . : : :
/// // 0 10 20 30 40 50 60 70 80 90 100
/e Sub-plots in Eastern Field (denoted from 1 to 100)
Vs
0 ; ; L ; ; ; Fig. 7. Stem diameter variability in 100 sub-plots located in the
0 2 4 6 8 10 12 14 16 Eastern Field on 12 September 2012.

Stem diameter (mm)

Fig. 6. Relationships between leaf area and stem diameter.
3.3.2 Upscaling from the plant to the field scale

respectively. The mean cumulative sap flow was 831 géay \When using Approach 6, a series of relationships ; (D)
with a coefficient of variation of 15.11 %. with correlation coefficientsr€) ranging from 0.71 to 0.97
Because the sap flow was expressed per unit leaf aregere developed based on the experiments to represent differ-
(Fig. 5b), the errors were markedly reduced (Heilman andent cotton growth stages including the three sub-periods
Ham, 1990). The cumulative sap flows per unit leaf area on(Fig. 6). The slope increased rapidly from 3 to 24 July, which
9 July for plants 1 through 4 were 0.280, 0.299, 0.284, andsyggests that the leaf area changed rapidly in July. The slope
0.275gcm?day !, respectively. The mean cumulative sap was then fairly stable throughout the remaining growth pe-
flow was 0.285 g cm? day™* with a coefficient of variation  riod, whereas the intercept gradually became small over time,
of 3.53%. The results are consistent with the findings re-which demonstrates that the rate of defoliation gradually ex-
ported by Ham et al. (1990), who observed sap flow CV val-ceeded the rate of leaf area growth.
ues expressed per plant and unit leaf area of 13 and 7.7 %, As described in Sect. 2.4, 2000 plants were randomly se-
respectively. The results indicate that, although the measurgected from 100 sub-plots (denotédrom 1 to 100) in the
ments of the leaf area may require additional work, they maygastern Field to determine the plant stem diameter at the end
reduce the number of devices required to represent the fieldf the cotton growth period on 12 September 2012 (Fig. 7).
condition and are thus worth the effort (Dugas, 1990). There-The average value of the stem diameter was 12.18 mm,
fore, itis necessary to account for plant variability in sap flow gnd the standard deviation was 2.64 mm, which suggests
measurements, even in homogenous cotton farmland. a notable variability (CV =21.7 %) among the plants under
growth conditions. In addition, the dynamic changes in stem
diameters measured by 10 fixed plants every 2 weeks are il-
lustrated in Fig. 8. The cotton stem grew rapidly in the vege-
tative stage after seed germination, and became stable in the
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Table 6. Upscaled field transpiration derived through Approaclt§{ mm day 1) and Approach 3ks, mmday1).

Sub-period1l Egg Es Sub-period2 Egg Es Sub-period3 Egg Es

23 Jul 588 8.97 9Aug 3.42 543 16Sep 3.36 4.78
24 Jul 472 7.21 10Aug 554 8.76 17 Sep 3.35 4381
25 Jul 462 7.10 11Aug 531 841 18Sep 2.67 3.86

16

Solid circle ® : mean value
144 Error bars: standard deviation

. s I S :

Stem diameter (mm)
(o)
—eo—

IS o
—e—
Leaf Area Index

May 22 Jun6 Jun19 Jul2 Jul16 Jul30 Aug 11 Aug 27 Sep 18
Date

Fig. 8. Dynamic changes in the stem diameter. The stem diameters
of 10 fixed plants were measured every 2 weeks.

reproductive stage after 16 July. Therefore, we can predict ) S
the stem diameterZ§;, mm) for any of the cotton growth F!g. 9. Example of leaf area index (LAI) distribution in the Eastern
stages based on the data shown in Figs. 7 and 8. Field (EF) on 11 August 2012.

The number of plants; in each sub-plot was counted on
six random 0.6 riquadrats. Based on the dynamic relation- ) - _
ships between the stem diameter and the leaf area, as Wéfpe_mtergept was 8.01 W, and the coefficient of determi-
as the stem diameter distribution, we can obtain the leaf are8ation <) was 0.90, as shown in Fig. 10. The reasons under-
distribution in the field for a specific time during the cotton 1Ying the energy imbalance has been investigated by numer-
growth period using Eq. (7). For instance, the results of the@Us researghers over the past few decades (Franssen et al.
leaf area index distribution in the Eastern Field on 11 Au- 2010; Leuning etal., 2012; Stoy et al., 2013); however, these
gust 2012 are shown in Fig. 9. are complicated and not yet fully understood.

Based on sap flow measurements and total leaf area of the Under mulched drip irrigation, general factors accounting
field, we can obtain the scaled field transpirati@ig#) using for thellack of energy balance.closure, including the mis-
Approach 6. The results are shown in Table 6. The transpiraMatch in the source area for different measurements, sam-
tion derived from Approach 3Ks) was higher tharEsg by~ Pling errors, systematic bias, neglected energy sinks (e.g.,
a factor of 1.52, which indicates that the gauged plants werén€rgy storage in cotton biomass), the loss of low/high-
probably stronger than the representative plant size. The réféquency contributions to the turbulent flux, and neglected
sults agree with those reported by Ham et al. (1990), whoRdvection of scalars, still make sense. However, the plastic
observed thaEs was as high as 1.63-fold dfs. The results ~ Mulching film likely increases the probability and magni-

derived from the other approaches are not shown in Table 6tude of the imbalance (Ding et al., 2010; Zhou et al., 2011).
The study conducted by Zhou et al. (2011), who analyzed

3.3.3 Energy balance closure of eddy covariance mulched drip irrigation in a cotton field, suggested that the
turbulent fluxes (LE+ H) could be blocked by more than
Energy balance closure is one approach that can be usetl% relative to the available energ®,{— G) due to the im-
to evaluate the reliability of eddy covariance (EC) measure-pact of mulch. If this is true, the slope betweeR, - G)
ments (Wilson et al., 2002). Using all valid half-hourly data and (LE+ H) will increase to 0.81 (present closure of 0.70
in the three sub-periods (data poinis; 399), the slope be- plus 0.11) in this study, which is promising based on the pre-
tween the available energy fluR{ — G) and the sum of sen-  viously obtained values of 0.53—-0.99 for the energy closure
sible and latent heat fluxes (l-EH) for this site was 0.70, (Wilson et al., 2002). Thus, we are confident that the eddy
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Fig. 10. Energy balance closure of eddy covariance. The data ar

Fig. 11.Correlati iration obtained from th -
paired 30 min averages collected during the three sub-periods. '9 Correlation between transpiration obtained from the upsca

ing of the sap-flow-based measurement (Approachdy) and ET
obtained through eddy covariancgg) for sub-period 3.

covariance measurements provide an accurate ET estimate at
this site. underestimation of ET (van Dijk et al., 2004). Therefore, the
data obtained when the wind blew from the back of the 3-D
3.3.4 Comparison of eddy covariance and the scaled sap sonic anemometer were excluded in our correlation analysis.
flow and LCpro+ measurements The slopes of the regression line were 1.61, 1.31, 1.33,
and 1.10 for Approaches 3 through 6, respectively (Table 5).
In general, drip irrigation systems deliver the limited amount Approach 6 improves the upscaling results significantly. Fig-
of water directly to the plant root zone; consequently, theure 11 shows a pronounced qualitative similarity for the tran-
soil water content (SWC) in the inter-film zone is very low spiration obtained through sap flow (Approach E%f) and
(Bonachela et al., 2001). In addition, the mulched film elimi- through eddy covarianceEEc), which confirms that Ap-
nates soil evaporation in the wide-row and narrow-row zonesroach 6 is a reasonable upscaling approach.
(Wang et al., 2001). Therefore, the soil evaporation is ex- The diurnal trends of the transpiration estimates obtained
pected to be a small portion of ET under mulched drip irri- by sap flow (Approach 6£sg) and by eddy covariancé€c)
gation, especially when irrigation is stopped for a long time. are shown in Fig. 12 for SP3. For convenience, the poten-
In this study, LCpre- measurements were used to measuretial evapotranspiration calculated using the FAO Penman-—
the bare soil evaporation in the inter-film zone when the soilMonteith equation £p; Allen et al., 1998) is also shown
pot was substituted for the leaf chamber on 20 Septembein this figure. TheEsg and Egc matchedEp well, which
(2 days after SP3, no irrigation for 23 days, SWC =15.5%suggests that the instruments can respond well to changes
within a depth of 20cm). The measured value was onlyin the meteorological conditions of the surrounding environ-
0.04mmday?. Therefore, we assume that soil evaporation ment. Also, the coincidence between potential evaporation
was sufficiently small in SP3 so that it can be neglected.(Ep) and measured transpiration shows that the two indepen-
In other words, evapotranspiration measured by eddy codent methods can get the similar values for the well-watered
variance in SP3 contained the transpiration component onlycrop, which further implies the rationality of our measure-
Thus, in this study, SP3 was chosen as the period for transpiments. On 17 September, due to distortion by the anemome-

ration comparison at the field scale. ter's arms and other supporting structur&sc was obvi-
Based on the four upscaling approaches described imusly less tharEsk.
Sect. 2.3.2, the correlations betweggr and Egc values The results prove that Approach 6, which takes dynamic

were analyzed for SP3. At times, the wind blew from the relationships between leaf area and stem diameter into ac-
back of the 3-D sonic anemometer, and the flow distor-count, is advanced and reasonable. Using this upscaling ap-
tion caused by the anemometer's arms and other supporproach to obtain field transpiration, the evapotranspiration
ing structures was considerable and may have resulted in abomponents are analyzed in the following section.
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O Sap flow
® Eddy covariance Sub-period 3: Sep 16 to Sep 18 — A A Sub-period 1: Jul 23 to Jul 25

—— E,FAO-PMET
@ Eddy covariance (wind came from
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Fig. 12. Diurnal trends of transpiration derived from the upscaling
of the sap flow measurements (Approach 6) and measured by eddy:— Sub-period 2: Aug 9 to Aug 11
covariance during sub-period 3. 08 -

06

3.3.5 Evapotranspiration components under mulched
drip irrigation conditions

04

02 4
The partitioning of the evapotranspiration flux is important

for understanding the water exchange and optimizing water
management in arid and semi-arid areas. In previous stud-
ies, the stable isotope technique has been widely applied to 000 1200 000 1200 000 1200 000
the evapotranspiration partitioning (Wang et al., 2010, 2013).

Transpiration or evapotranspiration (mm h

Time
Meanwhile, the difference betwedfrc and Esg also pro-
. A : O Sap flow — E_FAO-PMET
vides one useful _approach fo_r partitioning these fluxes and e Eddycovariance e Eddy covariance (wind came from
reflects the contribution of soil evaporation to the total ET A LCpro+ transpiration the back of 3D sonic anemometer)

\g'th”? tth flux fooltprzlnt of eddy covariance (Williams et al., Fig. 13.Diurnal trends of transpiration determined by sap flow mea-
004; Wi son et al., 001). _ _ surements (upscaled using Approach 6 and calibrated), the LCpro
As described in Sect. 3.3.4, soil evaporation can be Nepnotosynthesis system (upscaled using Approach 2), and evapo-

glected in SP3 due to the dry soil surface in the inter-transpiration determined by eddy covariance during sub-periods 1
film zone (SWC=15.6% within a depth of 20cm), the and 2.

relatively low evaporative demandZg=4.396 mm day?l),

and the fully closed canopy. Therefore, the difference be-

tween Esg and Egc in SP3 was regarded as a systematic study conducted by Williams et al. (2004) in an olive orchard
error induced by both inherent error of methods (i.e., un-(Williams etal., 2004).

derestimate/overestimate 6f and ET) and upscaling ap-  The Qiurn_al trends of e\{apoFranspiration after_ ups_calling
proaches. Since the measurements and upscaling approactid calibration are shown in Fig. 13. As shown in this fig-
were completely identical in the three sub-periods, the sysyre, Eec was fairly high in SP1 and SP2, reaching up to
tematic error of SP3 could be consistent with that observed-7 mm h* at noon due to the favorable soil moisture con-
for the other two sub-periods. The systematic error in SPaditions, high LAl and evaporation potential. In contrast, the
and SP2 was then overcome by using SP3 to calibrate thET value was only 0.4 mmtt at noon in SP3. The gap
sap flow. We recalculated all of the upscaled sap flow data iPetweenEec and Esg was the component of soil evapora-
SP1 and SP2 using the regression model betwagnand tion. At noon, the soil evaporation was appreciable, whereas
Esr derived from SP3 (Transpiration =0.737upscaled it was quite small at night. We also plot the data obtained
sap flow]+ 0.035). After the recalculation, the soil evapora- Py applying LCpre- on 23 July and 10 August in this fig-
tion under mulched drip irrigation in this region can be eval- Ureé. The results show thélps was higher tharEec most of
uated by the difference betweefrc and the recalculated the time, which is consistent with the conclusion obtained in
Esr. This method was adopted and proved to be valid in theSect. 3.2.3.
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Figure 14 shows the correlation between transpiration ob-
tained from sap flow measurement (after upscaling and cal-
ibration) and ET obtained through eddy covariance. Evapo-
transpiration by EC and transpiration by sap flow agree well
for low- and mid-rates, but disagree for higher flux rates.
There may be two potential reasons to explain this phe-
nomenon: the soil evaporation was probably more intense at
noon due to the higher temperature and radiation, or there
was a saturation level for plant transpiration above which
transpiration stayed constant and more evaporation occurred.
However, it is still not clear based on this study.

In general, the slopes were 0.871 and 0.823 for SP1 and
SP2inFig. 14, thatis] /ET (Esg/ Eec) was 87.1 and 82.3 %
for these two sub-periods, respectively. The results suggested
that the fraction of soil evaporation to evapotranspiration was
greater in SP2 than in SP1. This difference might be due to
the fact that soil water content (SWC), which significantly
affected soil evaporation in the cotton growth period, was
higher in SP2 than in SP1 due to drip irrigation (Table 7). In
fact, irrigation occurred more than one week before 23 July
(33.26 mm irrigation on 15/16 July). In contrast, 59.28 mm
drip irrigation was implemented on 8 August, which was
only one day before SP2. The magnitudes of the soil evap-
oration were 0.508 mmday in SP1 and 0.801 mm day
in SP2. The results confirm that transpiration constitutes the
largest portion of ET under mulched drip irrigation when the
canopy is closed and provide quantitative estimates of the
soil evaporation before (SP1) and after (SP2) irrigation at this
site during the cotton flower and bolling stages. However, the
results of ET components are only based on the short period
observation. More data is needed if the fraction of transpi-
ration over ET for the whole cotton growth period is to be
determined.

3.4 Error analysis

Transpiration by sap flow ESF (mm h -1 )

Transpiration by sap flow ESF (mm h -1 )

Z. Zhang et al.: A comparison of methods for determining field evapotranspiration

08

06 -
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1:1 line
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SF=0.87EC
r=0.92

[e) Sub-period 1: Jul 23 to Jul 25
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———Regression line

Sub-period 2: Aug 9 to Aug 11
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In Order to assess the ﬂux uncertajnuesy and Cla”fy hOW |n_F|g 14. Correlation between the transp|rat|0n obtained through

strument precision, vegetative measurements and calculatiotfP flow measurements (upscaled using Approach 6 and calibrated;
theory affect the uncertainties (Good et al., 2012), the errorESF) and the evapotransplratlon obtained through eddy covariance
analysis of upscaling approaches (Approach 1 to 6) are im-(EEC) for sub-periods 1 and 2.

plemented in this section. Using the consistent manner, the

error of soil evaporation estimate is also explored. Itis worth  Barry (1978) indicated that when a final result is calcu-
noting that since the true values of evapotranspiration are infated from direct measurements, its precision is a function of
accessible, the error analysis below is only based on the stanhe variability in the direct measurements. The plant transpi-
dard error, representing the variation relative to the mean, anéation is computed from direct measurements, including leaf
is not an indication of measurement accuracy. transpiration and leaf area. Therefore, the standard error (SE)

of Mp can be expressed by SE of the direct measurements:
3.4.1 Plantscale

oiy
The plant transpiration is calculated by the following equa- ?

tion in Approach 1:

= (GM X Aplant)2 + (UAplant X M)z’

whereoy;, om, andog,,, are the standard errors fofp,

M, and Apjant, respectively. The variability o#/ and Apjant

is assumed to be normally distributed and independent since
the M andApjantare separately measured (Ham et al., 1990).

where M is the transpiration rate for the sunlit leaf by the Then we can rewrite Eq. (11) and express the variability of
LCpro+ measurement, andpiant is leaf area of the plant. all parameters relative to their respective mean:

(11)

Mp =M - Aplant, (10)
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Table 7. Evapotranspiration components (mm ddyunder mulched drip irrigation for the three sub-periods.

Sub-periods EY  EZ.  Fractionof EZ, Wholeprofile IF2sSwct LAIS
transpiration SWE (within (within
to ET (%) 20cm) 20cm)
23-25Jul (SP1) 5.004 3.941 87.1% 0.508 24.2% 20.0% 3.080
9-11 Aug (SP2) 5.348 4.527 82.3% 0.801 31.5% 26.7% 3.163
16-18 Sep (SP3) 4.396 3.014 100.0% 0 17.9% 15.6% 2.402

1 Ep: ET calculated by the FAO Penman-Monteith equatfolizc: ET measured by eddy covarianesqi: soil evaporation
calculated by the multiplication afgc by the fraction of transpiration to E¥;SWC: soil water conten® IFZ: inter-film zone;® LAI:
leaf area index.

4 where Fp is sap flow value per plant, andis the plant den-
OMp _ (U_M )2 " O Aplant (12) sity. Similarly, we can also rewrite Eq. (14) to express the
Mp M Aplant ’ variability of all parameters relative to their respective mean:

This analysis shows that both the variability}fand Apjant 5 1
affect the variability of plant transpiration estimate. In this 0esz (ﬁ) n (0_n>2 ? (15)
study, p'a’“ has been determined based on the data, whoseEsr Fp n ’

value i is O _0_18._ As shown in _Set:t. 3.2.1,in Approacﬁj%l;s whereop,,, or, ando, are the standard errors féisg, Fp
the variability in leaf transplrat|on at the plant level, whose andn, respectively. Based on the measurem aig is de-

value is 0.310. Therefor e~ Iis equal to 0.311. It is worth
noting that if we take the transplrauon difference of sunlit termined as 0.151 in Sect. 3.3.1 afdis 0.040. Therefore

leaf and shaded leaf into account, tf¢ should be larger =5 in Approach 3 has the value of 0.156 in this study.
and the P will increase, accordingly. Similarly, the—=SE ESFF can be calculated using Eq. (16) in Ap-
S|m|larry, we can assess the flux uncertainties of Ap- proach 4, and Eq. (17) in Approach 5 and 6, respectively.

proach 2. When we assume that %‘3 and 2Avant oo con-  FPstemis sap flow value per unit stem diametsyep is the

Aplant plant . . . .
stant in different canopy layers, the var|ab|I|ty of plant tran- representatlv_e stem d|ameterf0r_typ|cal plafigty is sap flow
value per unit leaf area, andlep is the representative leaf

spiration can be obtained by the following equation: o
area for typical plant7Fser PS‘em and 25 are determined based

- M2+ M2 4 M2 o2 or 113 on the measurements ehose vaTues are 0.105 and 0.035, re-
# - {[PlMF’ZZP?’} . |:<1\'/\IA) + (ﬁ'a”‘) N , (13) spectively.?* is 0.040 as mentioned before. Since we have

P P plant measured 2000 plants to obtain the representative stem di-

.. 0, . .
WhereMPl |S the plant transpu‘a“on Of the Canopy |ayem ameter, itis rea50nab|e to aSSUF:éEE IS Sma" In thIS Study,
g

this study,ﬁ is 0.018, andj} is the variability in leaf Ussr—zf’ is assigned to 0'05%;) is influenced by both variabil-
and the stem diameter variabilit§:’ei:. In Approach 5,/%;) is

assumed to be 0.1. Given that we have adopted dynamic re-
[Mp1+Mpz+Mp3] is always less than 1ﬂ would be less Iationships for different cotton growth stages in Approach 6,
M§ is assigned to 0.05.

M2+ M2, +M2, . .
equal to 0.161 Wher[lLMF’M] is 1. However, since

than 0. 161 in Approach 2. The results suggest that the vari- Arep
ability of plant transpiration will sharply decrease when the ) ) 1
canopy structure has been considered. Compared with ApZEse _ |:(UFPstem) n (%) n (U_n )2] ’ (16)
proach 1, Approach 2 provides us more reliable upscaledEsr Fpstem n

transpiration at the plant scale.

OFEgr OF 2 oA 2 0n\2 :
3.4.2 Field scale Zor |\ Fon + Arep +(7> (17)

In Approach 3 the field transpiration is calculated by the fol- ¢ final results of error analysis are shown in TabIeE%—
lowing equation: is 0.123 in Approach 4, 0.113 in Approach 5, and 0.073 in
Fer— F (14) Approach 6, respectively. The results suggest that although
SF=fp Approach 6 introduces more parameters into the field tran-
spiration estimate, the flux uncertainty has been reduced in

Srep
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this approach. That is because the variability of sap flowrates 2 —
are reduced when the rates are expressed on unit leaf area. | ONArep=0.05
Meanwhile, the variability of leaf area estimate has been re- \ ——— ONArep=01
duced by the application of a dynamic relationship between
leaf area and stem diameter. That is to say, from the statis-
tical perspective, Approach 6 provides us the most reliable

upscaled transpiration at the field scale in this study. {
3.4.3 Soil evaporation °
Soil evaporation is calculated in Sect. 3.3.5 by the following
equation:
Esoil = EEc — Fpa X Arep X n. (18) : : ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0
The soil evaporation is computed from direct measurements Esoil EEC

including eddy covariance, sap flow, leaf area and plant den—
sity. Therefore, the standard error (SE) By can be ex-
pressed by SE of the direct measurements:

Fig. 15. Expected variability of soil evaporation estimat&qL) in
response to the fraction of evaporation over ET (Eq. 20). The curves

o] ol U,,
show the variability for the dlﬁerenﬁ levels. EC, FPFA and %z

2
il = 0Ec + (0F X Arep X n)" + (oa x Fpa x n)? are held constant at 0.001, 0.035 and 0.040, respectlvely.

2
+ (FPA X Arep X Un) . (19)
We can also rewrite Eq. (19) as follows: 4 Discussion
_ N -2 2 N -1 2 Three different measurement methods, namely the photosyn-
Osoil Esoil OEC Esoil . . .
o z For + 3 -1 thesis system, sap flow, and eddy covariance, were used in
soil EC EC EC this study to estimate evapotranspiration in a cotton field un-

) ) 3 der mulched drip irrigation. Although these three methods
|:<£> ( oA ) on 2]} differ significantly in the physical theories on which the mea-
+ +(>) |t (20) : /
Fpa n surements are based and the particular spatial and temporal
scales to which they pertain, the results derived from each of

This analysis shows that the variability BEc plays anim-  the measurements after scale transformation show satisfac-
portant role WhenEL" is large. Whenﬂ becomes small,  tory consistency when employed during the cotton growth
the variabilities OfFPA, Arep andn are more significant in  season. The reasonably good agreement between the results
the estimate of soil evaporation. obtained using LCpre, sap flow, and eddy covariance pro-

As mentioned abovegE- and°* are 0.035 and 0.040, re- vides some confidence in their reliability for the estimation
spectively (Approach 6). Since ET measured by eddy covariof the evapotranspiration in an agricultural ecosystem using
ance is relatively stable, we can suppose t# is quite  these three methods and the described upscaling approaches.
small with the value ofO.OOlXT’;) is assigned to 0.1 and 0.05 In farmland, the partitioning of evapotranspiration com-
for comparison. ponents is essential for guiding the irrigation schedule to

The behavior of Eq. (20) is demonstrated in Fig. 15 whenachieve the dual goals of water saving and high yield (Wang
using these typical variance levels mentioned above. Whegt al., 2001). Since this type of investigation needs the
Eson becomes smaller, the expect%& increases sharply, data measured at different spatial scales, scale transforma-
and the measurements of sap flow, laf area and plant densitjon should be implemented. Different species have differ-
are more significant. In this study, t%% is approximately ~ ent transpiration characters. In addition, the transpiration

15%, and then th% is about 0'64%) =0.1) and 0.41 rate's. of Iegves vary substanc':ial'ly deSpending (r)]ncthle Iiggzl
%):0-05)- The results indicate that the soil evaporation ispOSItlon’ orientation, age, and size (Sassenrath-Cole, '

Are T - Thanisawanyangkura et al., 1997), and the transpiration of
difficult to evaluate under mulched drip irrigation conditions plants also varies markedly with the heterogeneous soil wa-

when Esoil is the small component of ET. The comparison (e ayajlability, the diverse plant age and LAI (Dugas, 1990).
of two curves in Fig. 15 shows that the variability 850ii  Therefore, it is more simple to conduct scale transforma-
has not been markedly reduced when oy decreases. ion in farmland than in forest due to the single crop species
Thatis to say, the variability oEsoi will not be reduced un- planted, the relatively homogeneous vegetation distribution
til the measurements of sap flow, LAl and plant density arepattern, and the low spatial variability in the water avail-
improved simultaneously. ability (Loranty et al., 2008), which make it straightforward

Arep
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and feasible to extrapolate point observations to represenstem temperature measurements. For eddy covariance, it is
tative area values, and lead to highly credible and reasona known phenomenon that the observation likely underesti-
able scaled results (Allen et al., 2011a). However, it is also amates ET at field scale (Foken, 2008; Wilson et al., 2002).
challenge to conduct scale transformation in farmland due tdiscrepancy might also come from these inherent factors
rapid crop growth, rapid changes in leaf area and stem diammentioned above.
eter, and large diversity in growth conditions among plants, Due to the severe lack of water resources in arid and semi-
all of which affect the results and introduce errors (Chabot etarid regions, mulched drip irrigation has been widely applied
al., 2005). as a highly efficient water-saving irrigation method (Wang
In this study, taking into account the rapid growth of the et al., 2011). As shown in the evapotranspiration partition
plants, we establish links between leaf areas and stem diresults in this study, a portion of soil evaporation is signifi-
ameters during every sub-period for the scale transformaeantly reduced through mulched drip irrigation, and most of
tion. This approach overcomes the limitation caused by rapidhe water is consumed by plant transpiration during the anal-
growth and achieves a good result for the derivation of theysis periods. Because transpiration is accompanied by pho-
field leaf area. Plant transpiration derived from the photosyn-tosynthesis and plant productivity, higher transpiration indi-
thesis system has seldom been reported before. Because thates a better crop yield (Katul et al., 2012), and mulched
number of samples measured by instruments is limited comdrip irrigation tends to improve water use efficiency. Com-
pared to the large number of leaves and because there is copared to the fraction of cotton transpiration to evapotranspi-
siderable variability among the leaves, it is quite difficult to ration of 65 % (Tang et al., 2010) and 56 % (Ham et al., 1990)
extrapolate photosynthesis system measurements to the plaobserved under traditional flood irrigation conditions during
scale (Dugas et al., 1994; Kigalu, 2007). In this study, the dif-the same cotton growth stages (flower and bolling stages),
ferent transpiration rates of sunlit and shaded leaves, as wethe fraction of 87.1 % before irrigation and 82.3 % after ir-
as canopy structure, were taken into account. This upscalinggation that were obtained in this study are much higher,
approach was proven to provide a reasonable estimation afrthich confirms that mulched drip irrigation is a more effi-
transpiration at the plant scale. cient method for achieving water savings. The quantitative
However, discrepancy still exists among ET results ob-estimation of evaporation and transpiration in this study may
tained using the photosynthesis system, sap flow, and eddgrovide supports for the application of mulched drip irriga-
covariance. The upscaling approaches used to transform Efion in the future.
from the leaf- to the plant scale or from the plant- to the field
scale may lead to errors and result in discrepancies. First,
the photosynthesis system and sap flow methods can me& Conclusions
sure only a subset of leaves or plants in a field. These limited
samples sometimes do not completely capture the variancA comparison of the methods used to determine evapotran-
and the mean response of the overall situation in which thespiration and its components in a cotton field under mulched
target scaling level method operates. In addition, the canopylrip irrigation conditions was conducted in this study. The
parameters and the ratio of the transpiration rate of a shademshethods used were based on a photosynthesis system, sap
leaf to that of a sunlit leaf, which were derived from the liter- flow, and eddy covariance, which provided information at
ature, may vary from the actual values (Petersen et al., 1992he leaf-, plant-, and field scale, respectively. The variabil-
Thanisawanyangkura et al., 1997). The simultaneous obseity in the transpiration at the leaf scale and at the plant scale
vation of canopy structure is expected to improve the resultswas discussed. Upscaling approaches were explored to ob-
Another possible source of divergence between the LEpro tain comparable ET estimates from the multi-scale measure-
sap flow, and eddy covariance results could be the unmatcheahents. The results show that ET estimates derived from the
observation area. Although LCpfoand sap flow measure- three methods agree well after scale transformation, which
ments and the leaf area estimates were conducted within thiadicates that, taking into account the variability between in-
flux source footprint of eddy covariance, the changing winddividuals, the selection of representative samples, and the
direction and footprint might change the measuring area ofadoption of a suitable scale transformation approach, any of
eddy covariance and frustrate attempts to match the scalethese three methods can provide good estimates of field evap-
transpiration to the eddy covariance measurements (Williamstranspiration in farmland.
etal., 2004). The comparison of the methods and the discussion of the
As with any other measurement techniques, photosynvariability associated with the three ET measurement meth-
thesis system, sap flow and eddy covariance methods haweds will help researchers assess the quality, validity, and
their own inherent limitations which should be mentioned representativeness of ET information derived using these
(Good et al., 2012). It is reported in previous studies thattechniques. The upscaling approaches can help other re-
sap flow overestimates transpiration by 7-359% (Chabot etearchers estimate field evapotranspiration from point mea-
al., 2005; Ham et al., 1990) due to the stem heat storagesurements, such as those obtained based on photosynthesis
heat dissipation to the ambient environment and accuracy o$ystem and sap flow, and will provide data and precedent for
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further study on the water cycle and ecological processes imshraf, M.: Salt tolerance of cotton: Some new advances, Crit. Rev.
farmland. Plant Sci., 21, 1-30, 2002.

Based on the transpiration estimates obtained from the upBaker, J. M. and Vanbavel, C.: Measurement of mass-flow of water
scaling of sap flow measurements and ET obtained through in the stems of herbaceous plants, Plant Cell Environ., 10, 777—
eddy covariance, the evapotranspiration components were 782, 1987. )
analyzed. The evapotranspiration rates were determined tg2docchi. .. Falge, E, Gu, L. H., Olson, R., Hollinger, D.,

. Running, S., Anthoni, P., Bernhofer, C., Davis, K., Evans, R.,
3.94 and 4.53 mmda)} during the cotton flower (July) Fuentesg,J.,GoIdstein,A., Katul, G., Law, B., Lee, X. H., Malhi,

and boIIing.(August) stages_, respectively. The .rt.esults show Y., Meyers, T., Munger, W., Oechel, W., Paw U, K. T., Pilegaard,
that a fraction of transpiration over ET is significantly in- schmid, H. P., Valentini, R., Verma, S., Vesala, T., Wilson,
creased under mulched drip irrigation during cotton flower k. and Wofsy, S.: FLUXNET: a new tool to study the tempo-
and bolling stages. The fraction of transpiration to evapotran- ral and spatial variability of ecosystem-scale carbon dioxide, wa-
spiration reached 87.1% before drip irrigation and 82.3% ter vapor, and energy flux densities, B. Am. Meteorol. Soc., 82,
after irrigation during the analysis periods. The results might 2415-2434, 2001.

support the popularization of mulched drip irrigation in other Barry, B. A.: Errors in practical measurement in science, engineer-

arid and semi-arid regions in the future to address the chal- ing and technology, Wiley, New York, 1978. _
lenge of water scarcity. Bonachela, S., Orgaz, F., Villalobos, F. J., and Fereres, E.: Soil evap-

oration from drip-irrigated olive orchards, Irrig. Sci., 20, 65-71,
2001.
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