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Abstract:

With a maize seed planting area of about 67 000 hm2, Zhangye city supplies the seeds for more than 40% of the maize planting
area in China. Irrigation water is often overused to ensure the quality of the maize seeds, leading to serious water shortage
problems in recent years. An accurate and convenient estimate of canopy transpiration is of particular importance to ease the
problem. In this paper, leaf transpiration and sap flow in a maize field were measured in 2012 using a portable photosynthesis
system and a heat balance sap flow system. Based on a large amount of meteorological data and relevant maize plant-growing
parameters, canopy transpiration was up-scaled from both leaf transpiration (Tl) and sap flow (Tf), and also calculated by the
FAO-56 dual crop coefficient method (T). Comparing these three types of transpiration, Tf was proved to be more reliable than Tl.
Taking Tf as a benchmark, the basal crop coefficient (Kcb, the key parameter of FAO-56 dual crop coefficient method) was further
adjusted and verified for the maize plants in this region. In addition, the errors when using up-scaling methods and FAO-56 dual
crop coefficient method are summarized. Copyright © 2014 John Wiley & Sons, Ltd.

KEY WORDS transpiration; sap flow; up-scaling; evapotranspiration; water shortage

Received 25 December 2013; Accepted 8 December 2014
INTRODUCTION

Evapotranspiration (ET), an important hydrological
variable, refers to the loss of water to the atmosphere
by the combined processes of both soil evaporation and
plant transpiration. On average, worldwide, transpiration
accounts for two third of the total ET over land
(Brutsaert, 2005). Transpiration is a primary determinant
for leaf energy balance and plant water status (Granier
et al., 2000; Yunusa et al., 2004). Plants contribute
the major part of the atmospheric water balance
through transpiration, away from the continental margins
(Gat, 2000).
The importance of recognizing and reducing the errors

in estimating transpiration is well known and relevant
widely dispersed investigations on three different scales
have been developed, i.e. leaf, individual plant and
canopy. For leaf-scale studies, leaf gas exchange systems
for monitoring carbon dioxide uptake and transpiration of
the leaves were first introduced in the 1980s (Ehleringer
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et al., 1991). Later, some other methods for measuring
leaf transpiration became available and updated, such as
the steady-state porometer (Horwitz et al., 2008),
diffusion porometer (Katerji et al., 2003), CIRAS-2
portable photosynthesis (Uehlein et al., 2008) and Li-
6400/Li-6400XT portable photosynthesis systems
(Wullschleger et al., 2000; Peng et al., 2009). At the
same time, a series of photosynthesis-transpiration
models were also established (Jarvis and McNaughton,
1986; Jones, 1992) and verified (Leuning and Moncrieff,
1990; Leuning, 1995; Yu et al., 2003). On the individual
plant scale, heat-balance-based sensors have been used to
estimate transpiration of individual plants by continuous-
ly measuring sap flow at short intervals (Ham et al., 1990;
Meiresonne et al., 1999). Sap flow measurements have
been reported for a wide range of plants, including trees,
vines, maize, cotton and other crops (Smith and Allen,
1996; Jara et al., 1998; Meiresonne et al., 1999; Chang
et al., 2006; Gong et al., 2007; Tahir et al., 2008; Zhao
and Liu, 2010). At the canopy scale, canopy transpiration
has been measured or determined by both direct and
indirect measurements, such as the eddy covariance
method (Wilson et al., 2001), the Bowen Ratio technique
(Hatton and Vertessy, 1990), the FAO-56 dual crop
coefficient method (Allen, 2000), the Shuttleworth–
Wallace dual model (Stannard, 1993) and so on. In
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general, transpiration at each scale in a given environ-
ment is difficult to model because of the interaction of
complex physical and physiological phenomena, and the
multiplicity of ground surfaces, and exchange of matter
and energy between plants and atmosphere (Dauzat
et al., 2001).
Up-scaling and down-scaling provide another way to

obtain transpiration at one scale from another scale
(Anderson et al., 2003). The concept was first put forward
by Jarvis and McNaughton (1986). Problems and
strategies for scaling were extensively clarified by Jarvis
(1995). Ham et al. (1990) first proposed the equations for
up-scaling transpiration from leaf to individual plant to
canopy. Much work about up-scaling transpiration has
been done between different levels in recent years: from
leaf to plant (Infante et al., 1997; Van der Zande et al.,
2009), from leaf to canopy (Kim and Verma, 1991; Irmak
et al., 2008), from plant to canopy with only one kind of
plant (stand-level in forestry) (Granier and Loustau, 1994;
Fiora and Cescatti, 2006; Mackay et al., 2010) and from
plant to a large area with different species of plants
(Vertessy et al., 1995; Morén et al., 2000; Čermák et al.,
2004; Oishi et al., 2008; Jung et al., 2011). In order to
validate the effectiveness of the up-scaling method, the
majority of previous studies focused on comparing the
up-scaled transpiration from sap flow with the calculated
transpiration from the converted Penman–Monteith
equation (e.g. Zhang et al., 1997; Yunusa et al., 2008).
The Penman–Monteith equation is widely accepted and
successfully used (e.g. Allen, 2000; Bodner et al., 2007;
Suleiman et al., 2007; Er-Raki et al., 2010). So far, little
comparative work has been done on up-scaled canopy
transpiration from both leaf and individual plant, and the
calculated transpiration using the FAO-56 crop coefficient
method (containing ASCE Penman–Monteith equation).
This would further confirm the effectiveness of the up-
scaling method and also provide alternative way to obtain
the canopy transpiration.
Zhangye city located in the middle reaches of the Heihe

River (the second largest inland river in China) supplies
maize seeds for more than 40% maize planting area in the
country according to the local Bureau of Seed Manage-
ment (Yang and Chen, 2014). In recent years, water
shortage has become the main constraint to agricultural
development in the city (Kang, 2004). In particular, many
environmental and ecological problems have emerged,
which was caused by the recent overuse of water sources
(Cheng, 2002; Ren, 2005; Guo et al., 2009). 86% of the
agricultural and domestic water is supplied by the Heihe
River, and 96% of this water is used for irrigation (Chen
et al., 2003). So, it is of great importance to investigate
the water-balance state in the maize fields. Plant
transpiration, the major part in use of the water sources,
has become a priority.
Copyright © 2014 John Wiley & Sons, Ltd.
In this study, a large amount of data including leaf
transpiration, sap flow, meteorology and plant growing
was collected at a 51.6×51.6m2 maize seed planting field
in Zhangye city in 2012. Canopy transpiration for the
maize field was up-scaled from leaf transpiration and sap
flow, and also calculated by FAO-56 dual crop coefficient
method using meteorological data and plant-growing
parameters. The objectives of this study were to (1)
compare these three types of transpiration, (2) further
adjust and verify the basal crop coefficient to obtain a
better result when using FAO-56 dual crop coefficient
method and (3) summarize the errors when using up-
scaling methods and FAO-56 dual crop coefficient
method.
MATERIALS AND METHODS

Site description

The research was conducted in a maize seed planting
field of the Linze Inland River Basin Research Station of
Chinese Academy of Sciences. The field is located in
Zhangye City, Gansu Province, which is in the middle
reaches of the Heihe River, as shown in the previous
paper (Zhao and Zhao, 2014). Mean annual air temper-
ature is about 7.6 °C, with a maximum of about 39.1 °C
and a minimum of about �27.3 °C; Mean annual
precipitation is about 117mm, with 70% occurring from
July to September; Mean annual pan evaporation is about
2390mm; Mean wind velocity is 3.2m s�1, and the
prevailing wind direction is northwest (Zhao et al., 2010).

Monitoring program

Figure 1 shows the layout of the monitored maize seed
planting field, meteorological station, Flow32-1K system
for monitoring sap flow, and Li-6400XT photosynthesis
system for monitoring leaf transpiration. Six maize plants
were selected in the monitoring region to monitor the leaf
transpiration and sap flow. Only three stem diameters
were common during the monitoring period (ca. 16, 19
and 25mm). In combination of meteorological data and
some plant-growing parameters, canopy transpiration was
calculated by the FAO-56 dual crop coefficient method.
The growing stage from tasseling to maturity (6 July–12
September 2012) was used as the monitoring period for
both leaf and individual plant transpiration, as more than
60% of the total irrigating water during maize growing
stages was used in this stage (Zhao and Zhao, 2014). In
addition, measuring sap flow rate before tasseling would
destroy either the sap flow sensors or the stems of the
maize plants, since the maize plant grow very fast during
the period. The details of monitoring of each factor are as
follows.
Hydrol. Process. 29, 2983–2993 (2015)



Figure 1. Layout of the monitoring maize seed planting field (a), meteorological station (b), Flow32-1K system for monitoring sap flow (c) and Li-
6400XT photosynthesis system for measuring leaf transpiration (d)
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Meteorological factors. An ENVIS Environmental
Monitoring System was employed in the field. Detailed
information of the system is listed in Table I. All the data
were measured every 10min or 30min, and recorded with
a Trimelogger (IMKO GmbH, Ettlingen, Germany).

Sap flow. Sap flow was measured by a Dynagage
Flow32-1K system (Houston, TX, USA) based on the
heat balance method. Sap flow was monitored for the six
maize plants in the tasseling-maturity stage. The sensors
and maize plants were checked on 14 July, and 1 and 15
August, because the sensors need to be changed to larger
diameters due to the growth of maize plants. The
monitored maize plants should also be changed since
Table I. Environmental variables measured by t

Variables Sensors

Net radiation CNR-1 (Kipp & Zonen, Delft, The Netherlan
Photosynthetically
active radiation

LI-190 (LI-COR Inc., Lincoln, NE, USA)

Air temperature HMP45D (Vaisala, Helsinki, Finland)
Relative humidity HMP45D (Vaisala, Helsinki, Finland)
Air pressure PTB100 (Vaisala, Helsinki, Finland)
Wind speed LISA cup anemometer (Siggelkow GmbH, G
Wind direction Young 8100 (Siggelkow GmbH, Hamburg, H
Canopy/surface
temperature

PS12AF1 surface Pyrometer (Keller HCMGm
Ibbenbüren-Laggenbeck, Germany)

Soil temperature Pt100 (IMKO GmbH, Ettlingen, Germany)
Volumetric soil
water content

TRIME-IT (IMKO GmbH, Ettlingen, German

Soil heat fluxes Three HFP-01 heat flux plates (Hukseflux Th
Delft, The Netherlands)

Precipitation RG50 tipping bucket rainfall gauges
(SEBA Hydrometrie GmbH, Gewerbestr,Germ

Copyright © 2014 John Wiley & Sons, Ltd.
long-term mounting of the sensor may affect the growth
of maize plant. Both sensors and maize plants were
changed on July 14, but only maize plants were changed
on 1 and 15 August as the diameters of the maize plants
were constant. When changing the maize plants, the
neighbouring maize plants were preferred; the approxi-
mate positions of the monitored maize plants are shown in
Figure 1(a). The sensors were all installed at the height of
more than 10 cm above the ground surface to prevent
immersion in irrigation water.

Leaf transpiration. A Li-6400XT portable photosyn-
thesis system (Li-COR, Inc., USA) was used to measure
leaf transpiration (Ti), stomatal conductance (gs) and
he ENVIS Environmental Monitoring System

Observation positions

ds) 2m above the canopy
2m above the canopy

2m above the canopy
2m above the canopy
2m above the canopy

ermany) 2m above the canopy
amburg, Germany) 2m above the canopy
bH, 2m above the canopy

5,10,20,40,80 and 120 cm depths in the soil
y) 10,20,50,100,200,300 cm depths in the soil

ermal Sensors, 0.05m in the soil surface

any)
the top of canopy

Hydrol. Process. 29, 2983–2993 (2015)



Table II. Mean values of the meteorological factors and soil water
content

Date
Rn

(W d�1)
Ta
(oC)

VPD
(kPa)

U2

(m s�1)
SWC

(m3m�3)

13 July 414.3 26.7 2.1 0.1 28.1
22 July 313.2 25.5 2.7 0.1 31.1
4 August 390.4 31.4 2.1 0.2 28.2
20 August 354.1 23.1 0.4 0.4 29.4

Rn: net radiation; Ta: air temperature; VPD: vapour pressure deficit; U2:
wind speed at 2 m; SWC: soil water content.
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some other parameters. Due to the very strict weather
condition needed when using this system, only four sunny
days were selected, i.e. 13 July, 22 July, 4 August and 20
August in the tasseling–filling stage. The main weather
and soil information for the four days is listed in Table II.
The six monitored maize plants were changed corre-
sponding with those for sap flow monitoring. For each
leaf of the maize plants, the mean transpiration rate was
estimated from measurements repeated three times in the
central 6 cm2 of the leaf. The monitoring interval was 1h
from 8:00 to 20:00.

Other plant-growing parameters.
1. Leaf area: Every leaf on the plant was measured with a
scanner with an accuracy of 0.001m. Leaf area is shown
in a rectangular coordinate system (Figure 1(d)). The total
leaf area for a maize plant can be obtained from formula
(1), while the area of each leaf can be calculated from
formula (2).

Aj ¼ ∑
nj

i¼1
ai (1)

ai ¼ 2∫li0 f i xð Þdx (2)

where Aj is the total leaf area of all the leaves of maize
plant j (m2), nj is the number of the leaves of maize plant
j, ai is the area of leaf i of maize plant j (m2), li is the long
axis of the leaf i and fi(x) is the expression of the curve of
the half leaf edge, as shown in Figure 1(d).

2. Density and height: Density and height of the maize
plants were measured from 18 samples (2× 2m2 area of
plants) every 10 days. Six of the samples with different
stem diameters were used to measure both sap flow.

Calculation methods

Canopy transpiration scaled up from leaf transpira-
tion. According to the up-scaling equations from leaf
transpiration to canopy transpiration (Ham et al., 1990),
the canopy transpiration can be obtained from the
Copyright © 2014 John Wiley & Sons, Ltd.
following linear equation:

Tl ¼ ck

ρm
∑
m

j¼1
∑
nj

i¼1
Tiai

� �
(3)

where Tl is the canopy transpiration scaled up from leaf
transpiration (mmh�1), Ti is the transpiration of leaf i of
plant j measured with LI-6400XT (molm�2 s�1), m is the
number of monitored maize plants (6 here), ρ is the
density of water (1 g cm�3 here), k is the plant density
(m�2) (10 here) and c is a constant value for unit
conversion.

Canopy transpiration scaled up from sap flow. When
the maize plants basically stops growing during the
monitoring period, this leads to a negligible amount of
water needed in plant physiology (Lei, 1988); the
monitored sap flow can therefore be taken as
representing individual plant transpiration and up-scaled
to canopy transpiration (Lagergren and Lindroth, 2002).
The up-scaled canopy transpiration can be also obtained
from sap flow measurements using the flowing linear
equation (Ham et al., 1990):

Tf ¼
c∑

n

i¼1
f iρið Þ

nρ
(4)

where Tf is the canopy transpiration (mmh�1), fi is the
sap flow measured by a Dynagage Flow32-1K system
(gh�1), ρi is the plant density (m�2) and n is the number
of monitored maize plants.

Canopy transpiration calculated by the FAO-56 dual
crop coefficient method. The FAO-56 dual crop coeffi-
cient method was used to estimate evapotranspiration,
which can be separated into transpiration and evaporation
(Allen et al., 1998). The equation for calculating
transpiration is shown as follow.

T ¼ KsKcbET0 (5)

where T is canopy transpiration for the 51.6×51.6m2

maize field (Figure 1(a)), Ks is the water stress reduction
coefficient with a range from 0 to 1, which can be taken as
1 in this paper. This is because that the maize fields were
planted for seed production, and water stress was not
allowed, sufficient water was supplied by the local
Bureau of Seed Management. Kcb is the basal crop
coefficient. To obtain this parameter, the growing period
of plant is first divided into four stages, i.e. initial stage,
crop development stage, mid-season stage and late season
stage. The basal crop coefficient during the four stages
can be linearly interpolated based on that in the initial
(Kcb ini), mid-season (Kcb mid) and end of the last season
Hydrol. Process. 29, 2983–2993 (2015)



Figure 2. Leaf transpiration of the maize plants
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stages (Kcb end). If the values of them are large than 0.45,
the following equation must be used for adjusting (Allen
et al., 1998).

Kcb ¼ Kcb Tabð Þ þ 0:04 u2 -2ð Þ-0:004 RHmin-45ð Þ½ � h

3

� �0:3

(6)

The values of Kcb(Tab) are 0.15, 1.15 and 0.5 for Kcb ini,
Kcb mid and Kcb end respectively. U2 is wind speed at 2-m
height (m s�1), RHmin is the mean value of the daily
minimum relative humidity during the middle or late
season growth stage (%) and h is the mean plant height
during the middle or late season. ET0 was calculated from
the ASCE Penman–Monteith equation, as follow.

ET0 ¼
0:408Δ Rn � Gð Þ þ γ Cn

Taþ273 u2 es � eað Þ
Δþ γ 1þ CdU2ð Þ (7)

where ET0 is reference evapotranspiration (mmh�1), Rn is
net radiation at the crop surface (MJm�2 h�1), G is soil
heat flux (MJm�2 h�1), Ta is air temperature at 2m height
(°C), es is the saturation vapor pressure (kPa), ea is the
actual pressure (kPa), (es� ea) is the saturation vapor
pressure deficit (kPa), Δ is the slope of the vapor pressure
curve (kPa °C�1), r is the psychrometric constant (kPa °
C�1), Cn is a numerator constant chat changes with
reference type and calculation time step (Kmms3Mgh�1)
and Cd is the denominator constant (sm�1). According to
the ASCE standardized reference evapotranspiration
Copyright © 2014 John Wiley & Sons, Ltd.
equation, Cn and Cd should be taken as 37 and 0.24,
respectively, for 1-h step cases (Allen et al., 2005).
RESULTS

Leaf transpiration

Figure 2 shows the mean leaf transpiration for all the
leaves of the monitored maize plants. The mean values of
leaf transpiration were 2.7, 2.8, 3.2 and 2.0mmolm�2 s�1

in the four monitoring days. The first increase in leaf
transpiration from 13 July to 4 August was caused by the
growth of the maize plants, while the latter decrease from
4 to 20 August was due to the aging of the leaves. On a
daily scale, transpiration first increased and then de-
creased, reaching the maximum around 13:00. This is
probably because the leaf transpiration was mainly
influenced by the air temperature and solar radiation
(both of them were high around 13:00).
Leaf transpiration also varied greatly with the height of

leaves on the maize plants. One maize plant is selected to
analyse the variational characteristics on the monitored
days, as shown in Figure 3. The leaf numbers denote the
leaves from bottom to top. It can be seen that leaf
transpiration of the lower leaves was larger than the upper
ones on 13 and 22 July, while larger leaf transpiration
occurred in the upper leaves on 4 and 20 August. The
transpiration of leaves may be affected by the changes in
the plant physiology and environmental factors. One
reason may be that the lower leaves started to senescence
while upper leaves continued to grow during the period
Hydrol. Process. 29, 2983–2993 (2015)



Figure 3. Leaf transpiration varying with leaves in the monitoring days
(leaf numbers 1–7 denote leaves from bottom to top)
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from 22 July to 4 August (Valentinuz and Tollenaar,
2004; Li and Si, 2006). On the other hand, the
environmental factors, such as air temperature, vapour
pressure deficit, wind speed and solar radiation, were
different for the upper and lower leaves, and these
environmental factors can also change during the plant
growth.

Individual plant transpiration–sap flow

Figure 4 shows the variations of sap flow from 00:00 to
24:00 in the monitored days. The values are the average
sap flow of the maize plants monitored by the same kind
of sap flow sensor. As three types of sensors were used
during the monitoring period, i.e. 16, 19 and 25mm, three
groups of average values were obtained. On 13 July, two
kinds of sensors, 16 and 19mm, were used to monitor six
maize plants, but the data collected by 16-mm sensors
were lost due to a human error. It can be seen that sap
flow first increased and then decreased, and reached its
maximum values around 13:00, showing the similar
trends to leaf transpiration (Figure 2). From 00:00 to 6:30,
sap flow was nearly zero, then it increased after 6:30 due
to the increases in air temperature and solar radiation.
After about 13:00, sap flow decreased because of the
decreasing in same two major influencing factors.
Figure 4. Variations of sap flow from 0

Copyright © 2014 John Wiley & Sons, Ltd.
Sap flow varied with the stem diameters of the maize
plants. The larger the stem diameter was, the larger the
sap flow. This may be caused by the maize plant with
relatively large stem diameter having more leaves or
leaves with larger areas. The maximum value of sap flow
appeared in the maize plants (d=25mm) on 4 August
with a value of 161.9 g h�1. The differences in sap flow in
maize plants with different stem diameters changed in the
four days. On 22 July, sap flow was almost the same for
the maize plants, but relatively large differences can be
seen, on 4 and 20 August. The largest gap can also
occurred around 13:00.

Canopy transpiration

Based on the meteorological data and plant-growing
parameters, P–M model (Equation 7) suggested by ASCE
was first used to calculate ET0 at 1-h internal, and then
FAO-56 dual crop coefficient method (Equation 5) was
used to calculate canopy transpiration during the growing
season in 2012. The variation of the calculated canopy
transpiration can be seen in Figure 5. The variational
trends were very similar to the leaf- and plant-scale. The
total values of transpiration from 8:00 to 20:00 on the
days, 13 July, 22 July, 4 August and 20 August, were 8.1,
5.6, 7.2 and 5.2mm, respectively.
DISCUSSION

Comparison of up-scaled and calculated transpiration

FAO-56 dual crop coefficient method is one of the
most generally accepted methods (Allen et al., 1998). The
up-scaling method is another way to obtain canopy
transpiration from single leaf and individual plant (Jarvis
and Mcnaughton, 1986; Jarvis, 1995).
Figure 5 illustrates the up-scaled transpiration from leaf

(Tl) and individual plant (Tf) transpiration, and the
calculated transpiration from FAO-56 dual crop coeffi-
cient method (T). Similar diurnal patterns were obtained
for the three types of transpiration, which to some extent
verified the reliability of the results. A relatively large
discrepancy can be seen on 22 July and 20 August, but
good agreement among the three types of transpiration on
0:00 to 24:00 in the monitoring days

Hydrol. Process. 29, 2983–2993 (2015)



Figure 5. Up-scaled transpirations from leaf (Tl) and individual plant (Tf) transpiration, and the calculated transpiration from FAO-56 dual crop
coefficient method (T)
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13 July and 4 August. The discrepancy may be closely
related with the sampling strategy and other errors in
determining the transpiration.
It can be seen from Figure 6 that Tf had a better

agreement with T than Tl, suggesting that sap flow should
be preferred for up-scaling. More errors may occur in
using leaf transpiration than sap flow when up-scaling to
canopy transpiration (details in ‘Errors in obtaining up-
scaled and calculated transpiration’). This may explained
by the fact that the coefficient of determination between Tl
and T (R2=0.66) was lower than that between Tf and T
(R2=0.9). Of note is that the two fitted lines were very
similar, which indicates the reliableness of the up-scaled
transpiration especially from sap flow.

Further adjustment and verification of basal crop
coefficient

Although FAO-56 dual crop coefficient method has
been successfully used in many fields (e.g. Allen, 2000;
Figure 6. Comparisons between Tl

Copyright © 2014 John Wiley & Sons, Ltd.
Bodner et al., 2007; Suleiman et al., 2007; Er-Raki et al.,
2010), an unavoidable error can occur when using the
empirical value of Kcb(tab) (despite adjustment using
Equation 6) since it is a constant value for the plants all
over the world (Allen et al., 1998). As found in the last
section, the measured sap flow data can be used to further
adjust Kcb for the maize plant in this region. In this
section, the reliable measured hourly sap flow rate in the
4 days will be first used to adjust Kcb, and then sap flow
rates under different weather conditions (that is, 10 July
(sunny day), 16 July (cloudy day) and 16 August (rainy
day)) were selected to verify the adjusted Kcb.
According to the ground coverage, plant maturity and

harvest (Allen et al., 1998), the four stages of the maize
plants for determining Kcb in 2012 were: I initial stage
from 10 April to 8 May, II crop development stage from 9
May to 15 June, III mid-season stage from 16 June to 3
August and IV final stage from 4 August to 12 September
(Figure 7(a)). The sap flow rates on 13 and 22 July are
and T (a), between Tf and T (b)

Hydrol. Process. 29, 2983–2993 (2015)



Figure 7. The adjusted basal crop coefficient (Kcb) by Equation 6 and further adjusted basal crop coefficient (K
adjust
cb ) by Equation 8 (a), comparing Twith Tf

on 13 and 22 July (b) and 20 August (c), comparing Tf, T and T′ under different weather conditions: sunny day (d), cloudy day (e) and rainy day (f)
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used to adjust Kcb mid but only that on 20 August is used
to adjust Kcb end, because that on 4 August was very close
to the boundary between mid-season and last stages.
Figures 7 (b) and (c) show the relationship between Tf
obtained hourly sap flow rate and T calculated by FAO-56
dual crop coefficient method. The adjusted basal crop
coefficient (Kadjust

cb ) can be obtained from the following
equation.

Kadjust
cb ¼ α�Kcb (8)

where α is the slope of the fitted lines, Kcb is first
adjusted by Equation 6.
Figures 7 (d), (e) and (f) show the original canopy

transpiration (T, calculated with Kcb), revised canopy
transpiration (T′, calculated withKadjust

cb ) and the up-scaled
canopy transpiration from sap flow rate (Tf). It can be
clearly seen that T′ is closer to Tf than T, indicating the
reasonableness of Kadjust

cb . In addition, the revised Kcb(tab)

can be calculated from the inverted Equation 6 using
Kadjust

cb : 1.0 for Kcb mid and 0.3 for Kcb end (The original
values in Allen et al. (1998) are 1.15 and 0.5,
respectively).

Errors in obtaining up-scaled and calculated transpiration

Accurate estimation of canopy transpiration plays
an important role in determining irrigation measures
Copyright © 2014 John Wiley & Sons, Ltd.
in the region. Some errors may be unavoidable in
obtaining the up-scaled or calculated transpiration, as
follows:

1. Up-scaling from leaf transpiration: since spatial and
temporal variation of stomatal conductance exists over
leaf surfaces (Jones, 1999). The measured leaf
transpiration from the central areas of leaves would
induce a certain error. Leaf area obtained from
scanning, fitting and then integrating would also lead
to some error. Randomness in sampling maize plants
would result in an unavoidable error, which would
decrease with the increasing of samples. In addition,
artificial operation and instrument measurement can
also lead to some errors, especially in reading the
values of leaf transpiration (the monitored values often
fluctuate when measuring). In addition, leaf transpira-
tion can only be measured by Li-6400 XT system in
sunny days, and lack of data about leaf transpiration at
nighttime would cause some error since 24-h contin-
uous sap flow monitoring indicated leaf transpiration
can be negligible only from 00:00 to 06:30 in the
monitoring days (Figure 3).

2. Up-scaling from individual plant transpiration: the
same error as leaf transpiration when selecting samples
would be the priority. Relatively large discrepancies
may be seen for maize plants with different stem
diameters (Figure 4), so the maize plants were selected
Hydrol. Process. 29, 2983–2993 (2015)
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with different stem diameters to minimize this error in
this paper. To further reduce this error, statistical
analysis of the stem diameter of all the maize plants in
the study area and measurement for the sap flow of the
maize plants with the different stem diameters should
be conducted. Sap flow sensors should be changed
during the growth of maize plants especially before
tasseling, because of the increase of the stem diameters
and possible damage to maize plants caused by long-
term mounting of sensors. A certain error may occur
when measuring sap flow for individual plant transpi-
ration before tasseling, as a small part of water may be
used by plant physiology (Lei, 1988).

3. Calculating using the FAO-56 dual crop coefficient
method: the large amount of meteorological and plant-
growing parameters required may cause some prob-
lems and potential errors, such as measuring plant
height, obtaining basal crop coefficient by linear
interpolation, and taking the monitored meteorological
data as the average values for the 51.6×51.6m2 maize
seed planting field (Figure 1(a)). Some standard
parameters and empirical equations obtained from
FAO 56 (Allen et al., 1998) may also induce some
unavoidable errors, like basal crop coefficient.
SUMMARY AND SUGGESTION

Canopy transpiration was up-scaled from leaf transpira-
tion and sap flow and calculated by FAO-56 dual crop
coefficient using meteorological data and relevant maize
plant growing parameters in 2012 in Zhangye city. This
area supplies the maize seeds for more than 40% of the
maize planting area in China. Comparing the three types
of transpiration in the four days (13 and 22 July, 4 and 20
August), it was found that the up-scaled transpiration is
reliable, especially that from measured sap flow rate.
Taking the up-scaled transpiration from sap flow rate in
the 4days as a benchmark, basal crop coefficient is further
adjusted and then verified with the other three days under
different weather conditions (that is, sunny day, cloudy
day and rainy day). The adjusted basal crop coefficient is
obtained and proved to be reliable. The revised Kcb(tab) is
obtained for the maize plants in the region, 1.0 for Kcb mid

and 0.3 for Kcb end. The original values in Allen et al.
(1998) are 1.15 and 0.5, respectively.
When using the up-scaling method to obtain canopy

transpiration, users must be aware of potential errors and
take suitable precautions. Repeated measurement of leaf
transpiration on different areas of each leaf, and using
different methods to measure leaf areas would minimize
the errors. As for strategy in sampling maize plants,
increase the number of stem diameters (not only 16, 19
and 25mm), use more selection criteria to choose
Copyright © 2014 John Wiley & Sons, Ltd.
samples (not only stem diameter) and increase the
sampling region (no restriction to the monitoring region
in Figure 1) would be favourable to obtain more reliable
up-scaled canopy transpiration. As for the canopy
transpiration calculated by FAO-56 dual crop coefficient
method, one should be aware of some potential error
even though it is widely accepted and has been
successfully used in many fields.
Accurate and easy estimates of canopy transpiration are

very important in the regions facing water shortage. It is
hard to eliminate all the errors for both up-scaling method
and FAO-56 dual crop coefficient method. However, with
the improvement of the monitoring techniques and
sampling strategy, as well as the long-term monitoring
data collecting, it will be helpful in obtaining a more
accurate assessment of canopy transpiration.
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