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Irrigation  efficiency  is an  important  consideration  for  selecting  a suitable  irrigation  method  in  arid  and
semiarid regions.  Crop  canopy  interception  and  wind  drift  may  reduce  sprinkler  efficiency.  However,
the  evapotranspiration  suppression  resulting  from  temperature  reduction  and  humidity  increase  in
sprinkler-irrigated  fields  versus  non-irrigated  fields,  defined  as microclimate  modification  in this  article,
imposed  a  positive  effect  on  sprinkler  efficiency.  In this  study,  a sprinkler  efficiency  model  based  on  the
Cupid  program  was  proposed  for considering  the  effects  of microclimate  modification.  The  air  tempera-
ture, relative  humidity,  plant  transpiration,  soil  evaporation  and  sprinkler  efficiency  during  the  irrigation
season  of  corn  in the  North  China  Plain  were  simulated  using  the  model.  The  results  indicated  that  the
microclimate  within  the  sprinkler-irrigated  field  could  be  modified  during  irrigation,  and  the  effects  con-
tinued for  10–20  h  after  the  application  finished.  When  evapotranspiration  suppression  was  considered,

sprinkler  efficiency  could  be improved  by 5  percentiles  versus  non-irrigated  fields.  A  sensitivity  analysis
of sprinkler  efficiency  was  conducted  by classifying  the  input  variables  of  the  model  into  three  categories:
constant,  hourly  and  daily  variables.  It was  found  that the  sprinkler  efficiency  was  only  generally  sensitive
to the  leaf thermal  emissivity  for all  constant  and  daily  variables  investigated.  The  sensitivity  to  hourly
variables  was  greatly  dependent  upon  the  specific  soil,  plant  and  weather  conditions  during  an  irrigation
event.
. Introduction

Irrigation is one of the practices used to increase and stabilize
rop yield. The application efficiency plays an important role in
electing a suitable irrigation method in arid and semiarid regions.
prinkler irrigation supplies water to crops in a manner similar to
atural rainfall. Sprinkler water losses are mainly caused by crop
anopy interception, wind drift and evaporation. However, these
osses can reduce temperature and increase humidity in the fields
nd consequently suppress plant transpiration and soil evapora-
ion by microclimate modification (Wang et al., 2006; Cavero et al.,
009). McNaughtom (1981) believed that any “savings”, or decline,

n crop transpiration from the wetted area compared with a non-
rrigated field can be subtracted from gross interception losses for a

educed, or net, interception loss. Thompson et al. (1993b) reported
hat both soil evaporation and crop transpiration reduction led to
ffective water losses for sprinkler application.

∗ Corresponding author at: Department of Irrigation and Drainage, China Insti-
ute  of Water Resources and Hydropower Research, 20 Chegongzhuang West Road,
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The influence of sprinkler irrigation on evapotranspiration
mainly depends on the amount of water intercepted by the crop
canopy and the recovery time for the microclimate modification.
Different researchers determined the recovery time for different
temporal scales. Tolk et al. (1995) determined the transpiration
suppression of corn during and after an irrigation event. Thompson
et al. (1993b) calculated the effective loss of sprinkler water in a
field during the process of irrigation, relative to a non-irrigated
field. Liu and Kang (2006) reported that field microclimate modifi-
cation continued throughout two  consecutive sprinkler irrigations
intervals. Through measurements of plant transpiration rate and
microclimate in fields of winter wheat and corn, Wang et al. (2007)
found that temperature and humidity had an approximately sim-
ilar recovery time. They estimated the net interception loss by
crop canopy from the beginning of sprinkler application to the
point when the plant transpiration rate increased to the rate in
the reference fields receiving surface irrigation. Playán et al. (2005)
and Cavero et al. (2009) reported that daytime sprinkler irrigation
strongly modified field microclimate during the irrigation and for

a short period after the irrigation finished, while this modification
was minimal for a nighttime irrigation.

The Cupid package is a comprehensive soil–plant–atmosphere
model in which many of the essential physical and physiological

dx.doi.org/10.1016/j.agrformet.2012.03.019
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
mailto:lijs@iwhr.com
dx.doi.org/10.1016/j.agrformet.2012.03.019
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rocesses that describe plant–environment interactions had been
ncorporated. To accomplish the structure of Cupid, the canopy,
oil and atmosphere are divided into layers and leaves within each
ayer are divided into leaf-angle classes. This enables the bound-
ry conditions for the soil and atmosphere to be defined so that
rofiles of air and soil temperature, relative humidity, leaf tem-
erature, soil water content, intercepted rainfall or irrigation, dew
ormation and thus leaf wetness duration can be generated from
he input information. The input data requirements for the model
upid include five classes: initial conditions, ambient environment,
oil characteristics, plant characteristics and site factors. The mea-
urement of these data can be found in Norman and Campbell
1983). This detailed knowledge of crop energy and water balance
roduced by Cupid has permitted its applications to micrometeo-
ology (Inclán and Forkel, 1995; Kustas et al., 2007), remote sensing
Huang et al., 2007) and integrated pest management (Norman,
982). Since combining equations governing water droplet evap-
ration and droplet ballistics with the Cupid program (Thompson
t al., 1993a),  Cupid has become a useful tool to estimate the micro-
limate modification and evapotranspiration suppression from
prinkler irrigation (Thompson et al., 1993b, 1997).

The objectives of this study were to develop a sprinkler effi-
iency model based on the Cupid program that considers the effects
f microclimate modification, to verify the model using the acces-
ible field data of temperature and humidity for sprinkler-irrigated
orn and to find parameters that have a relatively important influ-
nce on sprinkler efficiency from among a huge number of input
ariables.

. Material and methods

.1. Definition of sprinkler efficiency

Irrigation efficiency (E1, %) is defined as the ratio of total water
tored in the root zone for plant use (Ws, mm)  to the total amount
f water applied (I, mm)  (Hansen, 1960):

1 = Ws

I
× 100%. (1)

The total water stored in the root zone in the Cupid program
ncluded two  components. One is the stem flow (S, mm),  and the
ther is the drip-off water (D, mm).  The sum of stem flow (S)
nd the drip-off water (D) is an output parameter for the Cupid
rogram. The stem flow (S) in the Cupid program is determined
y

 =
n∑

j=2

fs(Pj − ej − pmax × 2.0 × df ), (2)

here n is the total number of sublayers, fs is the fraction of
ntercepted application that runs down the stem, Pj (mm)  is the
ntercepted application by sublayer j, ej (mm)  is the evaporated

ater in sublayer j, pmax (mm)  is the maximum effective thickness
f water on one side of a leaf and df is the leaf area index for sublayer

.
The drip-off water (D) in the Cupid program is described as

 = P1 +
n∑

j=2

dj × exp{−0.5 × [(j − 2) × df ]}, (3)

here dj (mm)  is the drip-off water from sublayer j and P1 (mm)
s the intercepted application by layer between the soil surface

nd canopy, namely, the part of the application water passing the
anopy directly.

The contribution of microclimate modification to sprinkler effi-
iency was based on the comparison of evapotranspiration between
eteorology 161 (2012) 116– 122 117

a sprinkler-irrigated field and a non-irrigated field. The Cupid
model was able to simulate the evapotranspiration under these two
scenarios. Both plant transpiration (Tp, mm)  and soil evaporation
(Es, mm)  were two  of the model outputs. Note that the plant tran-
spiration and soil evaporation in the sprinkler-irrigated field were
Tp1 and Es1, while they were Tp2 and Es2 in the non-irrigated field.
The sprinkler efficiency model was  defined as

E2 = Ws + (Tp2 − Tp1) + (Es2 − Es1)
I

× 100% = Ws + �Tp + �Es

I

× 100%, (4)

where �Tp (mm)  and �Es (mm)  are the plant transpiration
suppression and soil evaporation suppression relative to a non-
irrigated field, respectively.

Because the air vapor deficit, which is a function of air temper-
ature and humidity, is the main force for plant transpiration and
soil evaporation, the calculation duration of the sprinkler efficiency
model (t) was selected to span from the beginning of application to
the point at which both air temperature and humidity recovered to
the contrast level after the irrigation finished (Eq. (5)). To minimize
the influence of the time step of the model simulation on the sta-
bility of �Tp and �Es, the convergence criterion for the calculation
duration t(h) was  defined as

t = max{t(�T ≥ −0.01), t(�RH  ≤ 0.01)}, (5)

where �T  (◦C) is the decrease in the air temperature in a sprinkler-
irrigated field versus a non-irrigated field, �RH (%) is the increasing
amount of relative humidity in a sprinkler-irrigated field versus a
non-irrigated field, t(�T ≥ −0.01) (h) is the time when �T is equal
to or larger than −0.01 and t (�RH ≤ 0.01) (h) is the time when �RH
is equal to or smaller than 0.01.

2.2. Field experiments

The field experiment was  conducted at the Experimental Station
of the Agrometeorology Institute, Chinese Academy of Agricultural
Science in Beijing, North China Plains (39◦48′N, 116◦28′E, 31.3 m
above sea level) to provide the data related to the input variables
and to verify the Cupid model. The experimental area, located in
the temperate monsoon climate zone, is in a dry, subhumid region
with an annual mean precipitation of 550 mm.  The soil was sandy
clay loam with a bulk density of 1.3 g/cm3 and a field capacity of
0.30 cm3/cm3. An automated weather station was  installed 80 m
from the experimental field to measure the hourly ambient envi-
ronment.

Impact sprinklers (80B2, LEGO Israel) with a nozzle diameter
of 4 mm were used for irrigation. The flow rate for an individual
sprinkler was 0.8 m3/h at 0.3 MPa. The nozzle height of the solid-
set system was  2.4 m above the soil surface. The entire irrigated plot
was 15 × 45 m.  Sprinklers were spaced in a square grid of 15 × 15 m.
Twenty-seven TDR access tubes were uniformly distributed in the
irrigated plot with an equal grid of 5 × 5 m.  Normally, the soil–water
contents at each access tube from depths of 10–100 cm were
measured by time domain reflectometry (TDR) (TRIME-T3, IMKO
Germany) with an interval of 10 cm.  The initial soil–water contents
for each irrigation event were also measured prior to the irrigation
event. Irrigation was  applied when the average soil–water content
within the top 50 cm layers was depleted to approximately 75%
of the field capacity. The soil–water content was  measured before
the sprinkler application and at the same time after the application
finished for seven consecutive days.
Summer corn cultivar Zhongnuo No. 1 (Zea mays L.) was sown on
24 June with rows 0.6 m apart, with 0.4 m of spacing between plants
and harvested on 15 September 2005. A 4 m high mast with three
layers of sensors (U23-002, HOBO America) was  installed in the
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Fig. 1. Comparison of the air temperature and relative humidity predicted by the
18 W. Zhao et al. / Agricultural and Fo

enter of the experimental area to measure the air temperature and
elative humidity every 30 min. The height for each sensor layer was
djusted according to plant height during the growing season. The
pper layer sensors were 0.3 m above the top of the canopy, and the
econd layer sensors were installed at the top of the crop canopy.
o measure the temperature and humidity within the canopy, the
hird layer sensors were installed at 3/4 of the plant height. None
f the sensors were shielded.

Three sprinkler irrigation events were applied on 29 July, 25
ugust and 5 September with an approximate application rate of
.8 mm/h  during the growing season. For the application event on
5 August, the irrigation was initiated at 09:24 and completed at
2:49 local time, and a total amount of 20 mm was  applied. The
lant height measured on this date was 2.0 m,  and the leaf area

ndex (LAI) was 2.6. The ratio of stem flow to total water applied
as 0.4 (Wang et al., 2006).

The field measurements described above provided most of the
ata for input variables of the Cupid model, including the initial
ater content profile, atmospheric variables and soil water con-

ent, soil properties, plant characteristics, site factors and irrigation
chedules of the sprinkler-irrigated field. Other input data was
pproximated from published information (Norman and Campbell,
983; Huang et al., 2007). For the non-irrigated field, the input
ariables similar to the sprinkler-irrigated field were used but
he flag variable to specify type of water application (IRRCHK)
as set to zero (IRRCHK = 0 for no irrigation and IRRCHK = 1 for

verhead sprinkler irrigation). Two of the model outputs, tem-
erature and humidity above the canopy, were compared with
he field observations to verify the model. Then the plant tran-
piration and evaporation from the soil surface either irrigated
r non-irrigated fields simulated under different scenarios by the
odel (that were not measured in the field experiments) were

sed to evaluate microclimate modification and evapotranspiration
uppression from sprinkler irrigation.

.3. Sensitivity analysis

According to the temporal variation characteristics of the input
ariables of the Cupid model, the variables were classified into three
ategories: constant variables, daily variables and hourly variables.
onsidering the complexity and nonlinearity of the Cupid model,
he local method was used in the sensitivity analysis. The sensi-
ivity index (Huang and Zhang, 2010) was used to quantify the
ensitivity of the sprinkler efficiency to each constant and daily
ariable:

Ik = �O

�Fk

Fk

O
= f  (F1, F2, ..., Fk + �Fk, ..., Fm) − f (F1, F2, ..., Fm)

�Fk

Fk

f (F1, F2, ..., Fm)
,  (6)

here SIk is the sensitivity index of the kth input variable, O is
he output of model simulation, either E1 or E2, and Fk are the
nput variables of constant and daily input variables. The larger
he absolute value of SI, the higher the sensitivity of the variable
k.

The relative deviation R (%) was used for sensitivity analysis of
ourly variables because a constant value was unavailable for an
ourly variable:
= �O

O
× 100% = f  (F1, F2, ..., Fk + �Fk, ..., Fm) − f (F1, F2, ..., Fm)

f (F1, F2, ..., Fm)

× 100%. (7)
Cupid model with measured values from above the corn canopy during and after
sprinkler irrigation events. Vertical lines represent the beginning and end of the
irrigation.

3. Results and discussion

3.1. Model verification

The temperature and relative humidity values simulated by the
Cupid model and the data collected at the height of 2.3 m from the
ground (above the canopy) are compared in Fig. 1 for the selected
event of sprinkler application on 25 August. A time step of 15 min
was used in the simulation.

It can be seen in Fig. 1 that the model predictions were 0.5–2 ◦C
larger than the temperature measured during the process of irri-
gation (from 924 h to 1249 h) and within 0.5 h after the irrigation
finished. The sensors might be shielded by spray drops during water
application. The evaporation of the drops could cool the sensors and
resulted in an observed temperature lower than the actual value.
However, a predicted temperature slightly (0–2 ◦C) lower than the
value measured was  observed after that time with a relative error
(|measured value – simulated value|/measured value) ranging from
0 to 8%.

The measured relative humidity showed a random pattern of

fluctuations during the irrigation. There were two  facts that can
account for these fluctuations. One was  the evaporation of the spray
drops on the surface of the sensors, and the other was the fluctu-
ations in wind speed and direction that enhanced or suppressed
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Fig. 2. Air temperature simulated by the Cupid model in the non-irrigated field and
sprinkler-irrigated field above the crop canopy, at the crop canopy and within the
W.  Zhao et al. / Agricultural and Fo

he vertical exchange of vapor pressure. This randomness could
ecome more significant because wind speed was  integrated over
he specific time interval selected (Thompson et al., 1993b). The
alues of relative humidity predicted by the Cupid model captured
he general trend of the measured values, with a mean relative error
f 14% during the process of irrigation and an error of 19% within

 h after the irrigation finished.

.2. Microclimate modification and recovery time

The air temperature simulated by the Cupid model from the
eginning of application to the time when the temperature in the
prinkler-irrigated field recovered to the level of a non-irrigated
eld, for the selected event of sprinkler application on 25 August,

s illustrated in Fig. 2. An approximately similar variation pattern
f temperature with time was observed for the three simulation
eights of 2.3 m from the soil surface (above the canopy), 2.0 m from
he soil surface (at the height of canopy) and 1.5 m from the soil sur-
ace (below the canopy). During the process of water application,
he air temperature in the sprinkler-irrigated field was  almost sim-
lar to the value in the non-irrigated field. The temperature in the
prinkler-irrigated field was lower than that in the non-irrigated
eld within 6.4 h after the irrigation finished. The maximum tem-
erature reduction in the sprinkler-irrigated field was 0.8, 1.1 and
.2 ◦C for the three heights of above the canopy, at the height of the
anopy and below the canopy, respectively. Cavero et al. (2009) also
eported that the decrease of temperature due to sprinkler irriga-
ion was higher as the measurement height was closer to the soil
urface.

From 0.5 h after the beginning of irrigation to 10.75 h after the
rrigation finished, the relative humidity in the sprinkler-irrigated
eld was higher than that in the non-irrigated field. The maximum

ncrement was 21.2%, 30.8% and 27.8% for the three heights of above
he canopy, at the height of the canopy and below the canopy,
espectively (Fig. 3).

An increasing trend of temperature and a decreasing trend of
umidity in the sprinkler-irrigated field can be examined during
he process of water application (Figs. 1–3). The quickly increasing
olar radiation during the application (from 924 h to 1249 h), which
ad a positive effect on the air temperature increase, can mainly
ccount for this phenomenon.

For the sprinkler irrigation event on 29 July (from 900 h to
155 h, a total amount of 17 mm was applied), the simulated recov-
ry time versus the non-irrigated field was 9.75 h for temperature
nd 11.25 h for humidity. For the sprinkler irrigation event on 5
eptember (from 09:55 to 14:54, a total amount of 30 mm  was
pplied), the recovery time was 6.25 h and 19.50 h for tempera-
ure and humidity, respectively. This indicated that the recovery
ime for temperature and humidity might be different for a given
rrigation event, greatly depending on the specific weather con-
itions during the process of water application and several hours
fter water application ceased.

.3. Evapotranspiration suppression

The simulated corn transpiration and soil evaporation in the
prinkler-irrigated and non-irrigated fields for the selected sprin-
ler event on 25 August are compared in Fig. 4. The transpiration
nd evaporation rate in the sprinkler-irrigated field was substan-
ially lower than that in the non-irrigated field during the process
f water application and continued for several hours after water

pplication finished. From the beginning of irrigation to the recov-
ry time of microclimate modification, the average transpiration
nd the average evaporation in the sprinkler-irrigated field was
6.9% and 45.2% lower than that in the non-irrigated field, with a
crop canopy from application to the point at which the air temperature recovered
to non-irrigated field level. Vertical lines represent the beginning and end of the
irrigation.

transpiration suppression of 1.01 mm  and evaporation suppression
of 0.25 mm.

3.4. Sprinkler efficiency

As defined in equation 5, the calculation duration of E2 for the
three application events of 29 July, 25 August and 5 September
was from the beginning of application to 9.75 h, 10.75 h and 19.50 h
after the application finished, respectively. The simulated E1 and E2

are summarized in Table 1. Compared with E1, E2 increased 3 to 6
percentiles for the three irrigation events when considering tran-
spiration and soil evaporation suppression versus a non-irrigated
field. These results were similar to the finding of Tolk et al. (1995).
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Fig. 3. Relative humidity simulated by the Cupid model in the non-irrigated field and
sprinkler-irrigated field above the crop canopy, at the crop canopy and within the
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rop canopy from application to the point at which the relative humidity recovered
o  the non-irrigated field level. Vertical lines represent the beginning and end of the
rrigation.

hey demonstrated that for an average daytime sprinkler applica-
ion of 21 mm,  the estimated average gross interception loss was
0.7% (E1 = 89.3%), but the resulting suppression of measured tran-
piration by 50% or more during the irrigation reduced the gross
nterception loss by 3.9% (E2 = 93.2% when only crop transpiration
uppression was considered).
.5. Sensitivity analysis for constant and daily variables

In the sensitivity analysis to constant and daily variables, the
ariation range of the input variable (�Fk) was between ±2% and

able 1
imulated results of irrigation efficiency (E1) and sprinkler efficiency (E2) for the three ev

Application time I (mm) �T (mm)  �E

29 July 17 0.68 0.2
25  August 20 1.01 0.2
5  September 30 1.03 0.2
Fig. 4. Transpiration and evaporation rates simulated by the Cupid model during
and  after sprinkler irrigation events. Vertical lines represent the beginning and end
of  the irrigation.

±50%. The absolute values of the sensitivity index for E1 and E2 are
shown in Table 2. E1 was  sensitive to 24 of the input variables, while
E2 was sensitive to 19. The sensitive variables were not always iden-
tical for the three irrigation events because of the conditionality of
the variables (Tan and Jin, 1998), which would change with the
special soil–plant–atmosphere continuum. The average sensitivity
indexes of the constant and daily variables were less than 0.05,
except for the leaf thermal emissivity. According to the classifica-
tion standard (Huang and Zhang, 2010), the leaf thermal emissivity
is a generally sensitive variable, while all other input variables are
the insensitive variables. To obtain an accurate determination of E1
and E2, the variation range of the leaf thermal emissivity should be
controlled within 0.02% and 1.5%, respectively.

3.6. Sensitivity analysis for hourly variables

When the sensitivity analysis for hourly variables was con-
ducted, a variation range of the input variables (�Fk) of ±10% was
used. The relative deviation (R) for E1 and E2 is shown in Table 3.
Compared with the reference values of E1 and E2, both E1 and E2

decreased with increasing wind speed, solar radiation and temper-
ature. A decreasing air vapor pressure produced an increasing E1
and E2. The relative importance of the hourly variables to E1 was
as follows: temperature > wind speed > air vapor pressure > solar

ents of sprinkler irrigation.

s (mm)  Ws (mm) E1 (%) E2 (%)

8 16.11 94.76 100.44
5 18.71 93.55 99.85
3 28.47 94.90 98.34
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Table  2
Sensitivity index (SI) of irrigation efficiency (E1) and sprinkler efficiency (E2) to the constant and daily variables for the three events of sprinkler irrigation.

Number Sensitive parameters Sensitivity index |SI| for E1 Sensitivity index |SI| for E2

2005.7.29 2005.8.25 2005.9.5 2005.7.29 2005.8.25 2005.9.5

1 Bulk density of soil 0.00 0.01 0.01 0.02 0.01 0.01
2  Value to match soil water flow equations with canopy vapor flow

equations
0.00 0.00 0.03 0.00 0.00 0.01

3 Height of sprinkler nozzle 0.00 0.00 0.00 0.00 0.01 0.00
4 Number of layers above the sprinkler where droplet evaporation is

occurring
0.00 0.00 0.00 0.00 0.01 0.00

5  Thinnest leaf layer in terms of LAI units 0.01 0.01 0.00 0.00 0.00 0.00
6  Clumping factor for canopy structure 0.01 0.01 0.00 0.00 0.00 0.00
7 Thermal emissivity of leaf 0.07 0.20 0.10 0.09 0.08 0.04
8 Thermal emissivity of the soil 0.00 0.00 0.01 0.00 0.03 0.01
9 Soil  reflectance to visible 0.00 0.02 0.00 0.01 0.01 0.00
10  Soil reflectance to near infrared 0.00 0.00 0.00 0.00 0.01 0.00
11 Green leaf reflectance to visible 0.00 0.00 0.00 0.01 0.01 0.00
12  Green leaf reflectance to near infrared 0.01 0.02 0.02 0.02 0.01 0.00
13  Green leaf reflectance to thermal 0.00 0.01 0.02 0.01 0.01 0.01
14  Green leaf transmittance to visible 0.00 0.00 0.00 0.01 0.01 0.00
15  Green leaf transmittance to near infrared 0.01 0.02 0.02 0.02 0.01 0.00
16  Maximum size of leaf 0.01 0.01 0.01 0.00 0.01 0.01
17 Reference height for wind 0.01 0.01 0.01 0.02 0.01 0.01
18  Number of layers above the canopy 0.00 0.01 0.00 0.00 0.01 0.01
19 Height of upper boundary layer 0.01 0.01 0.02 0.02 0.04 0.02
20  Ambient atmospheric CO2 concentration 0.01 0.01 0.01 0.00 0.01 0.01
21  Maximum fraction of leaf area wetted by precipitation 0.02 0.02 0.02 0.00 0.02 0.01
22  Maximum layer of water (mm)  that can be held on a wet  leaf in a

uniform film
0.02 0.04 0.05 0.01 0.03 0.02

23 Leaf  area index 0.04 0.05 0.04 0.01 0.03 0.03
24  Height of canopy 0.01 0.02 0.02 0.02 0.04 0.02
25 Relative height of the lowest green leaf 0.00 0.00 0.00 0.01 0.00 0.00
26  Water content of soil layers 0.00 0.00 0.00 0.02 0.01 0.00

Table 3
Relative deviation (R) of irrigation efficiency (E1) and sprinkler efficiency (E2) for the hourly variables for the three events of sprinkler irrigation.

Parameters Relative deviation R for E1 (%) Relative deviation R for E2 (%)

2005.7.29 2005.8.25 2005.9.5 2005.7.29 2005.8.25 2005.9.5

Wind speed (+10%) −0.14 −0.11 −0.18 −0.17 −0.10 −0.02
Wind  speed (−10%) 0.17 0.16 0.07 0.08 0.01 −0.05
Solar  radiation (+10%) −0.03 −0.05 −0.18 0.43 0.39 −0.05
Solar  radiation (−10%) 0.00 0.27 0.11 −0.49 −0.27 −0.10
Air  temperature (+10%) −0.35 −0.27 −0.46 −0.17 0.27 −0.19
Air  temperature (−10%) 0.35 0.43 0.18 0.85 −0.68 −0.21
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Air  vapor pressure (+10%) 0.56 0.16 

Air  vapor pressure (−10%) −0.03 −0.21 

Reference value (%) 94.76 93.55 

adiation, while the sensitivity of the sprinkler efficiency to the
ourly variables was highly related to the specific weather condi-
ions during the process of irrigation and several hours after water
pplication ceased. For example, a 10% decrease in wind speed
esulted in an increased E2 for the sprinkler irrigation event on 29
uly, while a similar decrease in wind speed produced a reduced
2 for the sprinkler irrigation event on 5 September.

. Conclusions

The evaporation of spray drops and the canopy-interception
osses decreased sprinkler efficiency, while the evapotranspiration
uppression resulting from microclimate modification of sprinkler
rrigation contributed to an improvement in sprinkler efficiency.

hen modeling the sprinkler efficiency while considering the
icroclimate modification effects using the Cupid model, the fol-

owing conclusions can be made:
Because the evaporation process of canopy-intercepted water
was an integrated result of the soil–plant–atmosphere contin-
uum, the microclimate modification from sprinkler irrigation was
highly related to the specific weather conditions during and after
0.04 0.00 −0.03 −0.05
−0.07 −0.16 −0.31 0.00
94.90 100.44 99.85 98.34

an irrigation event. Both irrigation efficiency and sprinkler effi-
ciency showed flexible characteristics during an irrigation season.

• The microclimate modification occurred not only during the
application but also continued for 10–20 h after the application
finished. This modification resulted in an improvement of sprin-
kler efficiency by 5 percentiles.

• The leaf thermal emissivity was the only generally sensitive
variable for both irrigation efficiency and sprinkler efficiency of
the constant and daily variables. The relative importance of the
hourly variables on irrigation efficiency was as follows: tempera-
ture > wind speed > air vapor pressure > solar radiation, while the
sensitivity of the sprinkler efficiency to the hourly variables was
greatly dependent upon the weather and plant conditions during
and after an irrigation event.
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