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ABSTRACT

The microclimatic (air temperature and vapour pressure deficit (VPD)) and
physiological (canopy temperature and plant transpiration) changes due to center
pivot sprinkle irrigation were monitored at a commercial plot of maize (Zea mays
L.). Two treatments were considered: a) moist, measurements taken at three
spots on a transect when the pivot was running over it; b) dry, measurements
taken simultaneously at a fourth spot D, 270 m apart. A total of 34 irrigation
events were monitored, seven of which included plant transpiration
measurements. For the transpiration-measured irrigation events, significant (P =
0.05) reductions in the monitored variables for the moist treatment were observed
for 0.6 to 2.1 h before, during and 0.5 to 2.4 h after the irrigation. The average

decreases for the phase during were 1.8 to 2.1 °C for air temperature, 0.53 to
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0.61 kPa for VPD, 3.1 to 3.8 °C for canopy temperature, and 0.22 to 0.28 mm h™
(30 to 36 %) for transpiration. Lower reductions were found for the phases before
and after. The duration of the microclimatic changes decreased as the distance
from the centre of the pivot increased (from 3.9 to 2.2 h), but the duration of the
physiological changes was similar in the different pivot arm portions (=4 h).
Microclimatic and physiological changes were higher in drier and warmer days.
Transpiration reduction due to irrigation was higher as closer to the center of the
pivot and represented 5 to 7% of the applied water. The estimated reduction of
ET represented 1.5 to 1.8% of the applied water. The reduction of transpiration

and ET is positive because it represents a reduction in irrigation requirements.

The decrease in maize canopy temperature could be positive or negative

depending on its effect on photosynthesis.

Abbreviations

VPD, vapor pressure deficit; PAP, pivot arm portion; GMT, Greenwich Mean Time;

SIAR, Spanish Irrigation Advisory System; CV, coefficient of variation.
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1. INTRODUCTION

The acreage irrigated by sprinkler irrigation systems has increased in order to better
meet the crop water requirements and increase the water application efficiency and the
crop yield. For instance, sprinkler irrigation systems represent about 23% of the 3.5 Mha
of irrigated land in Spain. Among the different types of sprinkler irrigation systems, the
center pivot offers several advantages such as the lower invest cost compared to solid-
set, the high degree of automation and the high water application efficiency. Due to
these factors, their use has become widespread around the world (Allen et al., 2000).
Thus, center pivot is used in about 32 to 40 % of the irrigated land in several Spanish
Irrigation Districts (MAGRAMA 2011). In USA, the land irrigated by center pivot has
increased by more than 50% from 1986 to 1996 (Evans 2001), while it accounted for
83% of the sprinkler systems on 2008, i.e. about 47% of the 22.2 Mha of irrigated land

(USDA 2008).

Thompson et al. (1993) reported that during solid-set sprinkler irrigation a total amount
of energy equivalent to 24% of the net radiation was transferred from the plant
environment to the water droplets as they warmed during flight and after they impacted
the canopy and soil. This leads to sprinkler irrigation water losses by evaporation during
and after the irrigation. This evaporation of water modifies the crop microclimate. A
decrease of air temperature and air vapor pressure deficit (VPD) has been reported
(Robinson 1970; Steiner et al. 1983; Thompson et al. 1993; Tolk et al. 1995; Liu and
Kang 2006a; Cavero et al. 2009). The microclimatic changes can also cause several
crop responses. Howell et al. (1971) reported that during mist irrigation of peas (Vigna

unguiculata (L.) Walp. ), the air and canopy temperature decreased and the leaf water
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potential increased; in addition, a higher yield was observed as compared to the non-
mist irrigated treatment. Liu and Kang (2006b) also reported decreases of canopy
temperature of wheat (Triticum aestivum L.) of 0.3 to 2.8 °C in a sprinkler irrigated field

as compared to a non-sprinkled field.

In maize (Zea mays L.), microclimatic (air temperature and air VPD) and plant
physiological (canopy temperature, plant transpiration, leaf water potential) changes
have been reported during sprinkler irrigation. Steiner et al. (1983) compared the
microclimatic and physiological conditions of crop maize under two types of irrigation
system: center pivot sprinkler and surface irrigation. They reported that long-term daily
average canopy and air temperatures at the center pivot field were 1.0 °C and 1.5 °C,
respectively, cooler than at the surface irrigation field. This cooling effect of the center
pivot irrigation was higher during days of high evaporative demand. Using a lateral
move sprinkler irrigation system, Tolk et al. (1995) observed that during daytime
irrigations the VPD decreased about 1.4 KPa, the canopy temperature decreased about
5.3°C, and the transpiration rates decreased by 32%. Finally, Cavero et al. (2009)
reported that during daytime solid-set sprinkler irrigation the air temperature and the
VPD (measured at 0.5 m below crop canopy height) decreased between 3.3 and 4.4 °C,
and between 1.0 and 1.2 KPa, respectively; these decreases were lower when
monitored at higher measurement heights. Cavero et al. (2009) also reported that
canopy temperature decreased between 4 to 6 °C, the crop transpiration rate was
reduced by 58%, and leaf water potential increased from values of -1.2 to -1.4 MPa to
values of -0.52 to -0.57 MPa. In general, these studies report that these microclimatic
and plant physiological changes during the sprinkler irrigation event only last for a few

hours after the irrigation finishes.
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These microclimatic and physiological changes affect the efficiency of the sprinkler
irrigation application (Tolk et al., 1995; Martinez-Cob et al., 2008), so they are relevant
to the modeling of sprinkler irrigation efficiency (Zhao et al., 2012). It is important to
gather information of those changes under different irrigation systems and
meteorological, crop and land conditions so a larger database can be obtained to test

those models under different scenarios.

In center pivots due to its rotation movement, the water application rates and irrigation
duration vary along the pivot arm portions. As the abovementioned microclimatic and
physiological changes are the consequence of the evaporation water lost during and
after the irrigation and those losses depend on the application rates and irrigation
duration, the microclimatic and physiological changes could be different along the
different pivot arm portions and they could also be different compared to other sprinkler
irrigation systems. This variability and a detailed analysis of the microclimatic changes
during the irrigation events were not addressed in previous work (Steiner et al., 1983).
The goal of this work was to study the variability of the magnitude and duration of the
microclimatic (air temperature and VPD) and physiological (canopy temperature and
plant transpiration) changes in a center pivot sprinkler system irrigating a maize crop

and how they affect the water use.

2. MATERIALS AND METHODS

2.1 Experimental site

The experiment was carried out from June to September 2008 in a maize commercial
plot of 32.3 ha irrigated with a center pivot sprinkler irrigation system (VXP, Irrifrance,

Paulhan, France), and located at Valfarta (Huesca, Spain) (41°33'N latitude and 0°07'W
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longitude; 354 m altitude). The climate is Mediterranean semiarid with a yearly average

precipitation of 400 mm and mean annual air temperature of 14.3° C.

Maize cultivar Pioneer PR34N44 was planted on 15 April 2008. A final plant density of
68,000 plants ha™ was attained as determined by counting and averaging the number of
plants within 15 sampling spots of 3.0 m? each. This sampling was performed on 6
October, few days before harvest. The soil is classified as Typic Torrifluvents and the
texture is silty loam. Agronomic practices (fertilization, weeds and pest control, etc.)
common in the region were conducted by the owner of the commercial plot. For
irrigation scheduling, the farmer obtained the maize irrigation requirements from the
Spanish Irrigation Advisory System (SIAR) (MARM, 2011). The SIAR System includes a
network of automated weather stations, one of them located 3 km southeast from the
experimental plot. This station (thereafter the ‘nearby grass station’) is located over
grass following the reference conditions defined by Allen et al. (1998). The SIAR
System uses the average daily meteorological data recorded (air temperature and
relative humidity, wind speed and direction, solar radiation and precipitation) to get daily
estimates of ET,, and locally adjusted maize crop coefficients to calculate the weekly
crop evapotranspiration and irrigation requirements using the FAO approach (Allen et al.

1998). An irrigation efficiency of 0.85 is used to calculate the irrigation requirements.

The pivot arm was 322 m long and was divided into six portions of 49.4 m length each
and a final overhang of 25.6 m length (Fig.1, Table 1). The main pipe had a diameter of
0.163 m. The number of impact sprinklers in each pivot arm portion and the general
characteristics of the center pivot system are shown in Table 1. All sprinklers had a
pressure regulator (Model PSR30, Senninger Irrigation Inc., Clement, FL, USA) and

were located at the top of the main pipe. A complete turn of the center pivot over the
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whole plot lasted about 31 h. The weekly irrigation requirement was divided by the water

depth applied by the pivot (~ 13 mm) to determine the number of irrigations per week.

Irrigation pressure (P;, kPa) was measured along the measurement period using
pressure transducers (Model 2200/2600, Gems Basingstoke, Hampshire, UK) installed
in the last sprinkler of pivot arm portions 2, 4 and 5 (Fig. 1). Each pressure transducer
was placed between the pressure regulator and the sprinkler and connected to a logger
(Model ES120, Dickson, Addison, IL, USA) which monitored and recorded pressure

values every 5 min.

2.2 Microclimatic and physiological changes

Determining the microclimatic and physiological changes occurring during the irrigation
events required simultaneous measurements at an irrigated and a non-irrigated area
(i.e. an area under the same conditions than those of the irrigated area but irrigated at a
different time). Thus three meteorological stations (thereafter, the experimental weather
stations A, B and C) and sap flow measurement systems were installed at a transect AC
located at northeast of the plot (Fig.1), approximately in the middle of the pivot arm
portions 2, 4 and 5, respectively. A fourth meteorological station (thereafter, the
experimental weather station D) and a sap flow measurement system were installed at
spot D, 270 m far away from transect AC (Fig. 1). Two treatments were established in
this field experiment: a) moist treatment, measurements taken at the stations A to C in
the transect AC when the pivot arm was irrigating it; b) dry treatment, measurements
simultaneously taken at the station D when the transect AC was being irrigated. At that
time, about 8 to 10 h have passed since the pivot arm irrigated the spot D due to the

duration of the rotating movement (counter clockwise) of the pivot (about 31 h), and the
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distance between the dry spot D and the transect AC (270 m). This time was enough to
dry out all intercepted water from plants in the area surrounding that spot D by the time
the pivot arm reached the transect AC. For this reason, that spot D was considered the
dry treatment. The size of the pivot irrigation system, its speed and the localization of

the different sensors allowed enough fetch for the different measurements.

An air temperature and relative humidity probe (HMP45C, Vaisala, Helsinki, Finland)
was installed at each experimental weather station (A to D) at 2.9 m above ground.
Measurement height was kept constant along the experiment. The accuracy of the
probes was + 0.3°C for air temperature and + 2% for relative humidity. For canopy
temperature measurement, an infrared thermometer (Model IRR-P, Apogee
Instruments, Inc., Roseville, CA) with an accuracy of + 0.5°C was also placed at three of
the experimental weather stations (A, B and D) at 1.0 m above the crop canopy with an
angle of 45° oriented towards the north. In addition, a net radiometer (NR-Lite,
Kipp&Zonen, Delft, The Netherlands) with an accuracy +30 W m™? at 1000 W m, and a
cup anemometer (A100R, Vector Instruments, Rhyl, UK) with an accuracy of +0.1 m s™
were installed at 2.9 m above ground at experimental weather station D. At each
experimental weather station, those variables (air temperature and relative humidity,
canopy temperature, and, at spot D, net radiation and windspeed) were monitored
continuously every 10 s and their average values were recorded every 5 min by a
datalogger (model CR10X at experimental weather stations A and B, model CR23X at
experimental weather stations C and D, Campbell Scientific, Inc. Logan, UT, USA). The
VPD was calculated from the recorded data of air temperature and relative humidity,

following the methodology described by Allen et al. (1998). These meteorological data



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

were also used for a direct estimation of maize evapotranspiration (ET) at each spot A,

B, C and D as described in section 2.3.

The transpiration rates were determined from sap flow measurements using the heat
balance method (Baker and van Bavel, 1987; Weibel and Boersma, 1995; Van Bavel
2005). This method was chosen because it had been previously used on maize in
similar studies to this (Tolk et al. 1995; Martinez-Cob et al. 2008). Next to each
meteorological station, a Flow4 datalogger (Dynamax, Houston, TX, USA) was installed
to monitor, log and process data collected by four sap gauges SGB19 (Dynamax) each
of them installed on a plant. Readings were taken every 10 min. The sap gauges were
moved to a another set of four plants within the same area of the field on July 25 and 14
August of 2008 to avoid any possible damage to the plants (Van Bavel 2005). Each
gauge had a soft foam collar surrounding the electronics. In addition, once installed in
the plant, each gauge was surrounded by a weather shield (aluminium bubble foil) such
it held a cylindrical shape. The aluminium top shield was secured using insulation tape.
The shield kept out water and prevented radiation from affecting readings (Van Bavel,
2005). Following this author, the datalogger was set to apply a continuous average
voltage of 4.0 V while the heater resistance of the different gauges varied between 58.9
to 64.6 Q. Van Bavel (2005) thoroughly describes the elements of the gauges, the
electronics, the recorded variables and the equations used to process them to obtain
transpiration rates at each gauge. The 10-min transpiration rates at each measurement
spot were determined as the average of those obtained from the four sampled plants
per spot. These values were determined in g h™* and transformed into mm h™ using the
average number of plants m? measured at each spot (6.8 plants m™). Unlike the 5-min

averages of air temperature and VPD and canopy temperature that were recorded
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continuously along the experiment, the 10-min transpiration rates were only recorded for
specific irrigation events due to limitations of the memory of the dataloggers used. For
the abovementioned time scan (10 min), the datalogger's memory could only hold 24 h
data so the values from 3 hours before the pivot arm passed over the transect AC until
at least 6 hour after passing were recorded. Those specific irrigation events were

monitored in situ, in general once per week.

We considered two set of data for the different variables (temperature and VPD of the

air, canopy temperature and plant transpiration):

a) Transpiration-measured irrigation events: the seven irrigation events for which
plant transpiration rate was measured and we were in situ to observe when the

center pivot was passing over the transect AC.

b) Remaining irrigation events: the 27 irrigation events for which transpiration rate
was not measured and we were not in situ to observe when the center pivot was

passing over the transect AC.

A transpiration-measured irrigation event was established as the time (t;) that took the
pivot to run over a distance L of 18 m, 9 m either side of the transect AC. This value of 9
m was established by visual inspection of the moistening radius of the pivot sprinklers.
For each irrigation event, the value of t; was different for each monitored pivot arm
portion (2, 4 and 5). For each transpiration-measured irrigation event the 5-min irrigation
pressure values were averaged for the time t;. These average irrigation pressure values
(Pi, kPa) were used to calculate the gross water depth applied (Is, mm) at each
monitored pivot arm portion. The following expression, derived from the Torricelli

equation (Norman et al. 1990), was used:

10
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where: c, is the discharge coefficient, 0.98 (Martinez-Cob et al., 2008); d, is the large
nozzle diameter (mm); d, is the small nozzle diameter (mm); t, is the time (h) to

complete a turn; A, is the surface area (m?) irrigated by the sprinklers of pivot arm

portion. The corresponding surface area for pivot arm portions 2, 4 and 5 were 23,177,

53,887 and 69,242 m?, respectively.

The time ty was determined for each pivot arm portion as follows:

t, = )

where: r is the radius at the end of the evaluated pivot arm portion (m); @ is the angular

speed of the pivot (m h™) computed from the values of t;.

The remaining irrigation events were not identified in situ. They were defined as those
periods for which differences between the two treatments (dry and moist), for each pivot
arm portion and variable (temperature and VPD of the air, and canopy temperature),
were higher than the accuracy of measuring instruments, and the evolution of the 5-min
values of these variables was similar to that observed during the transpiration-measured
irrigation events. Only those remaining irrigation events identified for daytime periods

(between 8:00 and 18:00 h Greenwich Mean Time (GMT)) were selected.

The half-hour values of wind speed and direction, solar radiation, air temperature, and

relative humidity recorded by the ‘nearby grass station’ were used to characterize the

11
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general standard meteorological conditions in the area during the different irrigation

events.

2.3. Estimation of maize evapotranspiration

It is expected that the maize evapotranspiration is also affected by the microclimatic and
plant physiological changes occurring before, during and after the irrigation events. The
FAO Penman-Monteith equation (Allen et al., 1998) only describes a particular
application of the Penman-Monteith equation, that for calculation of reference
evapotranspiration (ET for an hypothetical, grass-like crop, 0.12 m high and with a fixed
surface resistance of 70 s m™). However, the Penman-Monteith equation can be used
for the direct calculation (i.e. without using crop coefficients and reference ET) of any
crop evapotranspiration as the surface and aerodynamic resistance values required in
these computations are crop specific (Allen et al., 1996, 1998). Therefore, this equation
was chosen for estimation of maize evapotranspiration for each transpiration-measured
irrigation event at the four spots A to D using the corresponding 5-min averages air
temperature and relative humidity recorded at the experimental weather stations during
the different phases identified for transpiration changes. Thus three sets of moist maize
ET (for pivot arm portions 2, 4 and 5) and one set of dry maize ET were computed

following Allen et al. (1996):

300 A(R,-G)+p,c, VPDIr,

6
1072 A+y(1+ rcj

a

ET,

corn

)

where: 1, latent heat of vaporization (MJ Kg™); Ry, net radiation (W m™); G, soil heat flux

(W m™); A, slope of the saturation vapour pressure curve versus the temperature (kPa

12
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°C™); pa, air density (Kg m™); c,, specific heat of the air (J Kg™* °C™); VPD, vapour
pressure deficit (kPa); r., aerodynamic resistance of maize (s m™); r, bulk stomatal

(canopy) resistance of maize (s m™); y, psychrometric constant (kPa °C™).

The variables A, A, pa, v, and ¢, were estimated from the measured air temperature and
relative humidity following standard procedures described by Allen et al. (1998). Note
that the estimated values of these parameters were different at the four spots A to D as
the corresponding values of air temperature and relative humidity were used. G was

estimated from net radiation following Allen et al. (1996):
G = 04e YR, (4)

where LAl is the daily leaf area index estimated from measured crop height as
suggested by Allen et al. (1996). As the crop height at the four spots A to D was quite

similar, only a single set of LAl values was estimated and used.

The aerodynamic resistance r, (s m™) to vapour transfer was estimated following Allen
et al. (1996):
M)
Zom Zoh

fa. = K2 U, (5)

where: u,, is the wind speed (m s™) measured at a height z, at spot D, it was assumed
that wind speed was not affected by irrigation at the transect A-C; k is the von Karman’s
constant (0.41); z, and z, are the measurement heights (m) above ground of wind
speed, and air temperature and relative humidity, respectively; and d, zom, and zq, (all

three in m) are the zero-plane displacement and the roughness lengths for momentum

13
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and heat transfer, respectively, estimated (daily) as a function of crop height (hc) and

LAI following Farahani and Bausch (1995) and Kjelgaard et al. (1994):

d = 1.1h, In[1+(chA|)l/4] (6)
Zom = 0.3h.(1-d/h,) 7
and,

Zgp = 022z, (8)

where cq4 is the mean drag coefficient for individual leaves (0.07). Eq. (6) was chosen as
the product (cq LAI) was above 0.2 (Farahani and Bausch 1995) due to the LAI values
around 4.0 estimated during the monitoring period as crop height was about 2.5 m. The
same roughness parameters, d, zom and zo,, were used at the four spots A to D as the

average crop height was similar.

The bulk canopy resistance (s m™), r., was estimated following Farahani and Bausch

(1995):

-1
., = JC,LAI+ “ e, C Ry (9)
c,C |1+c,C R exp(—C LAI)

where: Rs is the incoming solar radiation (W m?); co is the minimum stomatal
conductance (0.0005 m s™); c; and ¢, are constants defined as ¢, = 3.2E-5 m s and c,
= 5.7E-5 m s*; and C is the light extinction coefficient, assumed to be 0.50 as
suggested by Cavero et al. (1999, 2000) for similar crop and climatic conditions to those
in this work. Rs was that measured at the ‘nearby grass station’ and it was assumed to

be the same along the pivot surface area.

14
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Net radiation was only measured at spot D. Though net short-wave radiation should not
be affected by irrigated, net long-wave radiation could be. Therefore, the net radiation
(in W m™) at the four spots A to D was estimated as described in Allen et al. (1996,

1998):
R, = (-a)Ry-0c T (o 34-0.14./e, 11 35i0|—o 35) (10)

where: o is albedo (assumed to be equal to 0.23); o is the Stefan-Boltzmann constant
(2.04E-10 MJ K* m? h™Y); Tk is the mean air temperature at the corresponding 5-min
period and spot A to D (°K); e, is actual vapour pressure (kPa) estimated from air
temperature and relative humidity at each spot A to D; and Rsq is the clear-sky solar

radiation (W m) estimated at clear-sky days following Allen el al. (1996, 1998).

2.4. Statistical analysis

The 5-min averages of air temperature, air VPD and canopy temperature, and the 10-
min values of transpiration rates recorded for the moist treatment were compared to
those simultaneously recorded for the dry treatment for each transpiration-measured
irrigation event. Three phases were identified: 1) phase before: time period that started
when the differences between the dry and moist treatments were higher than the
accuracy of measuring instruments and finished when the pivot arm portion was 9 m
ahead of the transect AC; 2) phase during: time period corresponding to t;; and 3)
phase after: time period that started when the arm portion had surpassed the transect
AC by 9 m and finished when the differences between treatments were lower than the
accuracy of measuring instruments. For a given irrigation event and pivot arm portion,

the duration of the phases before and after was independently established for each

15
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monitored variable. Once identified the different phases for each irrigation event, the 5-
min values (or 10-min values) of each variable and pivot arm portion were averaged
over the time of duration of each phase. These average values obtained in the moist
and dry treatments in the different irrigation events for each pivot arm portion and phase

were compared with a paired t-test and a level of significance of P=0.05.

For the remaining irrigation events, it was established a single phase integrating the
phases before, during and after established for the transpiration-measured irrigated
events. The 5-min values of air temperature and VPD and canopy temperature were
averaged for the overall duration of each remaining irrigation event. The values obtained
in the moist and dry treatments in the different irrigation events for each pivot arm

portion were compared with a paired t-test and a level of significance of P= 0.05.

The values of ET obtained in the moist and dry treatments in the different irrigation
events for each pivot arm portion and phase (before, during and after) were compared

using a paired t-test and a level of significance of P=0.05.

Linear regression analysis was used to determine the relationships between the
microclimatic and physiological changes due to sprinkler irrigation and the climatic

conditions.

The Statgraphics software was used for the analysis.

16
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3. RESULTS AND DISCUSSION

3.1 Characteristics of the irrigation events

The average duration of the transpiration-measured irrigation events decreased with the
distance to the center of the pivot ranging from 1.6 h for pivot arm portion 2 to 0.5 h for
pivot arm portion 5 (Table 2). All these irrigation events started between 8:25 and 10:55
GMT. The average irrigation pressure in the three pivot arm portions was 197 kPa with
a coefficient of variation (CV) of 3% (Table 2). This low CV value indicated a quite
constant irrigation pressure during the transpiration-measured irrigation events. On
average, the irrigation pressure in the pivot arm portion 2 was slightly higher (209 kPa)
than that in the portions 4 (190 kPa) and 5 (192 kPa) (Table 2). The average applied
water in the three monitored pivot arm portions was similar, 14.2 (pivot arm portion 2),

13.1 (pivot arm portion 4), and 13.9 mm (pivot arm portion 5).

There were some differences between the average meteorological conditions recorded
during the transpiration-measured irrigations events (Table 3). The overall mean air
temperature was 27.2°C, but the individual mean temperatures ranged between 22.8 °C
(13 August) and 32.5 °C (31 July). The cooler irrigation event (13 August) was also the
windiest, while the hottest irrigation event (31 July) showed the highest VPD. No

precipitation was recorded during the transpiration-measured irrigation events.

3.2 Microclimatic changes

The time evolution of air temperature and VPD recorded from 2 h before until 6 h after
the transpiration-measured irrigation event on 6 August 2008 is shown in Fig. 2. Before
the irrigation event, there was a period for which there were no differences between

treatments; but as the center pivot was approaching transect AC, the values recorded at

17
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the moist treatment started to decrease compared to the dry treatment (phase before).
For the phase during, that decrease became much higher. Finally, for the phase after,
the observed reductions at the moist treatment, although gradually diminishing, lasted
for some time until finally the values became again similar to those recorded at the dry
treatment. In general, this time evolution was similar to that observed for all

transpiration-measured irrigation events.

In general terms, the evolution of the monitored variables studied in this work during and
after the transpiration-measured irrigation events was similar to that described in
previous works (Steiner et al. 1983; Thompson et al. 1993; Tolk et al. 1995; Saadia et
al. 1996; Liu and Kang 2006a; Cavero et al. 2009). However, a reduction of the air
temperature and VPD before the pivot irrigated the AC transect has not been previously
observed. Monteith and Unsworth (2008) indicated that the values recorded by a
meteorological station are affected by the vegetation type and characteristics and the
plant-atmosphere interchange within the fetch distance surrounding the station,
particularly upwind the measurement spot. Roughly, the fetch distance is estimated as
100 times the measurement height; thus, in this work, the fetch distance was about 290
m around the station skewed to the upwind direction. Due to the rotating movement of
the pivot, the nearby areas were already being moistened by irrigation as the pivot was
approaching the transect AC, leading to microclimatic changes at those nearby areas,
within the fetch distance of the station at that transect. Then those microclimatic
changes at the nearby areas were likely causing the differences among treatments
observed at the phase before. This effect was somewhat larger when the wind was
blowing from the east as the pivot rotation was counter-clockwise. Thus, the average

decrease in air temperature and VPD were about 0.7 °C and 0.21 kPa, respectively,

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

with a duration of about 0.9-1.0 h for those events for which predominant wind direction
was east (with average windspeed of about 1.9 m s), while the average decrease in air
temperature and VPD were about 0.5 °C and 0.15 kPa, respectively, with a duration of
about 0.5-0.7 h for those events for which wind was blowing from other directions (with

average windspeed of about 3.0 m s™%).

The differences between treatments for the air temperature and VPD during the
transpiration-measured irrigation events were significant (P=0.05) for the three phases,
before, during and after, and the three pivot arm portions (Tables 4 and 5). For the
phase before, the average decreases for the moist treatment were 0.5 to 0.7 °C (2.1 to
2.8 %) for air temperature, and 0.16 to 0.25 kPa (14.2 to 20.6 %) for VPD of the air. The
average duration of phase before was 0.6 to 0.8 h for air temperature and 0.6 to 0.7 h
for VPD of the air. For the phase during, the average decreases for the moist treatment
were much higher than those for the phase before and amounted 1.8 to 2.1 °C (7.1 to
8.2%) for air temperature and 0.53 to 0.61 kPa (37.8 to 45.9%) for VPD of the air.
Finally, for the phase after, the decreases for the moist treatment were lower than those
for the phase during amounting 0.8 to 1.3 °C (2.8 to 4.9%) for air temperature and 0.30

to 0.41 KPa (14.8 to 26.6%) for VPD of the air.

The observed decreases in air temperature and VPD in this study were similar to the
reductions in the long-term daily averages of air temperature and VPD due to center
pivot sprinkler irrigation reported by Steiner et al. (1983). The decreases in air
temperature and VPD listed on Tables 4 and 5 for the phases during and after were
within the ranges reported by previous works on sprinkler irrigation with other irrigation
systems (Thompson et al., 1993; Tolk et al., 1995; Saadia et al., 1996; Liu and Kang

2006a; Cavero et al., 2009). The decrease in air temperature and VPD lasted about 1.3
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h after the irrigation event finished (Tables 4 and 5), which is similar to durations
reported in other works (Thompson et al., 1993; Tolk et al., 1995; Saadia et al., 1996;

Cavero et al., 2009).

For the remaining irrigation events, the air temperature for the moist treatment
significantly decreased 1.4 to 1.6 °C (5.3 to 6.0 %) on average, while the VPD of the air
significantly decreased 0.46 to 0.48 kPa (24.2 to 26.2 %) on average (Table 6). These
decreases were slightly higher than those observed for the transpiration-measured
irrigation events when the phases before, during and after were integrated into a single
period (Table 6). This slight difference between the microclimatic changes observed for
the transpiration-measured and those for the remaining irrigation events was probably
due to the climatic conditions during both measurement periods. As discussed later, the
observed decreases in air temperature and VPD for the moist treatment were higher as
the air temperature and VPD at the ‘nearby grass station’ were higher (Figs.3 and 4).
Given that the transpiration-measured irrigation events were monitored early in the
morning while the remaining irrigation events covered the whole daytime period, air
temperature and VPD at the ‘nearby grass station’ were lower during the transpiration-
measured irrigation events. Thus, changes were slightly lower in the transpiration-

measured irrigation events.

The magnitude of the decreases in air temperature and VPD for the moist treatment
was, in general terms, relatively similar between the three pivot arm portions for both
transpiration-measured and remaining irrigation events (Table 6); nevertheless the
decreases in VPD of the air for the phase after at the former irrigation events slightly
increased from the center to the end of the pivot (Table 5). The main difference between

the three pivot arm portions was the duration of those decreases in air temperature and
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VPD. That duration was highly variable as indicated by the high coefficients of variation
obtained (Tables 4 to 6), but, on average, the total durations of the microclimatic
changes observed for the transpiration-measured irrigation events (when integrating the
three phases before, during and after) were much higher at pivot arm portion 2 (the
closest to the center of the pivot) than the duration at the pivot arm portion 5, the
furthest from the center of the pivot. Relatively similar results were observed for the
remaining irrigation events; the duration of the microclimatic changes at pivot arm
portion 2 was about 0.6 h longer than the duration at pivot arm portion 5 (Table 6).
There were no differences in the duration of the microclimatic changes between the
pivot arm portions 4 and 5. This difference in the duration of the microclimatic changes
was mainly due to the longer duration of the irrigation at pivot arm portion 2 (Table 5)
and at a lesser extent to the longer presence of the pivot irrigating nearby areas within
the fetch distance to experimental weather station A such that the microclimatic

changes in those areas were also affecting to the readings of that station.

The average decrease in air temperature and VPD observed both in the 7 transpiration-
measured irrigation events and the 27 remaining irrigation events was higher as the air
temperature and VPD measured over grass at the ‘nearby grass station’ were also
higher (Figs. 3 and 4). The linear regressions between the decreases in air temperature
for the moist treatment and the air temperature at the ‘nearby grass station’, and
between the decreases in VPD of the air for the moist treatment and the VPD of the air
at the ‘nearby grass station’ were significant for the three pivot arm portions for the
phase during at the transpiration-measured irrigation events (Figs. 3A and 4A) and for
the whole period of microclimatic changes at the remaining irrigation events (Figs. 3B

and 4B). The corresponding coefficients of determination ranged from 0.50 to 0.85. The
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12 regression slopes shown in Figs. 3 and 4 were significant at P < 0.01 (except one
significant at P=0.07). In general, the relationships between the microclimatic changes
and the mean meteorological conditions at the ‘nearby grass station’ increased from
pivot arm portion 2 to pivot arm portion 5. During the irrigation phase, the reduction of
air temperature and VPD as the value of these variables increased in the ‘nearby grass
station’ was greater in the outer pivot arm portion, probably due to the higher
instantaneous water application rate. The relationships were stronger for the
transpiration-monitored irrigation events (Figs. 3A and 4A) as they are calculated only
for the phase during, while these relationships for the remaining irrigation events (Figs.
3B and 4B) were calculated for the whole period of microclimatic changes. These
weaker relationships found at the remaining irrigation events were due to the integration
of the three phases identified for the transpiration-measured irrigation events. In other
words, including the microclimatic changes for the phases before and after smoothes
the relationship between the general climatic conditions and the microclimatic changes

observed for the phase during.

3.3 Physiological changes

Both physiological variables studied in this work (maize canopy temperature and
transpiration) showed a similar behaviour for the monitored irrigation events. The time
evolution recorded from 2 h before until 6 h after the transpiration-measured irrigation
event on 6 August 2008 is shown in Fig. 2. Before the irrigation event, there was a
period for which there were no differences between treatments. As the center pivot was
approaching to transect AC, the canopy temperature and maize transpiration recorded
at the moist treatment started to decrease compared to the dry treatment (phase

before). For the phase during, that decrease became much higher. Finally, for the phase
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after, the observed reductions at the moist treatment, although gradually diminishing,
lasted for some time until finally the values became again similar to those recorded at
the dry treatment. Thus, for the transpiration-measured irrigation events phase before
the canopy temperature and the transpiration rates for the moist treatment decreased
1.0 to 1.2 °C (4.3 to 5.2%) and 0.15 to 0.19 mm h™ (23.8 to 31.7 %), respectively
(Tables 7 and 8). For the phase during, these decreases were higher and ranged from
3.1 to 3.8 °C (11.7 to 14.5 %) for canopy temperature and from 0.22 to 0.28 mm h*
(30.1 to 36.4 %) for transpiration rates. For the phase after, the physiological changes
were smaller; thus the decreases for the moist treatment ranged from 1.1 to 1.4 °C (4.0
to 5.2 %) for canopy temperature and 0.14 to 0.24 mm h™ (17.1 to 27.9 %) for

transpiration rates (Tables 7 and 8).

The magnitude and duration of the canopy temperature decreases for the moist
treatment for the remaining irrigation events were similar to those observed for the
transpiration-measured irrigation events when integrating the three phases, before,
during and after (Table 6). Again, integrating the phases before and after smoothes the
canopy temperature changes observed for the phase during. On average, the decrease
of canopy temperature for the remaining irrigation events was 1.8 °C, which was similar

in the transpiration-measured irrigation events.

Transpiration reduction due to irrigation in the moist treatment ranged from 0.75 mm
(22%) to 1.03 mm (30%) (Table 8), with a higher reduction as closer to the center of the
pivot. This represents between 5 to 7% of the applied water. Tolk et al. (1995) working
with a lateral move sprinkler irrigation system found 1.59 mm (32%) transpiration
reduction, which represented 10% of applied water. Considering the time period when

transpiration changes occurred, the estimated crop evapotranspiration (ET;) was also
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reduced in the moist treatment (Table 9). However, the reduction of ET. (8 to 10%) in
the moist treatment was less than the reduction of transpiration (22 to 30%) and was
similar in the different pivot arm portions. In general, ET. reduction before and after
irrigation was less than 8%, and was around 15% during the irrigation. The ET.
reduction due to irrigation in the moist treatment ranged from 0.22 mm (8%) to 0.26 mm
(10%) (Table 9), which represents 1.5 to 1.8% of the applied water. This reduction must
be taken into account when calculating the irrigation requirements. Frost and Schwallen
(1960) reported a 18% decrease of crop evapotranspiration due to sprinkler irrigation,

which was greater than the 8 to 10% estimated in our work.

Transpiration reduction during irrigation was related to the decrease of air temperature
and VPD, but not to the decrease of canopy temperature (Fig. 5). The strongest
relationship was with the decrease of air VPD as found by others (Tolk et al. 1995; Ray
et al. 2002; Yu et al. 2003). A stepwise regression analysis of the transpiration reduction
versus the decrease of air temperature, of air VPD and of canopy temperature showed
that the reduction of air VPD was the only variable that explained the transpiration
reduction. However, for the phases before and after the smaller changes in all these
variables did not allow to establish a clear relationship with the slight reduction of

transpiration rate (Fig. 5).

Similar to the microclimatic change of air VPD due to irrigation, the transpiration rate
reduction was also greater when the VPD of the air at the ‘nearby grass station’ was
higher (drier days). Thus, Fig. 6 shows the strong relationship between the transpiration
reduction due to irrigation and the VPD of the air at the ‘nearby grass station’. This
result agrees with previous works (Tolk et al. 1995; Martinez-Cob et al. 2008; Cavero et

al. 2009). However, the reduction of canopy temperature was not related to the VPD of
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the air but for the pivot arm portion 4 was greater when the temperature of the air at the
‘nearby grass station’ was higher (warmer days) (Fig. 7). The strength of the relationship
between transpiration reduction and the VPD of the air was higher for the pivot arm
portions 4 and 5 (Fig. 6). These results suggests that physiological changes due to
sprinkler irrigation in the areas furthest from the centre of the pivot were more affected
by the general climatic conditions outside the plot. Likewise, the results of Figs. 3A, 4A,
6 and 7 indicate that the microclimatic and physiological changes are more relevant
under high evaporative demand conditions as those changes are the result of the

evaporation of a portion of the applied water during the irrigation.

The existence of microclimatic and physiological changes before the plants receive the
irrigation water had not been previously reported in detail for sprinkler irrigation systems
and it was likely due to the effect of the changes occurring in the nearby areas as the
pivot arm was moving towards the monitored transect. This specific behaviour of the
pivot irrigation systems before the irrigation events deserves to be modelled by sprinkler
irrigation efficiency models that also include the microclimatic and physiological changes
due to the irrigation (Zhao et al., 2012). Thus, the results reported here can be helpful
for the improvement and application of those models under different conditions and

scenarios.

The relative decrease of the canopy temperature due to irrigation was somewhat higher
than that of the air temperature, while the relative decrease of the transpiration due to
irrigation was higher than that of the VPD of the air. Also, the physiological changes for
the phases before and after lasted, in general, longer than the microclimatic changes
(Tables 4, 5, 7 and 8). There was a slight tendency for this duration being longer for the

pivot arm portions 4 and 5 with respect to pivot arm portion 2. In general terms, the
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decreases in canopy temperature and transpiration rates for the phase during observed
in this work were lower than those reported for solid-set sprinkler irrigation systems
(Cavero et al. 2009) and lateral-move sprinkler irrigation systems (Tolk et al. 1995)
irrigating also a maize crop. Cavero et al. (2009) argued that higher application rates of
irrigation water increase the cooling effect on plants and thus enhance the canopy
temperature decreases at the moist treatment. In this study, application rates for the
pivot arm portion 4 (21.8 mm h™) were much higher than those of the studies by Tolk et
al. (1995) and Cavero et al. (2009), which were much closer to the application rates for
the pivot arm portion 2 (8.9 mm h™) in this study. The duration of the irrigation event
was much shorter in our study than at the two abovementioned works. This shorter
irrigation duration could explain why the cooling effect of the irrigation water on canopy
temperature was less than in the works of Tolk et al. (1995) and Cavero et al. (2009).
Fig. 2 shows that the decrease in canopy temperature progresses as the irrigation is
occurring. Thus shorter irrigation durations would lead to smaller canopy temperature
decreases for the moist treatment. In addition to the shorter duration of the irrigation
event (phase during), the lower decreases in air temperature, VPD of the air and
transpiration rates (Tables 4, 5, 7 and 8) at the moist treatment obtained in this work
compared with those reported by Tolk et al. (1995) and Cavero et al. (2009) were also
probably due to the climatic conditions during those events, which in this work were
performed before solar noon when the evaporative demand and the VPD of the air are,
in general, lower than those for afternoon periods when the irrigations reported by those
authors were performed. Despite the shorter duration of the transpiration-measured

irrigation events in this study, the average canopy temperature decrease for pivot arm
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portion 4 was higher than that of pivot arm portion 2 which agrees with the influence of

the application rates as suggested by Cavero et al. (2009).

These microclimatic and physiological changes are the consequence of the evaporation
of irrigation applied water while travelling through the air and the evaporation of
intercepted water by stem and leaves of the plants. The amount of intercepted water
depends mainly on the architecture of the crop and in the case of maize values of 0.4 to
2.7 mm have been reported (Norman and Campbell 1983; Steiner et al. 1983). Thus,
the volume of water evaporated during the irrigation is usually higher than that
evaporated after the irrigation. Subsequently, the microclimatic and physiological

changes are usually higher for the phase during than those for the phase after.

The temperature and VPD of the air were measured at 0.5 m above the crop canopy
while canopy temperature is measured at the crop canopy height and transpiration of
the plant with the sap flow integrates the transpiration along all the plant height. Cavero
et al. (2009) found that the microclimatic changes due to sprinkler irrigation (decrease of
air temperature and VPD) were smaller and lasted for less time after the irrigation as the
measurement height was higher. Thus, the lower height of measurement of
physiological changes (canopy temperature and plant transpiration) could explain that

these changes lasted longer and were greater than the microclimatic changes.

4. CONCLUSIONS

e Center pivot sprinkler irrigation significantly reduced air temperature and VPD
(microclimatic changes) and canopy temperature and maize transpiration rates
(physiological changes). These changes occurred for some time before (about

0.6 to 2.1 h), during and some time after (about 0.8 to 2.4 h) the irrigation events.
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Physiological changes lasted longer than microclimatic changes, particularly after
the irrigation events, likely due to the effect of the evaporation of the intercepted

water and to the higher measurement height of microclimatic changes.

Center pivot sprinkler irrigation decreased the air temperature by 1.8 to 2.1 °C,
the air VPD by 0.53 to 0.61 kPa, the canopy temperature by 3.1 to 3.8 °C and the
transpiration rate by 0.22 to 0.28 mm h™. These decreases were lower for the

phases before and after and were greater in drier and warmer days.

The duration of the microclimatic changes decreased as the distance from the
centre of the pivot increased, but the duration of the physiological changes was

similar in the different pivot arm portions.

Transpiration reduction due to irrigation was higher as closer to the center of the
pivot and represented between 5 to 7% of the applied water. However, the
reduction of ET was similar in the different pivot arm portions and represented

1.5 to 1.8% of the applied water.

The decrease in maize canopy temperature could be positive or negative,
depending on its effect on photosynthesis. The reduction of transpiration and ET
must be considered positive because it represents a reduction of irrigation
requirements. Whether the physiological changes will result in increased plant

production should be further studied.
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Tables
Click here to download Tables: MClim_Pivot_Tables3.doc

1 Table 1. Main characteristics of the center pivot system.

Pivot arm Distance from Number of Nozzle Spacing between
portion centre pivot sprinklers diameters sprinklers

m mm m
1 0-48 5 28-48 9.3
2 48 — 98 7 48-54 7.0
3 98 — 147 8 42-58 6.2
4 147 - 197 8 4.8-6.0 6.2
5 197 — 246 16 42-6.0 3.1
6 246 — 295 16 44-5.6 3.1
Overhang 295 — 321 8 46-54 2.9



http://ees.elsevier.com/agwat/download.aspx?id=217226&guid=63eb7f69-bc39-4eb4-84af-c0d87b7c81a4&scheme=1

rowWN

Table 2. Mean characteristics of the transpiration-measured irrigations events.

Pivot arm Date Starting Duration Pressure Applied
section time® Mean CV®  water depth
---------------- KPa % mm
24 July 0825 1.70 208 14.6
31 July 0935 1.62 218 0.8 14.9
6 August 0900 1.62 214 0.5 14.8
2 13 August 0905 1.55 216 0.6 14.2
21 August 0920 1.55 198 1.0 13.6
28 August 0945 1.62 207 1.0 145
10 September 1015 1.62 208 3.3 14.6
24 July 0840 0.62 193 2.2 13.6
31 July 0955 0.60 197 1.6 13.8
6 August 0915 0.60 194 1.9 13.6
4 13 August 0920 0.57 197 1.0 13.1
21 August 0935 0.57 177 2.4 12.4
28 August 1000 0.60 181 1.9 13.2
10 September 1030 0.60 194 1.6 13.7
24 July 0840 0.50 195 0.3 14.4
31 July 0955 0.48 199 1.3 145
6 August 0920 0.48 197 15 14.5
5 13 August 0920 0.45 200 0.7 13.9
21 August 0940 0.45 174 0.8 13.0
28 August 1000 0.48 179 0.9 13.8
10 September 1030 0.48 202 0.6 14.7

& Greenwich Mean Time.

b CV, coefficient of variation.



1 Table 3. Meteorological conditions during each transpiration-measured irrigation event,
2 recorded at the ‘nearby grass station’ of Valfarta®.

Date Air Air vapor Wind Solar
temperature pressure deficit speed radiation

°C kPa ms* W m™
24 July 28.0 1.9 2.0 742
31 July 32.5 3.6 15 880
6 August 29.9 2.6 1.8 772
13 August 22.8 1.7 3.5 723
21 August 27.4 1.7 2.0 780
28 August 26.6 1.6 0.9 768
10 September 27.3 1.8 1.6 651

3 @ Station included in the network SIAR (Spanish Irrigation Advisory System) (MARM
4 2011).
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Table 4. Average values of air temperature recorded in the moist (Tyr) and dry (Tpr)
treatments before, during and after the transpiration-measured irrigation events at the
pivot arm portions 2, 4 and 5.

Pivot arm ) Air Temperature Duration
Phase portion N®  Mean g Mean g Mean cV°©
Twmr Tor
----------------- (°C) - h %
2 6 238b% +17 244a +19 0.8 20
Before 4 4 234b +24 239a +25 0.6 54
5 4 244b +20 251a +21 0.7 43
2 7 235b +19 256a +24 1.6 3
During 4 7 234b +19 252a +23 0.6 11
5 7 232b +16 252a +23 0.5 10
2 7 279b +25 287a +23 1.5 21
After 4 7 263b +32 274a +28 1.3 31
5 7 251b +25 264a +23 1.0 29

% Number of transpiration-measured irrigation events.
® Standard deviation.
¢ Coefficient of variation.

4 For each phase and pivot arm portion the air temperature values marked with different
letters indicate that they were significantly different after a paired t-test (P = 0.05).
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Table 5. Average values of air vapor pressure deficit recorded in the moist (Tur) and dry
(Tor) treatments before, during and after the transpiration-measured irrigation events at
the pivot arm portions 2, 4 and 5.

Pivot arm 3 Vapor pressure deficit Duration
Phase portion N Mean — gnp  Mean SD Mean cVe
Tmr Tor
----------------- (KPa) -------mnmmmmmmmm h %
2 6 092b% +037 1.1la +0.45 0.7 43
Before 4 4 097b +046 1.13a +0.51 0.6 54
5 4 101b +040 1.26a +0.48 0.7 43
2 7 087b +025 140a +0.44 1.6 3
During 4 7 080b +030 1.33a +0.43 0.6 11
5 7 072b +0.20 1.33a +0.44 0.5 10
2 7 172b +051 202a +0.51 1.4 21
After 4 7 139b +062 1l76a +0.54 1.3 31
5 7 1.13b +0.37 154a +0.41 1.1 30

% Number of transpiration-measured irrigation events.
® Standard deviation.
¢ Coefficient of variation.

4 For each phase and pivot arm portion the air temperature values marked with different
letters indicate that they were significantly different after a paired t-test (P = 0.05).
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Table 6. Average values of air temperature, air vapor pressure deficit (VPD) and canopy
temperature recorded in the moist (Twr) and dry (Tpr) treatments along the different
pivot arm portions (PAP) for the 7 transpiration-measured irrigation events and the 27
remaining irrigation events.

Transpiration-measured irrigation e
Remaining irrigation events

events
Duration Duration
T Tor Tt Tor
Variable PAP Meana CVb Mean CcV
------- °C ------- h % -=-===- OC - h %

2 25.4b° 26.7a 3.8 9 250b 266a 3.0 30

Alr 4 251b 262a 23 28 252b 268a 24 29
temperature

5 245D 25.7a 2.0 26 251b 265a 24 33

5> 121b 158a 3 14 138b 184a 30 30
Air VPD 4 120b 156a 923 9g 144b 1.90a 24 29

5 1.03b l43a 21 23 135b 183a 24 33

Canopy

2 231D 249a 41 30 242b 26.0a 4.0 22
temperature

4 230D 24.7 a 4.5 36 243b 26.1a 3.6 21

& Mean duration.
b Coefficient of variation.

¢ For each variable, pivot arm portion and irrigation type event the values marked with
different letters were significantly different after a paired t-test (P = 0.05).



1 Table 7. Average values of canopy temperature recorded in the moist (Tyr) and dry
2 (Tpr) treatments before, during and after the transpiration-measured irrigation events at

3  the pivot arm portions 2 and 4.

Pivot arm Canopy Temperature Duration
a
Phase portion N Mean — gpp  Mean o5 Mean CV¢
Tt Tot
----------------- (°C) - h %
2 7 223b% +27 23.3a +2.8 1.8 64
Before
4 7 220b +26 23.2a +28 2.1 56
Durin 2 7 233b +21 264a +20 1.6 3
9 4 7 224b +£109 26.2a +2.0 0.6 11
After 2 7 26.2b +22 27.3a +19 0.8 84
4 7 255b +1.09 269a +17 1.7 44

% Number of transpiration-measured irrigation events.
® Standard deviation.
¢ Coefficient of variation.

O©oo~N O o1 b~

0.05).
10

4 For each phase and pivot arm portion the canopy temperature values marked with
different letters indicate that they were significantly different after a paired t-test (P =
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Table 8. Average values of transpiration rate recorded in the moist (Tur) and dry (Tpr)
treatments before, during and after the transpiration-measured irrigation events at the
pivot arm portions (PAP) 2, 4 and 5. The transpiration reduction duration and magnitude
is also shown.

Transpiration

O WOWo N o O

12
13
14
15
16
17
18
19
20
21
22
23

Phase PAP N°@ Transpiration rate Duration reduction
Tt SDP Tor SD Mean CV° Mean

----------------- mm h™? - h % mm %

2 3 048b% +0.15 063a =014 1.0 76 0.15 24

Before 4 7 041b +0.07 060a =+0.15 0.9 67 0.17 31

5 3 053b +0.17 0.69a +0.18 1.7 60 0.27 24

2 7 048b +0.08 0.75a +0.15 1.6 3 045 36

During 4 7 051b +0.06 0.73a +0.15 0.6 11 0.15 30

5 7 049b +0.07 077a +0.14 05 10 0.14 36

2 7 062b +0.16 086a +0.11 1.8 73 0.43 28

After 4 7 058b +0.15 0.80a +0.14 24 48 0.54 28

5 7 068b +0.11 0.82a +0.13 24 63 0.34 17

2 3.9 43  1.03 30

All 4 4.0 35 0.86 29

5 3.6 67 0.75 22

% Number of transpiration-measured irrigation events.
b Standard deviation.
¢ Coefficient of variation.

4 For each phase and pivot arm portion the transpiration rate values marked with

different letters indicate that they were significantly different after a paired t-test (P =

0.05).
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Table 9. Average values of evapotranspiration (ET) rate estimated in the moist (Twur)
and dry (Tpr) treatments before, during and after the transpiration-measured irrigation
events at the pivot arm portions (PAP) 2, 4 and 5. The duration of periods was the same
as for transpiration. The ET reduction magnitude is also shown.

© oO~N O O

10
11
12
13

a ET rate ET reduction
Phase  PAP N T SD°  Tor SD Mean

---------------- mm h™ —eeeeeeeeee - mm %
Before 2 3 0.56b° +0.09 060a =+0.08 0.04 7.7
4 7 0.57b +0.07 0.59a =+0.07 0.02 35
5 3 0.58b +0.11 0.63a ==0.09 0.06 8.0
During 2 7 0.62b +0.11 0.72a =0.12 0.16 13.8
4 7 0.60b +0.11 0.70a =+0.12 0.07 14.9
5 7 0.58b +0.10 0.70a =+0.12 0.06 16.8
After 2 7 0.84b +0.16 0.89a +0.15 0.08 6.2
4 7 0.76 b +0.16 0.82a +0.13 0.14 8.2
5 7 0.73b +0.14 0.79a +0.13 0.13 7.6
All 2 0.26 9.6
4 0.22 7.8
5 0.22 9.3

% Number of transpiration-measured irrigation events.
® Standard deviation.

¢ For each phase and pivot arm portion the ET rate values marked with different letters

indicate that they were significantly different after a paired t-test (P = 0.05).
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FIGURE CAPTIONS

Fig. 1. Overview of the center pivot sprinkler irrigation system at the commercial
plot. A to C, meteorological stations and sap flow measurement systems for
moist treatment. D, meteorological station and sap flow measurement
system for dry treatment. Ap, pivot arm. Pr, irrigation pressure transducers.
R1-6, radius at the end of each pivot arm portion. M, direction of center pivot

movement.

Fig. 2. 5-min averages of microclimatic variables (temperature and vapour
pressure deficit of the air) and physiological variables (canopy temperature
and transpiration rate) monitored at the different pivot arm portions on 6
August, 2008 since 2 h before until 6 h after the irrigation event. MT, moist
treatment. DT, dry treatment. The vertical solid lines indicate the start and
the end of the irrigation event over the transect AC. The vertical dashed
lines indicate the period during which the monitored variables were different
between the two treatments before (B), during (D) and after (A) irrigation

event.

Fig. 3. Relationship between the decrease in air temperature due to sprinkler
irrigation and the air temperature measured over grass at a nearby weather
station. PAP, Pivot Arm Portions. A, the Y axis represents the decrease in
air temperature for the phase during at the 7 transpiration-measured
irrigation events. B, the Y axis represents the decrease in air temperature

observed for the whole duration of the 27 remaining irrigation events.

Fig. 4. Relationship between the decrease in vapour pressure deficit (VPD) due

to sprinkler irrigation and the VPD measured over grass at a nearby
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standard weather station. PAP, Pivot Arm Portions. A, the Y axis represents
the decrease in VPD for the phase during at the 7 transpiration-measured
irrigation events. B, the Y axis represents the decrease in VPD observed for

the whole duration of the 27 remaining irrigation events.

Fig. 5. Relationship between the maize transpiration reduction for the different
phases (before, during and after) and the reduction of air temperature, air
VPD and canopy temperature at the 7 transpiration-measured center pivot

irrigation events.

Fig. 6. Relationship between the maize transpiration reduction for the phase
during at the 7 transpiration-measured irrigation events at the different pivot
arm portions (PAP), and the vapor pressure deficit (VPD) of the air

measured at a nearby standard weather station.

Fig. 7. Relationship between the maize canopy temperature reduction for the
phase during at the 7 transpiration-measured irrigation events at the
different pivot arm portions (PAP), and the air temperature measured at a

nearby standard weather station.





