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Abstract: Irrigation consumes considerable water to satisfy the current food demand.
An improvement in water use efficiency for irrigation is essential. Wind drift and evaporation
losses reduce the water use efficiency of center pivot irrigation systems in arid and semi-arid areas.
In this paper, a model of water vapor dynamics during and after overhead sprinkler irrigation was
developed and validated by experimental data using a center pivot simulator and a water vapor
measuring system. The model was represented as an exponential equation during irrigation and
a logistic equation after irrigation. The water vapor dynamics measured next to and 2 m from the
sprinkler were well-fitted with the developed model. Model performance was good according to
evaluations of the Nash—Sutcliffe efficiency coefficient, with values of 0.961 and 0.934 for estimations
next to the sprinkler and 2 m from the sprinkler, respectively. Results showed that both modeled
and observed water vapor dynamics increased rapidly as irrigation started, and then leveled off
to maximum values. After irrigation, the water vapor dynamics started to decrease gradually,
and eventually decreased rapidly. The decreasing rate stopped when the water vapor content
was restored to the level of the surrounding atmosphere. The model parameters showed that the
maximum increases in water vapor content were from 2.506 to 6.476 g m−3 for the area next to the
sprinkler, and 1.277 to 3.380 g m−3 for the area 2 m from the sprinkler, under the influence of vapor
pressure deficits. The increasing and decreasing rates of the dynamics during and after irrigation were
influenced by temperature, relative humidity, and vapor pressure deficits, according to Pearson’s
correlations. A period of 2.3 to 4.0 h was required to restore water vapor to the atmospheric level.

Keywords: sprinkler irrigation; wind vapor dynamics; dynamic model; evaporation losses

1. Introduction

Irrigation plays a crucial role in supplying sufficient water to increase crop yield and quality,
which is a major driver of water consumption and change [1,2]. Irrigation is the human activity that
consumes most water nowadays [3,4]; it could even lead to intensified hydrological drought [5], which
might be a severe issue for arid areas. The area of irrigated alfalfa (Medicago sativa L.) in China has
increased rapidly since 2012 and has reached over 4 million hectares [6]. This area is mainly distributed
in the northwestern and northern regions of the country, which are characterized by arid and semiarid
climates [7]. In order to reduce water consumption and increase application efficiency, center pivot
sprinkler irrigation (center pivot) is the most popular system [8,9] in the production of alfalfa in the
arid and semiarid areas.

On center pivots, sprinklers are hung below the lateral pipes [10], which are used as a water
supply. Center pivots represent a typical pattern of overhead sprinkler irrigation [11,12]. During the
operation of a single sprinkler, a stream of water is deflected by a spray plate, to disperse water into
multiple streams [13]. Multiple water streams are then sprayed from the sprinkler at a high velocity
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into the surrounding air, and friction between the air and the water streams causes the water streams
to break apart into water droplets [14]. Most of the water droplets will reach the plant canopy or soil
surface, whereas a fraction of the droplets will evaporate and turn into water vapor before reaching
the plant canopy or soil surface [15,16]. The evaporated water vapor is regarded as wind drift and
evaporation losses (WDELs) [17]. Under drought climates, WDELs are among of the important factors
contributing to a reduction in irrigation water-use efficiency [15,18].

WDEL measurement commonly use a catch can test, which is a standard international test [19,20],
based on the water balance principle. That is, a series of catch cans is arranged at the canopy height,
and the variation in water volume between catch cans and sprinkler irrigation volumes is designated
as WDELs [16,21–25]. By this means, researchers have reported different levels of WDELs during
crop canopy sprinkler irrigation. Values of WDELs reaching 10.9% and 3.7% of applied water during
daytime and nighttime, respectively, have been reported in alfalfa canopies [16], and 8.2–13.6% and
3.3–8.0% of irrigation volumes during the daytime and nighttime, respectively, have been reported for
beet (Beta vulgaris L.) canopies when using a commercial center pivot [24]. Observations conducted
in a maize (Zea mays L.) canopy yielded WDEL values of 19.3% and 8.1% during the daytime and
nighttime, respectively [26].

However, dozens to hundreds of catch cans are generally required to complete WDEL
measurements [16,27,28]. In addition, the water volumes collected by each catch can must be measured
immediately, as irrigation completes, to limit evaporation of collected water [21,23]. Catch can
measurement therefore requires a massive labor force and is inefficient [29]. For this reason, alternative
observation methods have been advocated, e.g., the electrical conductivity method [30], chemical
tracer methods using potassium ion [31] and eddy covariance measurements [32].

A convenient and easy way to estimate water-use efficiency is to build mathematical models to
estimate WDELs. Many studies have shown that meteorological conditions have a significant influence
on WDELs. Thus, many empirical models have been developed to estimate WDELs by using wind
speed as a single variable [22–24,28,33–35], and several models have included wind speed and other
meteorological variables, such as temperature [13,23,27], relative humidity [23] and vapor pressure
deficit [21,36] as parameters. Theoretical models have also been built to incorporate droplet ballistics
dynamics and evaporation [37,38]. These models have mainly focused on estimating evaporation losses
and water-use efficiency for an irrigation event. However, over the irrigation period, Those models
are unavailable to present the developing processes of WDEL, which may be expressed as the water
vapor dynamics around the sprinkler. Few studies have paid particular attention to the water vapor
dynamics, because catch can tests provide only a single data point following the experiments [29],
making it impossible to capture the continuous variation in water vapor content. However, water
vapor dynamics are closely related to the generating processes of WDELs; accurate representation of
such development features will help to effectively decrease WDELs.

Temporal variation of water vapor content during irrigation has been briefly mentioned in
previous studies, but its spatial variation within irrigated area has not been focused on specifically.
Playán et al. [23] reported an obvious increase in absolute humidity (AH) during irrigation using a
solid sprinkler, and relative humidity increased by 3.9% and temperature decreased by 0.5 ◦C within
the irrigated area. Liu and Kang [39] observed a temperature decrease of 1.8–3.9 ◦C in a winter wheat
(Triticum aestivum L.) canopy with sprinkler irrigation. Wang et al. [40] studied winter wheat and
summer maize canopies and found a rapid increase in relative humidity, ranging from 3–13%, after
initiating irrigation. These studies reported differences in water vapor content and temperature, when
comparing the irrigated area to the surrounding area. However, details of the temporal dynamics
and spatial variations of the water vapor content during a sprinkler irrigation event are lacking, even
in descriptive models. Conversely, Sadeghi et al. [29] provided new methodology called a ‘strip test’
to monitor the dynamic variation in WDELs under a center pivot irrigation system. However, the
published results did not provide a theoretical model of the dynamic variation.
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Thus, it should be meaningful to explore the water vapor dynamics during sprinkler irrigation,
which are relevant to the generating processes of WDEL. This work should be helpful to determine
the occurrence mechanism of WDEL, so as to find effective ways to reduce WDEL. The objectives
of this study were to (i) develop a model to describe the water vapor dynamics for single sprinkler
irrigation; the model could be available to describe water vapor dynamics at different distances from
the sprinkler and at any time during and after irrigation; (ii) to validate the dynamic model through
experimental observations, using a center pivot simulator and a water vapor measuring system.

2. Theoretical Considerations

2.1. Vapor Pressure Deficit

Evaporation occurs from the streams sprayed from a sprinkler, until it reaches the crop or soil
surface [23,26]. This process increases the water vapor content within the irrigation area. Water vapor
content was represented as value of absolute humidity (AH; g m−3) in the following equation [41]:

AH =
PW

RW · TK
· 106 (1)

where PW is actual vapor pressure (kPa), RW is a gas constant of water (461.52 J kg−1 K−1) [41], and TK
is the Kelvin temperature (K).

In addition, the saturation vapor pressure, PWS (kPa) is calculated according to the following
equation [42]:

PWS = 0.6108 exp
(

17.27T
T + 17.27

)
(2)

where T is temperature (◦C).
The difference between PWS and PW is the vapor pressure deficit (VPD; kPa) given by

VPD = PWS − PW (3)

2.2. Water Vapor Dynamics during Irrigation

When irrigation is initiated, the VPD is relatively high and the increasing rate of water vapor
accumulation is rapid during this period. With continuous irrigation, the VPD should gradually
decrease and the increasing rate of water vapor content gradually decreases, to the saturated state.
The water vapor continues to drift and diffuse from the irrigated area in an open space. The water
vapor increment generated by irrigation (the different water vapor content between irrigated area and
surrounding atmosphere) were used to describe water vapor variations and dynamics. Assuming
stable temperature, relative humidity and calm wind, water vapor increment could reach a stable state
and a maximum level, until the increasing rate of water vapor accumulation equals the rate of water
vapor drift. Thus, with the assumption that A is the water vapor increment at any time, and Am1 is the
maximum value of A, a differential equation has been derived to indicate that, at any given time, the
increasing rate of water vapor increment is proportional to the difference between the maximum water
vapor increment, Am1 (g m−3), and the current water vapor increment, A (g m−3), given by

dA
dt

= k(Am1 − A) (t ≥ 0) (4)

where t is the irrigation time duration (h), dA/dt is the increasing rate of change of water vapor
increment (g m−3 h−1), and k is the exponential coefficient of water vapor increment (h−1).

When t = 0, the water vapor contents inside and outside the irrigated area are equal, namely A = 0
(water vapor increment is zero). Thus, the solution of differential Equation (4) results in:

A(t) = Am1(1− e−kt) (0 ≤ A ≤ Am1, t ≥ 0) (5)
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Equation (5) is the dynamic model of water vapor increment during sprinkler irrigation, in which
the parameters, Am1 and k, can be determined through experiments.

2.3. Water Vapor Dynamics after Irrigation

After the completion of irrigation, no additional water vapor will be generated within the irrigated
area. With the drift of water vapor, the content of water vapor within the irrigated area will be reduced,
and it will gradually be restored to the level of the surrounding atmosphere. This means that the water
vapor increment should become lower and lower, approaching zero, after irrigation. This procedure
could be explained by the principle of the logistic function [43,44]. According to the logistic function,
if the decreasing rate is expressed as a function f (A), in terms of A, then

dA
dt′

= − f (A) · A (6)

where A is water vapor increment at any time (g m−3), t’ is decreasing time duration of A (h), or the
duration after irrigation, dA/dt’ is the rate of decrease in water vapor increment (g m−3 h−1), f (A)
is the function in terms of A, and the minus sign indicates the decreasing trend of A. It should be
noted that t’ = 0 corresponds to the time when irrigation is completed (defined as ts) or when A begins
to decline.

The f (A) can be expressed as a line function, with respect to A:

f (A) = r− s · A (r > 0, s > 0) (7)

where r is the intrinsic rate of decrease [45] of A (h−1) and s is a parameter of the function.
Additionally, Am2 can be referred to as the carrying capacity [44] of water vapor increment, and

it is the theoretical maximum value for the logistic function. As is defined as the value of A when
irrigation is completed or the initial value when A begins to be reduced just after irrigation. Thus,
when t’ = 0 (the time point when irrigation is completed and A begins to reduce), then A = As and
As < Am2. When A = Am2, the decreasing rate of A should equal 0, and, as a result, f (Am2) = 0.
To substitute for Equation (7):

s =
r

Am2
(8)

Substitute Equation (8) into Equation (7):

f (A) = r
(

1− A
Am2

)
(9)

To continue to substitute Equation (9) into Equation (6):

dA
dt′

= −rA
(

1− A
Am2

)
(10)

Equation (10) expresses the reduced regulation of water vapor increment after irrigation. Note
that when t’ = 0, then A = As. Thus, the solution of differential Equation (10) results in the following:

A(t′) = Am2

1 +
(

Am2
As
− 1
)
· ert′

(t′ ≥ 0) (11a)
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Regulation should be a continuous process, according to the increasing and decreasing dynamics
of water vapor increment during and after sprinkler irrigation; thus, when defining time ts as the time
required for the irrigating operation, Equation (11a) can be expressed as follows:

A(t) =
Am2

1 +
(

Am2
As
− 1
)
· er(t−ts)

(t ≥ ts) (11b)

Equation (11b) is the dynamic model of water vapor increment after sprinkler irrigation, in which
parameter ts represents the length of time of irrigation. The parameters Am2, As, and r can be estimated
from experimental data.

Equations (5) and (11b) should be a continuous function in the interval of t > 0. Therefore, the
value of As should explain why Equation (5) is equal to Equation (11b), where t = ts:

As = Am1(1− e−kts) (12)

2.4. Overall Water Vapor Dynamics

By combining Equations (5) and (11b), a complete model for the dynamics of water vapor
increment during and after sprinkler irrigation is described as follows:

A(t) =

 Am1(1− e−kt) (0 < t ≤ ts)
Am2

1+
(

Am2
As −1

)
·er(t−ts)

(t ≤ t) (13)

The dynamics of water vapor increment during and after sprinkler irrigation are shown in
Figure 1, according to the model (Equation (13)). It can be seen that the increasing rate of water vapor
increment, caused by irrigation, is extremely high at the initiation of irrigation, and then gradually
decreases toward the value of As, reaching a relatively stable level. After the completion of irrigation,
the value of A starts to decrease gradually at first; then the deceasing trend continues, and finally
gradually stabilizes at zero, which means that water vapor contents of the inner and outer irrigated
areas gradually become consistent.
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Figure 1. Dynamics of water vapor increment during (blue line) and after (red line) irrigation. The
shaded area indicates the irrigation periods. As is water vapor increment when irrigation is finished,
and ts is the length of time of the irrigation operation.

3. Materials and Methods

3.1. Experimental Site

This experiment was conducted at the Shuangqiao Experimental Station, Clover Grass Industry
Technology Development Center, located in the Tongzhou District of Beijing, China (116◦61’ N latitude
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and 39◦88’ E longitude, and 50 m a.s.l.). The experimental station covered an area of 18 ha, encircled by
windbreaks. The irrigated field was a 20 m × 20 m flat block, being located at the center of the station.
Alfalfa (Medicago sativa L.) was planted in the irrigated field; seeds were sown on 9 April 2015. During
the experimental season, the alfalfa was regularly irrigated as agronomical practices were performed
(fertilization, weeding, application of insecticides, and harvest cutting).

The experiments were carried out during low-wind days, from August to November 2015.
All irrigation events were carried out during the period of lowest relative humidity and highest
temperature during the daytime [26,46], corresponding to the daily maximum evaporative demand.
Sprinkler irrigation was started at 1:30 p.m. and finished at 2:30 p.m. local time, a duration of 1 h.

3.2. Simulator for Single Sprinkler

A supporting frame was set up to functionally simulate a center pivot sprinkler irrigation system
(Figure 2). The supporting frame was 800 cm long and 230 cm high. A test sprinkler was placed below
the center of the beam of the supporting frame, at a height of 100 cm above the ground. A pump (model
QD6-35/2-1.5J; Shimge Pump Industry Co., Taizhou, China) with maximum pressure of 343.2 kPa
and flow rate of 6 m3 h−1 was used to supply water. Pressure gauges (model YB-150B; ZOHA Co.,
Xi’an, China) and valves (Φ25 mm ball valve; Huaya Co., Ningjin, China) were installed along pipes
to control water pressure. A mesh filter (Modular 100; AZUD Co., Murcia, Spain) was installed to
prevent the nozzle from clogging. A pressure regulator (15 PSI; Nelson irrigation Co., Walla Walla,
WA, USA) was installed upstream of the test sprinkler to maintain a stable pressure of 105 kPa.
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The sprinkler was a fixed spray plate sprinkler (model: D3000; Nelson irrigation Co., Walla Walla,
WA, USA). The nozzle diameter was 4.76 mm, and a blue spray plate was installed. The concave
sprinkler plate deflected 36 streams to form a uniform circular spray, with a slight angle. The wetted
radius was approximately 4.9 m, when the sprinkler height was 100 cm.

3.3. Water Vapor Measuring System

A water vapor measurement system was designed and built by the authors for the experiment.
It consisted of three main parts (Figure 3): (1) eight digital temperature and relative humidity sensors
(model SHT75; Sensirion AG, Staefa, Switzerland), with accuracies of ±0.3 ◦C (10 ◦C–40 ◦C) for
temperature, ±1.8% for relative humidity from 10% to 90%, and ±1.8% to ±4.0% for relative humidity
from 90% to 100%; (2) a pair of wind speed and wind direction sensors (models YGC-FS and YGC-FX,
respectively; Yigood Technology, Wuhan, China), with accuracies of 0.3 m/s and ±1%, respectively;
and (3) a data logger, which we built using a single-chip microcomputer, digital clock and digital
logger. All the temperature and relative humidity sensors (sensors) and wind speed and wind direction
sensors were connected to the data logger by signal cables; RS-485 Bus was used to connect the sensors
and the data logger.
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Figure 3. Schematic diagram of our water vapor measurement system.

Seven of the sensors were arranged within the irrigated field. As shown in Figure 2, the first
sensor was placed next to the sprinkler, and then additional sensors were placed at intervals of 2 m
along two perpendicular radii of a circle, centered at the test sprinkler. Each sensor was fixed to a steel
pipe, inserted firmly into the soil. All sensors were positioned at a height of 100 cm, the same height as
the test sprinkler. The remaining sensor was installed 50 m away from the irrigated field to measure
the relative humidity and temperature of the surrounding atmosphere (not shown in Figure 2), which
were referenced as meteorological parameters. Wind speed and direction sensors were installed within
the irrigated area and mounted 2 m above the ground. All of the sensors probes were wrapped with
a special material, which provided water insulation and air permeability so that the sensors could
operate properly during irrigation.

The data logger recorded 5 min average values of temperature, relative humidity, wind speed, and
wind direction, based on five single readings (once per minute) over a 5 min period. Two data series
recorded from the paired sensors, which were at two perpendicular radii as well as equal distance
from the sprinkler, were averaged to form one single data series to represent water vapor dynamics at
that distance.
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3.4. Statistics Processing and Analysis

The amounts of water vapor increment were quantified by the value of absolute humidity (AH;
g m−3). The AH was calculated based on the temperature and relative humidity data collected by the
sensors. The relative humidity is defined as the ratio of actual to saturation water vapor pressure at
gas temperature:

RH =
PW
PWS

· 100% (14)

Therefore, Equation (1) also could also be expressed as follows:

AH =
RH · PWS
RW · TK

· 106 (15)

The value of PWS calculated from the temperature (T) data as in Equation (2) was substituted into
Equation (15), to compute AH. Then, the AH of position next to sprinkler, and 2 m, 4 m and 6 m away
from sprinkler, can be calculated according to data of RH and T measured by corresponding sensors.
The AH of surrounding atmosphere can also be calculated according to data of RH and T measured
by the sensor located 50 m away from the irrigated field. Then, the water vapor increment caused by
irrigation (A) can be calculated as follows:

Ad = AHd − AHsa (16)

where d indicates the distance away from sprinkler, Ad represents water vapor increment at d m from
sprinkler (g m−3), AHd is absolute humidity at d m from sprinkler (g m−3), and AHsa is absolute
humidity of surrounding atmosphere (g m−3).

The VPD (kPa) was used as a meteorological parameter, together with temperature and relative
humidity. It can be calculated by combining Equations (2), (3), and (14), using the relative humidity
and temperature data collected by the sensor located 50 m away from the irrigated field.

Nonlinear regression was used to fit the model and experimental results (during and after
sprinkler irrigation), to estimate the model parameters Am1, k, Am2, As, and r. The fitting significance
between developed model and experimental data was judged according to the f -test. The relationships
between model parameters and meteorological factors were analyzed by computing Pearson’s
correlation coefficients. Model performance was evaluated quantitatively using the Nash–Sutcliffe
model efficiency (NSE) coefficient [47], calculated as follows:

NSE = 1−

n
∑

i=1
(Ao,i − Ae,i)

2

n
∑

i=1

(
Ao,i − Ao

)2
(17)

where n is the total number of time steps, Ao,i is the observed value at time step i, Ae,i is the estimated
value at time step i based on the model, and Ao is the mean of observed values. Evaluation criteria
for the levels of model performance were in accordance with Ritter and Muñoz-Carpena [48]; the
equations were as follows:

nt =
SD

RMSE
− 1 (18)

NSE = 1−
(

1
nt + 1

)2
(19)
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where the RMSE is the root mean square error, SD is the standard deviation of observations, and the nt

is the number of times that the observation variability was greater than the mean error. RMSE and SD
are given, respectively, by

RMSE =

√
1
n

n

∑
i=1

(Ao,i − Ae,i)
2 (20)

and

SD =

√
1
n

n

∑
i=1

(
Ao,i − Ao

)2 (21)

If the value of nt is higher than 2.2 and the value of NSE is higher than 0.90, then it can be stated
that the model performance is very good [48]. Statistical analyses were performed using OriginPro
(ver. 9.2; OriginLab Corp., Northampton, MA, USA) [49].

3.5. General Characteristics of the Experiments

A total of seven tests were performed due to low wind conditions (<0.9 m/s). The detailed
meteorological parameters of these tests are listed in Table 1. Because temperatures were dropping,
the results in general show decreasing relative humidity, temperature, and VPD.

Table 1. Meteorological parameters of seven available tests.

Tests Date RH (%) T (◦C) W (m s−1) VPD (kPa)

1 29 August 44.18 31.09 0.70 2.521
2 3 September 43.10 31.80 0.81 2.675
3 21 September 42.59 28.05 0.52 2.176
4 3 October 41.75 24.58 0.89 1.800
5 9 October 20.81 19.70 0.90 1.818
6 14 October 48.21 21.75 0.80 1.349
7 1 November 31.07 17.29 0.84 1.360

Notes: RH, relative humidity; T, temperature; W, wind speed; VPD, vapor pressure deficit. The RH, T was measured
by the sensor located 50 m away from irrigated area, the W was measured by the wind speed sensor located within
irrigated area (Figure 2) and the VPD was calculated based on the RH and T.

4. Results and Discussion

4.1. Water Vapor Dynamics

Figure 4 shows the water vapor dynamics of tests on 3 September, 3 October and 14 October, which
represented relatively high, medium and low levels of VPD (2.675, 1.800 and 1.349 kPa respectively)
for irrigated fields [50–52]. In addition, the values of water vapor increment, measured by sensors
located 4 and 6 m from the sprinkler, were low and could not be fit properly with the model. Therefore,
the fitting results for these two measuring sites are not shown in Figure 4 and Table 2. The fitting
results suggested that the sprinkler influenced the water vapor content within 4 m, which is less than
its water application distance [13,53].

In general, during irrigation, the water vapor increment initially increased rapidly, and then
reached a relative stable state until completion of irrigation. At the conclusion of irrigation, the water
vapor increment reduced gradually at first and then started to decline rapidly. The rate of reduction of
water vapor increment decreased and gradually reduced to zero, as the water vapor content in the
irrigated field was restored to the level of the surrounding atmosphere.
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Figure 4. Observed values and fitting results based on the water vapor dynamics model during
irrigation (blue lines) and after irrigation (red lines). A is the water vapor increment generated by
irrigation. The shaded area indicates the 1 h irrigation periods.

Water vapor dynamics differed between areas next to and 2 m from the sprinkler. During
irrigation, both the increasing rate and amount of water vapor increment were higher for areas next to
the sprinkler than areas 2 m from the sprinkler. These results were reflected in higher values of k and
Am1, respectively, among the model parameters. After irrigation, the water vapor increment 2 m from
the sprinkler generally changed faster than those next to the sprinkler. This may be because the value
of water vapor increment next to the sprinkler was relatively higher than that 2 m from the sprinkler,
such that the higher water vapor content would be more likely to diffuse to the surroundings [54] once
water vapor stopped being generated (after irrigation).



Water 2017, 9, 307 11 of 17

Table 2. Coefficients and fitting parameters of the model.

Date
Distance

(m)

Model: During Irrigation
A(t) = Am1(1− e−kt) 0 < t ≤ ts

Model: After Irrigation
A(t) = Am2

1+
(

Am2
As
−1
)
·er(t−ts)

t ≥ ts

Am1
(g m−3)

k
(h−1) Ra

2 p Am2
(g m−3)

As
(g m−3)

r
(h−1)

ts
(h) Ra

2 p

29 August 0 2.746 17.675 0.894 <0.001 2.769 2.746 4.015 1 0.960 <0.001
2 2.808 7.599 0.944 <0.001 3.430 2.806 2.593 1 0.971 <0.001

3 September 0 4.096 10.103 0.858 <0.001 4.129 4.096 4.174 1 0.956 <0.001
2 3.380 10.320 0.790 <0.001 3.393 3.380 6.176 1 0.901 <0.001

21 September 0 2.682 7.957 0.673 <0.001 2.921 2.681 1.902 1 0.974 <0.001
2 2.609 5.300 0.756 <0.001 4.868 2.596 1.765 1 0.935 <0.001

3 October
0 6.552 4.449 0.898 <0.001 6.769 6.476 3.731 1 0.966 <0.001
2 2.958 2.822 0.808 <0.001 3.545 2.782 3.271 1 0.912 <0.001

9 October
0 5.842 3.403 0.868 <0.001 5.768 5.648 6.460 1 0.980 <0.001
2 3.426 3.394 0.817 <0.001 3.672 3.311 4.206 1 0.952 <0.001

14 October
0 4.094 9.010 0.925 <0.001 4.474 4.094 1.471 1 0.966 <0.001
2 2.029 7.209 0.644 <0.001 6.106 2.028 0.672 1 0.759 <0.001

1 November
0 2.557 3.930 0.862 <0.001 2.778 2.506 1.883 1 0.969 <0.001
2 1.322 3.370 0.947 <0.001 1.357 1.277 2.334 1 0.957 <0.001

Notes: The second column means radial distance from sprinkler: 0 and 2 m indicate distance away from the test
sprinkler. A, water vapor increment generated by irrigation at any time (g m−3); t, time from the start of irrigation
(h); Am1, maximum value of water vapor increment during irrigation (g m−3); k, exponential coefficient of water
vapor increment during irrigation (h−1); Ra

2, adjusted coefficients of determination; P, fitting significance, according
to the f -test; Am2, carrying capacity of the logistic equation, theoretical maximum value of water vapor increment
after irrigation (g m−3); As, value of water vapor increment at the conclusion of irrigation (g m−3); r, exponential
coefficient of water vapor increment after irrigation (h−1); ts, time length of irrigation operation (h).

4.2. Water Vapor Dynamics and Meterorology

The height of the curves reflected the amount of water vapor increment. The higher the values of
VPD, the greater the water vapor increment for 2 m from the sprinkler. The value of Am1 (2 m from
the sprinkler) declined with reduced VPD, with a Pearson’s correlation coefficient of 0.68 (p < 0.05;
Figure 5b). Similarly, at the conclusion of irrigation, the value of As (2 m from the sprinkler) was
reduced with declining VPD, with a Pearson’s correlation coefficient of 0.73 (p < 0.05; Figure 5b).
However, there was no significant relationship between Am1 (next to the sprinkler) and VPD, or
between As (next to the sprinkler) and VPD.
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Figure 5. Pearson’s correlation between meteorological conditions and model parameters: (a) next
to the sprinkler, and (b) 2 m from the sprinkler. RH, T, and VPD indicate the relative humidity,
temperature, and vapor pressure deficits, respectively. The Am1, k, Am2, As and r are model parameters.
The color depth of redness indicates the extent of correlation, according to the correlation coefficient
values, and the asterisks indicate significance (p < 0.05).
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The reasons why VPD had less influence on Am1 and As next to the sprinkler are possibly due to
intensive water spray and mist diffusion next to the sprinkler, and weak restriction of water vapor
content under the meteorological conditions. Nevertheless, the air 2 m from the sprinkler was more
influenced by meteorological conditions. As a result, the surrounding meteorological factors had a
major influence on the area 2 m from the sprinkler. In this experiment, the VPD and water vapor
increment (Am1 and As; 2 m from the sprinkler) were positively and significantly correlated, consistent
with previous reports on the relationship between evaporation losses and the VPD [16,21,23,55,56].

The values of k reflected increasing rates of change in water vapor increment during irrigation.
The value of k (next to the sprinkler) increased significantly with increasing temperature, with a
Pearson’s correlation coefficient of 0.75 (p < 0.05; Figure 5a). The VPD positively influenced the value
of k (next to the sprinkler), at least to some extent (Figure 5a). A similar trend was observed for
observations 2 m from the sprinkler (Figure 5b).

The decreasing rates of water vapor increment after irrigation could be reflected in the value
of r. The value of r (next to the sprinkler) tended to increase with decreasing relative humidity and
increasing VPD (Figure 5a). The value of r (2 m from the sprinkler) tended to increase with increasing
VPD (Figure 5b). Therefore, relative humidity and VPD could affect the time required for water
vapor to be restored to the level of the surrounding atmosphere following irrigation. For all of the
tests, restoration required approximately 2.3 to 4.0 h (Figure 4); this duration was similar to that for
observations based on maize [52,57,58] and alfalfa [16].

4.3. Water Vapor Increment

The model parameters Am1, Am2 and As (Table 2) reflected the water vapor increment generated
by irrigation. The values of Am1 and Am2 would probably be unequal, due to experimental errors and
measurement fluctuations. Next to the sprinkler, Am1 ranged from 2.557 to 6.552 g m−3, Am2 ranged
from 2.769 to 6.769 g m−3, and As ranged from 2.506 to 6.476 g m−3, with no obvious differences
between them. At 2 m from the sprinkler, the value of Am1 ranged from 1.322 to 3.426 g m−3, Am2

ranged from 1.357 to 6.106 g m−3, and As ranged from 1.277 to 3.380 g m−3. The value of Am2 was
slightly higher than that of Am1 and the value of Am1 was slightly higher than that of As. Generally,
the water vapor increment were higher next to the sprinkler than 2 m from the sprinkler. With the
value of As as a reference, the maximum amounts of water vapor increment were 2.506 to 6.476 g m−3

and 1.277 to 3.380 g m−3 next to and 2 m from the sprinkler, respectively.
In a previous study, Playan et al. [23] determined that irrigation could affect the meteorological

variables within the irrigated plot, and they reported an increase of AH that ranged from approximately
2–3 g m−3 with solid sprinkler irrigation during the daytime, which was consistent with our value of
As 2 m from the sprinkler, but lower than the value of As next to the sprinkler. This discrepancy may be
due to the shorter distance between the observation site (As next to the sprinkler) and the sprinkler for
sensors in the current experiment, compared with those at the meteorological station in the previous
experiment [23].

4.4. Model Validation

The adjusted coefficient of determination (Ra
2) ranged from 0.644 to 0.947 and 0.759 to 0.980

(Table 2), during and after irrigation, respectively, at a significance level of p < 0.001. Therefore, the
developed model was a good fit with actual observations and properly reflected the actual dynamics
of water vapor increment. Under actual conditions, the meteorological conditions fluctuated and
the water vapor of surrounding air was not uniform or stable [59], due to the interference of wind
flow [60].

The comparisons between measured and calculated water vapor increment due to irrigation, for
all of the available tests, are shown in Figure 6. The values of the Nash-Sutcliffe efficiency coefficient
for the model were 0.961 and 0.934 for the estimations next to the sprinkler and for 2 m from the
sprinkler, respectively (Table 3). These values suggested that the estimation was ideal and that model



Water 2017, 9, 307 13 of 17

performance was very good [48]; model performance was better for the estimation next to the sprinkler
(Figure 6a) than for 2 m from the sprinkler (Figure 6b). The model performance was better than or
in accordance with previous studies focusing on models of hydrology [61,62], crop coefficient [63],
rainfall interception by canopy [64], and water use efficiency [65].Water 2017, 7, 307  13 of 17 
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Figure 6. Comparison between observed and estimated water vapor increment due to irrigation for all
the available tests: next to the sprinkler (a) and 2 m from the sprinkler (b) The diagonal line indicates a
1:1 relationship.

Table 3. Evaluation of model performance.

Coefficients
Model Performance

Next to the Sprinkler 2 m from Sprinkler

SD 1.72 1.04
RMSE 0.34 0.27

ni 4.05 2.91
Nash—Sutcliffe model efficiency coefficient 0.961 0.934

Notes: SD, standard deviation of observations; RMSE, root mean square error; ni, number of times that the
observations variability is greater than the mean error.

The model tended to more reliable for relatively low water vapor increment, i.e., lower than
approximately 3 and 2 g m−3 for observations next to and 2 m from the sprinkler, respectively. This may
be due to a decrease in sensor accuracy when relative humidity is relatively high (i.e., >90%) [66,67],
such that we expect more fluctuation and instability in water vapor content measurements at
higher levels.

In addition, the estimated values tended to be underestimated when the values of water vapor
increment were lower than 0.5 g m−3. This may be because the observed values did not tend toward
zero, due to the interference of meteorological fluctuations and evaporation from soil and vegetation,
during the period 2–3 h following the completion of irrigation [16,68]. However, during this period,
the trend of water vapor increment estimated by the model was reduced and steadily approached zero.

5. Conclusions

The water vapor dynamics during and after irrigation for a single overhead sprinkler are not
clear. The current study revealed the dynamic variations of water vapor increment during and after
irrigation, and a dynamic model was developed to describe the water vapor dynamics during and



Water 2017, 9, 307 14 of 17

after irrigation. The model can be used to quantitatively describe water vapor increment at any time
during and after irrigation. This work should be beneficial for determining the characteristics of WDEL
and for proposing relevant strategies or measures to decrease water losses and increase the water
use efficiency.

The water vapor dynamics model showed that the fitting was in good agreement between
measured values and the developed model for water vapor increment next to and 2 m from the
sprinkler. The adjusted coefficients of determination of the fitting were 0.644 to 0.947 and 0.759 to
0.980, for periods during and after irrigation, respectively. The values of the Nash-Sutcliffe efficiency
coefficient were 0.961 and 0.934 for estimations next to the sprinkler and for 2 m away from the
sprinkler, respectively, suggesting a very good model performance.

During irrigation, the water vapor dynamics increased rapidly, as soon as the irrigation started,
and then the rate of increase leveled off until it reached a maximum content, which suggests that
dynamics can be expressed by an exponential equation. After irrigation finished, water vapor dynamics
gradually moved from a stable state to a decreasing trend, and then rapidly decreased; finally, the
decreasing rate leveled off to zero, when the water vapor content was restored to the level of the
surrounding atmosphere, which suggests that the dynamics can be expressed by a logistic equation
during this period.

As a reference for the model parameter As, the maximum amounts of water vapor increment
generated by irrigation were 2.506 to 6.476 g m−3 and 1.277 to 3.380 g m−3 for the areas next to and
2 m from the sprinkler, respectively.

For the irrigation period, the lower the VPD, the lower the maximum water vapor increment
in the area 2 m from the sprinkler. However, the VPD had no obvious influence on water vapor
increment in the area next to the sprinkler. The meteorological conditions involving temperature,
relative humidity, and VPD influenced the increasing and decreasing rates of dynamics of water vapor
increment. With different meteorological conditions, a period of 2.3 to 4.0 h was needed for the water
vapor to be restored to the atmospheric level.

The developed model can be used to describe water vapor dynamics during and after irrigation,
and to estimate the water vapor characteristics, including the maximum content and increasing and
decreasing rates of change in water vapor increment, with overhead sprinkler irrigation and low
wind conditions.
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