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The evaporation from irrigation canals was estimated by the aerodynamicmethod based on the double-deck surface air layermodel
(called “DSAL model” for short hereafter). The DSAL model describes the surface air layer over a canal as a composite air layer
with two sublayers, the lower sublayer and the upper sublayer. The lower sublayer is a few tens of centimeters thick and formed by
the flowing water, in which there is no advection; the upper sublayer is over the lower sublayer and formed by the surface wind.The
results were compared to those obtained by the heat balance method; field experiments were conducted in the middle reaches of
the Heihe River in northwestern China. Results showed that cumulative evaporation instances estimated by the DSAL model were
equal in order of magnitude to those by the heat balance method on observed days during the daytime (0700∼1900 BST). We infer
from these experimental results that the evaporation loss in transport in this region is of the order of one percent at most.

1. Introduction

Irrigation water is vital to agricultural production in arid
land, and it is, in general, transported through canals over a
long distance. In China, irrigation canals are classified into
five groups which are main canal, branch canal, lateral canal,
field canal, and field ditch. In the middle reaches of the Heihe
River in northwestern China (Figure 1), the main and branch
canals extend for 4,500 km and 82% of the two higher classes
have been paved with concrete. The total length of the two
middle classes is 22,700 km, 64% of which have been paved.
If irrigation canals are unpaved, we can readily conceive that a
considerable amount of irrigation water is lost due to seepage
into the ground before it reaches irrigation fields [1]. The
evaporation from water surfaces is another cause of water
losses from irrigation canals and it is also considerable in
arid regions [2]. However, few attempts have been made to
evaluate evaporation loss from a small plot, such as water
surface of canals: one reason is the advection caused by

running water in the canal and the other reason is the actual
operation that is unsuitable and difficulty of applying the
evaporation pan or lysimeter technique to the running water.

Methods usually used for estimating open water evapora-
tion are as follows [3]: (1) evaporation pan method, (2) mass
balance method or water balance method, (3) energy balance
method or heat balance method, (4) aerodynamic method,
and (5) combination method. However, only three methods,
namely, “evaporation pan method,” “heat balance method,”
and “aerodynamic method,” have been applied to estimate
evaporation from channels or canals.

In the late 1940s and early 1950s, the paddy rice of the
north or highland regions in Japan suffered damage caused
by cold weather. Therefore, many water-warming ponds and
canals were constructed. Higashi and Hanyu [4] carried out
a field experiment at a water-warming canal in Hokkaido,
Japan, and analyzed the heat balance on the flowing water in
the canal, where they regarded half the pan evaporation at a
neighboring observatory as the evaporation from the canal
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Figure 1: The basin of the Heihe River and the study area in the middle reaches of the river near Zhangye City.

without rational grounds. In conducting a field investigation
of water losses for three types of channels based on water
balance method, Moghazi and Isumail [2] regarded the
evaporation rate measured with a Class A pan as a rough
estimate of evaporation losses from the channels.

Mihara et al. [5, 6] conducted studies based on heat
balance method at water-warming ponds and canals in
northern Japan. They determined the rate of heat transfer
between the running water and the surface air layer, and, as
a result, they derived a Dalton-type formula for the latent
heat released or absorbed by the running water surface,
which is expressed as a product of the difference in vapor
pressure between the water surface and the surface air layer.
Jobson [7] also derived a Dalton-type formula of evaporation
rate from analyzing the heat balance on the flowing water

in the San Diego Aqueduct, California. He showed that
the evaporation from the channels was a little larger than
that from nearby Class A pans on an annual basis. Fulford
and Sturm [8] made a comparative experiment according
to the heat balance method on an artificially heated water
channel and a naturally exposed one in Tennessee, USA. As
a result, they concluded that the evaporation from flowing
channels, in which the effects of wind fetch can be accurately
determined, is needed and the stability-dependent formula,
which was devised to include the effect of natural convection
by Ryan andHarleman [9], may bemore appropriate than the
Dalton-type formula for channels.

Kawahara [10] made observations of the balance of heat
on the flowing water in a canal within a salt farm in the
Seto Inland Sea coastal area, Japan. He used the aerodynamic
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method to describe the rate of evaporation from the canal
by assuming that statically neutral conditions prevail in the
surface air layer and the water surface is wide enough to apply
an eddy transport theory devised by him.

The Dalton-type formulation shows that the evaporation
rate under a gentle breeze is greater for canals than for ponds
or lakes [7]. This seems to suggest that the evaporation rate
increaseswith the flow speed ofwater, even if the surfacewind
speed remains constant.

Kobayashi et al. [11] intended to estimate the evaporation
from irrigation canals in the middle reaches of the Heihe
River in northwesternChina and since the flow speed ofwater
is, in general, larger than 3m/s and also is often larger than
the surface wind speed supposed that the evaporation rate
depends not only on the surface wind speed but also on the
water flow speed and constructed a model called the double-
deck surface air layer (DSAL) model, which is outlined in the
next section.

This paper describes field experiments carried out in a
high-altitude, arid region in the middle reaches of Heihe
River in northwestern China. The objectives of this study are
to test theDSALmodel against experimental data, to estimate
the evaporation from irrigation canals in this region, and to
contribute to irrigation technique for good agricultural water
productivity [12, 13].

2. Double-Deck Surface Air Layer
(DSAL) Model

In this section the double-deck surface air layer (DSAL)
model is outlined [11] and some supplementary consider-
ations are given. Figure 2 shows the schematic diagram of
the DSAL formed over the flowing water. This composite
surface air layer consists of two sublayers. The lower sublayer
is dragged by the flowingwater and the flow-wisemomentum
is transported upward through it (SAL-W), the thickness
of which is 𝛿. The upper sublayer is the surface air layer
formed over the ground surrounding the stream (SAL) by the
surface wind and the wind-wise momentum is transported
downward through it. In Figure 2, U

𝑤
is the flow velocity

of water and U
𝑎
is the surface wind velocity, 𝑇

𝑎
is the air

temperature, and 𝑒
𝑎
is the water vapor pressure at height 𝑧

𝑎

in the SAL, respectively.The boldface symbolsmean that they
are vectors and their directions are in general different from
each other. The subscripts 𝛿 and 𝑤 refer to the values at the
top and bottom of the SAL-W, respectively. Thus, U

𝑎𝛿
is the

air velocity at the top of the SAL-W, and the average wind-
wise and flow-wise components of the velocity are assumed
to be approximately zero when necessary.

Upward water vapor fluxes through the two sublayers,
𝐸SAL-W and 𝐸SAL, can be expressed approximately as the bulk
equations:

𝐸SAL-W = 𝐴𝑈𝑤 (𝑒𝑤 − 𝑒𝑎𝛿) ,

𝐸SAL = 𝐵𝑈𝑎 (𝑒𝑎𝛿 − 𝑒𝑎) ,
(1)

where 𝐴 and 𝐵 are the bulk coefficients for the SAL-W and
SAL, respectively. If isothermal conditions and logarithmic
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Figure 2: Schematic diagram of the double-deck surface air layer
(DSAL) formed over the running water. See text for symbols.

vertical profiles of wind speed and humidity prevail in the two
sublayers and the vapor flux is also supposed to be invariable
with height, we get

𝐴 =

18𝑘

2

𝑅𝑇 {ln (𝛿/𝑧
𝑤0
)}

2
,

𝐵 =

18𝑘

2

𝑅𝑇 {ln (𝑧
𝑎
/𝛿)}

2
,

(2)

where 𝑧
𝑤0

is the roughness length of a running water surface,
𝑅 is the gas constant, 𝑇 is the absolute temperature, and 𝑘 is
the von Kármán constant (=0.4) [14]. The roughness length
in the SAL is supposed to be 𝛿. The condition of continuity
for the vapor flux at the boundary between the two sublayers
gives the following relation:

𝐸 = 𝐴𝑈

𝑤
(𝑒

𝑤
− 𝑒

𝑎𝛿
) = 𝐵𝑈

𝑎
(𝑒

𝑎𝛿
− 𝑒

𝑎
) , (3)

where 𝐸 is the rate of evaporation. From (3) the water vapor
pressure at height 𝛿 is

𝑒

𝑎𝛿
=

(𝑒

𝑤
+ (𝐵𝑈

𝑎
/𝐴𝑈

𝑤
) 𝑒

𝑎
)

(1 + 𝐵𝑈

𝑎
/𝐴𝑈

𝑤
)

. (4)

Thus, 𝐸 can be expressed as

𝐸 =

𝐴

1 + 𝐴𝑈

𝑤
/𝐵𝑈

𝑎

𝑈

𝑤
(𝑒

𝑤
− 𝑒

𝑎
) . (5)

As a result, we can estimate the rate of evaporation from
running water surfaces using (5), which is a function of the
wind speed, 𝑈

𝑎
, and the water flow speed, 𝑈

𝑤
.

In two special cases inwhich the surfacewind blows in the
same direction as the stream, when the relative wind speed is
|𝑈

𝑎
− 𝑈

𝑤
|, while, in the opposite direction, when the relative

wind speed is |𝑈
𝑎
+ 𝑈

𝑤
|, the double-deck surface air layer
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does not develop and the usual single-story boundary layer is
formed. Therefore, the rate of evaporation can be expressed
as

𝐸 = 𝐴

𝑠
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𝑎
∓ 𝑈

𝑤









(𝑒

𝑤
− 𝑒

𝑎
) , (6)

where 𝐴
𝑠
is the bulk coefficient for these special cases.

In these cases, the air always flows over a running water
surface, and hence the wind fetch is unlimited and there is no
advection. In other usual cases, however, we are faced with
the advection phenomenon.

We can suppose that there is no advection in the SAL-
W as in the special cases described above. In the SAL,
however, we cannot avoid some advection effects. When the
advection occurs in the SAL, the condition of continuity at
the boundary between the two sublayers is written as

𝐸



= 𝐴𝑈

𝑤
(𝑒

𝑤
− 𝑒



𝑎𝛿
) = 𝐵



𝑈

𝑎
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𝑎𝛿
− 𝑒

𝑎
) , (5



)

where primed symbols represent quantities under conditions
of advection. The bulk coefficient 𝐵 is equal to 𝐵 plus an
increment due to the advection, and hence 𝐵 > 𝐵, and,
as a result, 𝐸 > 𝐸 as is evident from (5). Kobayashi et al.
[15] showed that if the advection was disregarded, the rate of
evaporation 𝐸 calculated from (5) underestimated the actual
evaporation rate 𝐸

0
= 𝐸

, on average, by 10–20%.

3. Field Experiments

3.1. Study Area. The study area is located in the irrigation
area in the middle reaches of Heihe River in northwestern
China (Figure 1). The land cover in the study area consists
of cropland cultivated with maize and vegetables, apple
orchards, windbreak forests, and built-up areas.

The observation points were deployed in the Yingke
irrigation district in the suburbs of ZhangyeCity (Figures 1(b)
and 1(c)). The study area is the typical district in the Zhangye
oasis (1400–1600m a.s.l.), which is a core part of the middle
reaches ofHeiheRiver.The annualmean temperature is 7.0∘C,
the annual mean precipitation is 124.9mm, and the potential
evaporation is more than 2000mm.

The alternation irrigation system is adopted in this
district. One round of irrigation (preplant irrigation) is taken
in spring, three rounds are taken in summer, and two rounds
including postharvesting irrigation are taken in autumn,
respectively. The irrigation schedule is made by the local
government. The present observation was conducted at a
main canal (IOp), named intensive observation, and lateral
canals (COp1), named continuous observation (Figure 1).
The observation point COp1 was located in a built-up area
without shelterbelts. The observation point IOp was situated
in cropland about 1.5 km southwest of COp1.

The canals at which observations were made were con-
structed using precast concrete walls with designed thickness
10 cm.The canal has a round-bottomed triangle cross section,
and the gap between the concrete walls and the ground is
stuffed with porous material such as gravels and dry sands.
Therefore the insulation against heat of the walls is very good,
andhence the heat flux through thewallswas neglected in this
analysis [7].
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Figure 3: Cross section of the main canal and observation instru-
ments installed at IOp.

3.2. Intensive Observation. In order to test the DSAL model,
an intensive observation was conducted at the point IOp
during the two-day period, July 16 and 17, 2013.The schematic
diagram of the observation system is shown in Figure 3. The
top width of the canal was 6.6m, the side slope was 1 : 1.3,
and the water flowed toward the ESE. The air current speed
was measured at a height of 0.12m above the flowing water
surface at the center of the canal with a hot-wire anemometer.
Air temperature and humidity weremeasured at about 0.15m
above thewater surfacewith aHUMICAP sensor.Theflowing
speed of water was measured by the float method, and the
water temperature was measured by fetching water with
bucket and readingwithmercury thermometers. On the right
bank of the canal, the surface wind speed and direction were
observed using an aerovane-type anemometer and the air
temperature and humidity were observed with a HUMICAP
sensor at a height of 2m above the ground, or about 5m
above the flowing water surface.The air movement just above
the flowing water surface was visualized by a wisp of smoke
produced by burning an incense stick and the height 𝛿 was
measured with a vertical hanging ruler over water surface of
the canal.

3.3. Continuous Observation. At one of the observation
points (COp1), the rates of evaporation from irrigation canals
were estimated by the heat balance method [16] and by the
aerodynamic method based on the DSAL model. The top
width was 1.8m and the side slope was 1 : 1. The cross section
was measured in the field and described before irrigation.
Continuous observation was conducted at the observation
point during the summer months of 2013, from June 8 to July
8, because irrigationwas practiced in rotation in the irrigation
district, and the canal would have water every about 20 days,
and every rotation would last 3∼5 days, so the continuous
observation had 7 whole days’ observation data, and they
are June 9∼10, June 30, and July 1∼4, respectively. In this
paper, the results obtained on the 7 days at point COp1 are
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shown and discussed. A straight canal section 148m long
was selected as the observation site, which was a newly built
concrete-lined canal, and thus we can neglect leakage losses
from the heat balance point of view. The canal runs straight
and the water flows uniformly and steadily.

The automatic weather station (AWS) was set on the
right bank of the canal near the midpoint of the section of
canal under observation. Data obtained in the continuous
observation were through three means, namely, automatic
weather station (AWS), automatic logging water level meter,
and manual measurement, respectively. The AWS was set up
on the side and in the middle of the selected 148m canal,
and it contained two temperature probes, two hygrometers,
the anemograph, and the net radiation sensor (CNR4). In
the AWS system, one temperature probe, one hygrometer,
and the anemograph were installed about 2m above the
ground, and the other temperature probe and hygrometer
were equipped above the water surface. The net radiation
sensor was set up very close to the water surface in order to
get true net radiation. Automatic logging water level meters
were divided into two groups, one group for the upstream
the other for the downstream end.They were installed on the
bottom of the canal before the canal had water. Frommanual
measurement, we can obtain water temperature, water flow
speed, and also water level; manual measurement was going
on in the upstreamanddownstreamend at the same time.The
variables measured and instruments used in this observation
are listed in Table 1.

Net radiation (𝑅
𝑁
) was calculated from the equation

𝑅

𝑁
= (1 − 𝛼)𝑅

𝑠↓
+ 𝜀(𝑅

𝐿↓
− 𝜎𝑇

𝑤

4

), using the measurements of
short-wave (𝑅

𝑠↓
) and long-wave (𝑅

𝐿↓
) downward radiation, at

the same time, considering the diurnal change of the albedo
(𝛼) determined by field experiment, water temperature (𝑇

𝑤
),

and the emissivity (𝜀) of 0.99. Water temperature, water level,
and water flow speeds at two points specified in the upstream
anddownstreamends of canalweremanuallymeasured every
hour or half an hour.

For safety’s sake we set the instruments up in the early
morning at the site and dismantled them in the evening.Thus,
the observation time was only in the daytime from 0700 to
1900 BST.

4. Results and Discussion

4.1. Intensive Observation. We analyzed the results of the
intensive observation and published them in a local journal of
Japan [11, 15, 17]. Therefore, only main results are reproduced
here. Figure 4 shows the relationship between the thickness of
SAL-W, 𝛿, and the air current speedmeasured at 0.12m above
the flowing water surface, 𝑈

𝑎(0.12)
. The thickness was defined

as the height at which the current-wise (fromWNW to ESE)
component of the air current produced by the flowing water
disappeared. The flow speed of water in the canal, 𝑈

𝑤
, was

3.3m s−1 on July 16, while the average surface wind speed for
the observation period was about 0.6m s−1 and its direction
was SSE. On July 17, however, the average surface wind speed
was about 2.4m s−1 and its direction was NNE, although the
flow speed of water was almost the same as the day before.

Table 1: General descriptions of the instruments installed at station
COp1.

Variables Instruments Interval
(min)

Height above
water surface

(m)
Air temperature &
humidity

HMP45AC
(VAISALA) 5 2 and 0.45

Wind speed 010C-1
(MET ONE) 5 2.45

Radiation CNR4 5 0.2

Water temperature
& flow speed

Glass
thermometer
& Flowatch
(NTECH)

30 or 60 See text

Water level HOBO 5 —

The values of 𝑈
𝑎(0.15)

were larger on the first day under
calm weather conditions than those on the second day
under windy conditions, which suggests that the current-
wise momentum transported from the running water sur-
face upward was damped quickly with height under larger
downward transportation of wind-wisemomentum. On each
observation day, however, 𝛿 changed conversely with𝑈

𝑎(0.12)
,

which implies that the SAL-W was in pulsatile motion, and
the air current speed increasedwith decreasing thickness, and
vice versa. Since the water temperature (15.2∘C) was lower
than the air temperature by about 10∘C, it seems that wavy
motions developed in the thermally stratified air flow just
above the surface of flowingwater.The frequency is estimated
to have been lower than 0.25 h−1. These results suggest that
the SAL-Wwith air temperatures lower than those in the SAL
are formed in a dynamic manner, namely, internal wave near
the flowing water surface in irrigation canals.

We can measure 𝛿 in the field by visual inspection as
described above, but we can also substantiate the existence
of such a specified height by comparing the vapor pressure at
height 𝛿 calculated from (4) based on this model, 𝑒

𝑎𝛿
, and the

vapor pressure observed in the proximity of height 𝛿 in the
field, 𝑒

𝑎
. Since the vertical change in vapor pressure near the

boundary between the two sublayers is expected to be small,
the measurement made at 0.15m above the water surface,
𝑒

𝑎(0.15)
, should be almost the same as the value of 𝑒

𝑎𝛿
because

𝛿 ranged between 0.1m and 0.4m during the observation
period (Figure 4) [17].

The bulk coefficients 𝐴 and 𝐵 were calculated from (2)
by substituting 10−5m for 𝑧

𝑤0
, with 𝑧

𝑎
= 5m and 𝛿 =

0.2m. Figure 5 shows the relationship between 𝑒
𝑎𝛿
and 𝑒
𝑎(0.15)

.
We can see that 𝑒

𝑎(0.15)
was, on average, smaller than 𝑒

𝑎𝛿
,

the reason for which seems to be the advection [15]. The
high correlation between 𝑒

𝑎𝛿
and 𝑒

𝑎(0.15)
is circumstantial

evidence that the DSAL model is reliable, although the effect
of advection of the order of 10∼20% on the vapor pressure can
be recognized [15].

4.2. Continuous Observation. The results of the continuous
observation were analyzed using the two methods, the
aerodynamic method based on the DSAL model and the
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heat balance method. Since the heat balance method was
discussed in a companion paper [16] and it seems familiar
to everyone, the details of the method were omitted here for
the sake of brevity. In order to analyze the heat balance on
the water flowing in the section 148m long, the discharge and
water temperature have to be measured at the upstream and
downstream ends. The discharge was calculated by equation
𝑄 = 𝑐V𝑡, where 𝑐 is area of the water cross section, V is the
water speed, and 𝑡 is the passing time of water flow through
the 148m canal. The water temperature was measured at the
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Figure 6: Diurnal variations of the discharge at the upstream and
downstream ends (July 2, 2013).

upstream and downstream ends by mercury thermometer at
the same time. Furthermore, the net radiation at the water
surface is another important element of heat balance on
the flowing water and the calculation method was the same
as in intensive observation. By way of example the diurnal
variations of such elements on July 2, 2013, are shown below.

The diurnal variation of the discharge at the upstream
and downstream ends is shown in Figure 6. The discharge
difference equals discharge in the downstream minus that in
the upstream end.We can see that the discharge changedwith
time but the amounts at both the ends were approximately
equal to each other, and the possible errors were of the
order of one percent; hence, the leakage can be neglected.
Evaporation losses, of course, cannot be neglected as regards
the energy balance, because the ratio of evaporation losses
to the discharge in units of energy is larger than 1000 times
the ratio in units of volume, for the ratio can be expressed as
𝐿/𝑐𝜌Δ𝑇 (𝐿: heat of vaporization, 𝑐𝜌: heat capacity of water,
and Δ𝑇: difference in water temperature between both ends).
We used the average of the two discharges measured at both
ends.

The diurnal variation of the water temperature at both
ends of the canal is shown in Figure 7.The temperature differ-
ence equals water temperature measured at the downstream
minus that measured at the upstream end.The water temper-
ature was measured with one glass thermometer graduated
in every 0.005∘C. The figure shows an interesting and well-
marked feature that during a period when water temperature
rises and reaches its daily maximum around 1400 BST, the
water temperature at the upstream end was lower than that
at the downstream end, while the reverse was true during a
period when the water temperature falls. On the other days,
except for rainy days, during the observation period, the
difference in water temperature between the upstream and
downstream ends showed the similar diurnal variation.

Although the net radiation changed irregularly or fluc-
tuated sharply due to weather conditions, there appears to
have been a tendency for net radiation to be large when the
water temperature rose in the morning and to be small when
it fell in the afternoon (Figure 8).These results suggest that, in
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Figure 7: Diurnal variations of the water temperature at the
upstream and downstream ends (July 2, 2013).

7:40 8:45 9:50 10:55 12:00 13:05 14:10 15:15 16:20 18:20
0

100
200
300
400
500
600

N
et

 ra
di

at
io

n 
(W

/m
2
)

Time of day (July 2, 2013)

Figure 8: Diurnal variation of the net radiation in the daytime (July
2, 2013).

general, the water temperature rose by absorbing radiation in
themorning and the energy flowed in the canal and decreased
due to releasing energy to the surroundings and the energy
flowed out from the canal; evaporation occurred during the
whole process. The water temperature rise or decrease just
resulted from the net energy that flowed in or out of the canal.

The diurnal variation of the evaporation rate obtained
by the heat balance method on July 2 is shown in Figure 9,
along with those of other three days (June 9, June 30, and
July 4) exhibiting a similar diurnal variation pattern. The
evaporation rate fluctuated sharply in the afternoonwhen the
net radiation was small and evaporation rate was relatively
large. These fluctuations seem to be mainly due to the errors
in measuring the difference in water temperature between
the upstream and downstream ends. For example, if the
measurement error of the temperature difference is 0.005∘C,
it corresponds to the measurement error of the radiation
of 100Wm−2 (𝑄 ∼ 1m3 s−1, 𝐿𝑊 ∼ 200m2) at the water
surface. Thus in the afternoon when the net radiation was
of the order of 100Wm−2 the measurement error of the
water temperature seems to have caused larger errors in the
estimation of evaporation rate than in the morning. These
results suggest that the heat balance method is not suitable
for estimating the diurnal change of the evaporation rate from
canals of this size and discharge, and attention must be given
to the cumulative evaporation instances for a period of time
longer than a few days.
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Figure 9: Diurnal variations of the evaporation rate of four days
(2013).
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Figure 10: Diurnal variation of the evaporation rate obtained by the
aerodynamic method based on the DSAL model (July 2, 2013).

4.3. Comparison of the TwoMethods. Thediurnal variation of
the evaporation rate estimated by the aerodynamic method
based on the DSAL model on July 2 was shown in Figure 10.
The bulk coefficients were obtained from (2) by inserting
the numerical values, with 𝑧

𝑎
= 2m, 𝛿 = 0.1m, and 𝑧

𝑤0
=

10

−5m. The rate of evaporation was calculated from (5),
when a representative water flow speed of 2.8m s−1 was
used. As shown in Figure 9, evaporation rate on July 2 was
also calculated by the heat balance method; however, it
seemed that results got by two methods were very different
from each other. Actually, they were having the same order.
This is because the derived values of evaporation rate by
the heat balance method have the magnitude with order
of 10−3mms−1 except some time, such as 12:00, 14:00, and
16:00, as shown in Figure 9, while those estimated by the
DSAL method ranged from 10 × 10−5mms−1 (0.0001) to 30
× 10−5mms−1 (0.0003) during the core period of daytime in
Figure 10. As a result, except for the limited periods, values
calculated from both methods had the same order on July 2,
2013. Similar tendencies were confirmed in the derived values
by the two methods on other days according to our analysis.

As can be seen in Figure 7, water temperature was very
low, and hence the rate of evaporation was almost zero
or negative in the morning and evening. These qualitative
characteristics were consistent with those results obtained
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by the heat balance method, although the numerical values
of the estimates seem different from each other (Figures 9
and 10). The major cause of this difference seems to be the
insufficient accuracies of water temperaturemeasurements as
is discussed above. Measuring errors of water temperature
were unavoidable problems when utilizing the heat balance
method to estimate the evaporation from the moving water;
hence, the sharp increases or spikelet drops suddenly occur-
ring during the daytime in Figure 9 were also unavoidable, so
the result obtained by the heat balance method was unstable
in practice. From Figure 10, it is indicated that the values
from theDASLmethod are stable; there is no spikelet changes
even on such short time interval of 10 minutes. This is one of
the important advantages of the DSAL compared to the heat
balance method.

The cumulative evaporation instance for a time period
0700 to 1900 BST is called the “daytime evaporation” here-
after. The scatter plot of daytime evaporation instances
obtained by the heat balance method and the aerodynamic
method based on the DSAL model is shown in Figure 11.
Here the data obtained on June 11 are not shown because the
daytime evaporation estimated by the heat balance method
was negative due to unusually large measurement errors,
maybe human errors, of the water temperature. Although the
effect of accuracies of water temperaturemeasurements is not
sufficiently small, it seems reasonable to conclude that the
rate of evaporation estimated by the aerodynamic method
based on the DSAL model is equal in order of magnitude to
or somewhat smaller, due to advection [15], than that by the
heat balance method.

4.4. Evaporation Loss of Irrigation Water in Transport. The
evaporation loss of irrigation water in transport from the
intake to the fields through a canal with length 𝐿 is expressed
as

𝑅 = 𝐸

𝑊𝐿

𝑄

, (7)

where 𝐸 is the rate of evaporation,𝑊 the width of water sur-
face in the canal, and 𝑄 the discharge. Since the rate of evap-
oration changes with time of day, 𝑅 changes depending on
the transportation spell. If we assume that 𝐸 = 10−4mms−1 =
10−7ms−1, 𝑈 = 2.8m s−1, and 𝑄 = 1m3 s−1, then we get 𝑅 =
10−7𝑊𝐿. This result suggests that when 𝐿 is 104m and𝑊 is
1m, 𝑅 is 0.1%, but since the transportation spell is about 60
minutes, 𝑅 can be larger or smaller than this value depending
on the time of day and can be even negative at night. Jazira
[18] estimated the evaporation loss in the middle reaches
of Heihe River to be about 8%. If 𝑊𝐿/𝑄 averaged over the
irrigation district can be of the order of 105m−1 s, 𝑅 is of the
order of one percent.The evaporation loss calculated by Jazira
covered all five levels of canals in the middle reaches of Heihe
River, and some types of canal would have low evaporation,
such as lateral canal and field canal for deep andnarrowwater,
while some types of canal would have high evaporation for
the wide and shallow water, such as main canal, branch canal,
and field ditches. In the study, the lateral canal was used for
estimating evaporation, so it was reasonable that our results
were lower than their results.
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Figure 11: Comparison of the daytime evaporation instances
obtained by the heat balance (HB) method and those obtained by
the aerodynamic method based on the DSALmodel (DSAL) (2013).

5. Concluding Remarks

The double-deck surface air layer (DSAL) model which
describes the composite surface air layer formed over irri-
gation canals was proposed by Kobayashi et al. [11], and one
of the purposes of this study is to test the model against the
field observation. As a result, it was verified that the DSAL
model is reliable and the aerodynamic method based on the
DSAL model is effective in estimating the evaporation from
irrigation canals.

The most popular method that has been used in esti-
mating the evaporation from canals or channels is the heat
balance method. In case of irrigation canals, however, the
flow speed of water is rather high and the width of the
water surface is relatively narrow. Thus the accuracy of
measuring water temperature exerts a crucial influence on
the precision of determining the heat balance terms. Hence
the heat balance method was only applicable for estimating
the cumulative evaporation for a time period longer than a
few days. A comparison of the daytime evaporation instances
estimated by the aerodynamic method based on the DSAL
model and those by the heat balance method led to the
conclusion that both the methods yield the results that are
equal in order of magnitude to each other.

The evaporation loss of irrigation water in transport
varies directly with the rate of evaporation (𝐸), the width
of water surface in the canal (𝑊), and the distance from
the intake to the fields (𝐿) and varies inversely with the
discharge (𝑄). The rate of evaporation changes with time of
day and is almost zero or negative in the nighttime, and so
the evaporation loss can be reduced by making a rational
irrigation schedule. We evaluated from these experiments
that the evaporation loss in transport in this region is of the
order of one percent at most.
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