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Abstract: Accurate quantification of evaporation loss from irrigation canals at an irrigation district
scale is very useful for developing efficient irrigation strategies, particularly in water-deficient
regions. The double-deck surface air layer (DSAL) model, a new aerodynamic method proposed
by Kobayashi et al. (2013), is used for estimating the evaporation loss from a running water surface
in irrigation canals. In this study, based on the long-term meteorological measurements made at
automatic weather stations in 2013 and the field experiment conducted at - midstream areas of
the Heihe River Basin (HRB), northwestern China, the DSAL model was applied to estimate the
long-term evaporation loss from irrigation canals, which was the remarkable highlight of the study.
The results showed that the rate of evaporation from irrigation canals exhibited a concave-up trend
for the period from June to September, with higher values in June and September (20 to 50 mm
day−1) and lower values in July and August (around 10 mm day−1). During the four months, for the
Yingke and Daman irrigation districts in the Zhangye Oasis, the total water losses from irrigation
canals due to evaporation were approximately 23.9 × 105 m3 and 36.6 × 105 m3, or 3.2% and 4.8%
of the total amount of irrigation water, respectively. Results of the study are not only important for
improving the irrigation water use efficiency, but also are beneficial to develop sustainable water
resource management in the midstream areas of the HRB.

Keywords: evaporation; irrigation canal; DSAL model; water resource management; Heihe
River Basin

1. Introduction

Many inland river basins in arid and semiarid regions are suffering from the collapse of water
resource system and ecology, because of water scarcity, rapid population growth and economic
development, and overexploitation of water resources [1,2]. The competition for water uses between
economy and ecosystem is also getting more intense, such as in the Heihe River Basin (HRB) of
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northwestern China [1,3]. The HRB is a typical inland river basin with an area of approximately
1,432,000 km2; its landscape changes from glaciers and alpine biomes in the upper course through
steppes and agricultural ecosystems in the middle course to riparian ecosystems surrounded by vast
areas of desert in the lower course [2,4]. Cheng et al. [1] focused on exploring how to coordinate the
relationships among water resource sustainability, ecosystem health, and economic development in
the HRB. More rational management of water resources and implementation of water-saving practices
already have been performed in the midstream areas of the HRB, but there is still an imbalance between
irrigation and ecological water consumption in this area.

The midstream areas of the HRB are dominated by agricultural fields, and a considerable
amount of surface water from the Heihe River is allocated to irrigating agricultural crops through
artificial irrigation canals. In arid regions, water losses from irrigation canals due to seepage and
evaporation constitute a substantial proportion of the irrigation water [5,6]. Chen et al. [7] reported
that about 20% of the irrigation water could evaporate from the irrigation canals in the midstream
areas of the HRB. To use the limited water resources for irrigation efficiently, it is urgently required
to know the conditions under which water losses are prone to occur from irrigation canals and to
estimate their amounts [6]. In addition, accurate quantification of water loss from irrigation canals
due to evaporation is significantly important for developing sustainable strategies of water resource
management, particularly in arid regions with limited water resources.

Methods commonly used for estimating evaporation loss from canals include [8,9]: the evaporation
pan, the water balance method, the heat balance method (also known as the energy balance method),
and the aerodynamic method. Evaporation pans have been commonly used to observe open water
evaporation such as a large area of open lake [8]. Generally, irrigation canals are very narrow and
long, and the flow speed of water is relatively high. Thus, it is very difficult to implement the
evaporation pans on a running water surface [10]. Substantial efforts have been performed to estimate
the evaporation loss from agricultural irrigation canals. In 1980s, Wang [11] estimated the evaporation
from canals using a simple empirical relationship between evaporation rate and water surface area,
but for simplicity, the author assumed that the evaporation rate of canal water was equal to that of
a local water surface without considering the complexity of natural environment conditions. Several
former studies (e.g., [7,12]) have attempted to use the water balance method to estimate the evaporation
loss from irrigation canals. However, it is quite a challenge to obtain accurate water losses due to
seepage from the canals, particularly when human disturbance in irrigation water (e.g., illegal pumping
of canal water) cannot be ignored [12,13]. Mihara et al. [14] investigated the heat balance on the water
surface in “canals for warming water” in northern Japan, and they applied the heat balance method
in estimating evaporation loss from canals. Jobson [15] also implemented the heat balance method
to estimate the evaporation from an aqueduct in California. The heat balance method is much more
practical than the water balance method because it considers the impacts of local micrometeorological
conditions. Thus, Wang et al. [10] and Liu et al. [16] recently applied the Mihara’s heat balance method
for estimating the evaporation loss from irrigation canals in the midstream areas of the HRB. Based on
meteorological measurements from an automatic weather station installed on the bank of a lateral canal
(dou qu) in 2012, Wang et al. [10] determined the daily evaporation from the lateral canal; Liu et al. [16]
investigated diurnal variation in the rate of evaporation from the lateral canal.

Nevertheless, the water and heat balance methods do not take the flow speed of canal water into
consideration when calculating the rate of evaporation from the running water surface. The flow
speed of water in irrigation canals in arid regions is designed to be rather high to prevent evaporation
losses in transport [17]. It is well known that the rate of evaporation from open water depends on
the surface wind speed and increases directly with it. Kobayashi et al. [18] asserted that the rate of
evaporation from a running water surface depended not only on the surface wind speed but also
on the flow speed of water, and they constructed a formula describing the functional dependence of
evaporation rate on wind speed and water flow speed based on a double-deck surface air layer model
(hereafter referred to as “DSAL model”) over a running water surface. The DSAL model proposed
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by Kobayashi et al. [18] is operational for estimating the evaporation loss from the water flowing in
canals under consideration of water flow speed and wind speed. Details of the DSAL model will be
described in the following section. Mori et al. [6] and Kobayashi et al. [17] demonstrated that the DSAL
model is applicable to actual agricultural irrigation canals using the micrometeorological variables
and stream flow speed. Based on the meteorological measurements made at a lateral canal in the
midstream areas of the HRB in 2013, Liu et al. [9] have made comparisons between the estimates of
canal evaporation by the DSAL model and the heat balance method being used commonly; and they
found that although there were large differences in daily evaporation between the two approaches, the
cumulative evaporation over several days had a difference of about 16%, a value within the range of
10% to 20% given by Kobayashi et al. [17]. Wei et al. [19] also applied the DSAL model to estimate
daily evaporation from a lateral canal at the same study area based on the meteorological data over
several days in 2013. The aforementioned results of the DSAL model appear to substantiate that the
DSAL model is reliable for monitoring the evaporation loss from the water flowing in canals. However,
the DSAL model has not been applied over the entire irrigation period due to lack of measurements
of stream temperature. Furthermore, evaporation loss from canals has not been quantified at the
irrigation district-scale with the DSAL model ever before.

This study focused on estimating the evaporation loss from all-level irrigation canals over the
whole irrigation period by using the DSAL model. The main issues are: (1) To prepare long-term
time series of the input data for the DSAL model, including the wind speed, relative humidity, air
temperature, and canal water temperature from the meteorological observations made at a nearby
automatic weather station by extrapolation and others; (2) to check the reliability of such extended data
by comparing the estimates of evaporation rate during the intensive experiment period between the
results based on the observations and on the extended data; and (3) to estimate the total evaporation
loss from the whole irrigation canal network during the whole irrigation period.

2. Study Area and Data

2.1. Description of Study Area

The study area is located at the Zhangye Oasis in the midstream areas of the HRB in northwestern
China (Figure 1a). The area includes two typical irrigation districts, namely the Yingke and Daman
irrigation districts, in which wheat and corn are mainly grown. The annual mean temperature is about
8 ◦C, and the precipitation is approximately 100 to 200 mm per year from 1970 to 2012 [2]; while the
potential evaporation is as high as 1200 to 1800 mm per year [4]. In the Yingke-Daman irrigation district,
higher air temperature (19–20 ◦C) and relative humidity (70%) occurred at July and August in 2013;
in June and September, the relative humidity was around 60%, and the air temperature was about
18 and 14 ◦C, respectively. For the period of June to September 2013, the cumulative precipitation was
112.8 mm, which accounted for 83% of the total precipitation in the whole year of 2013.

The total amount of water resources available to Zhangye City is 26.5 × 109 m3 per year, and the
amount of water available for agricultural irrigation is about 18.64 × 109 m3 per year [20]. It means
that more than 70% of the water is supplied for agricultural use, particularly in an area under water
scarcity. The diversion canals in the HRB are divided into five levels according to its width like the
stream ordering in surface water hydrology, namely, main canal, branch canal, lateral canal, field canal,
and field ditch. In the midstream areas of the HRB, the main and branch canals that extend for 4700 km
have been paved by concrete. The total lengths of the lateral and field canals are about 1,4000 km.
Most of the lateral canals have been paved, while only 30% of the field canals have been paved [15].

The irrigation canals in the Zhangye Oasis are densely distributed (Figure 1b). In the Yingke
irrigation district, the lengths of main canal, branch canal, lateral canal, and field canal are about 39.46,
128.86, 299.71, and 665.60 km, respectively; their lengths in the Daman irrigation district are about 59.70,
202.66, 597.65, and 796.00 km, respectively [21,22]. The canals are paved using precast concrete walls
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with designed thickness of about 10 cm and have a round-bottomed triangle cross section. The gap
between the concrete walls and the ground is stuffed with porous material such as gravel and dry sand.
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Figure 1. The distribution of canals in the irrigation districts in the midstream areas of the Heihe
River Basin (HRB) and the location of observation stations. (a) Location of Zhangye Oasis in the HRB;
(b) spatial distribution of canals and observation sites.

2.2. Data Collection

In 2012, a comprehensive eco-hydrological experiment campaign (HiWATER [4]) was performed
in the Zhangye Oasis, and a superstation (AWS-SS; latitude: 38◦51′36” N, longitude: 100◦22′12” E) was
setup in the farmland of the Daman irrigation district (Figure 1b). The AWS-SS station was equipped
with instruments for measuring wind speed (Windsonic, Gill, Lymington, UK), air temperature,
and relative humidity (AV-14TH, Avalon, Somerton, Somerset, UK) at heights of 3, 5, 10, 15, 20, 30,
and 40 m. The four-component radiometer was installed at 12 m. Observations made at the AWS-SS
station (http://card.westgis.ac.cn/hiwater, doi:10.3972/hiwater.189.2014.db) were taken at intervals
of 10 min [23]. In this study, wind speed at heights of 3 and 5 m, and air temperature and relative
humidity at 3 m height during the period June–September 2013 were used for the following analysis.

Additionally, another field experiment on canal evaporation was conducted in a lateral canal
(U-shaped) in the Yingke irrigation district. The cross section of the canal has a width of about 1.8 m
and a depth of about 0.6 m, and the water flows toward the east-southeast (ESE). An automatic weather
station (AWS-Canal; latitude: 38◦52′48” N, longitude: 100◦21′36” E) was installed on the bank of
a lateral canal (see Figure 1b). The meteorological measurements were also taken, and intensive field
observations were performed at the AWS-Canal from 8 June to 8 July 2013. In this irrigation district,
the canals have running water, in general, every 20 days, and every irrigation lasts for 3 to 5 days.
So, the intensive observation was conducted during a few irrigation periods. Observation elements
taken at the AWS-Canal station included wind speed (010C-1, Met One, Washington, D.C., USA),
air temperature and relative humidity (HMP45AC, Vaisala, Helsinki, Finland), and four-component
radiation (CNR4, Kipp and Zonen, Netherland). All the instruments were installed at about 2 m above
the ground and the measurements were logged every 10 min by a digital micro-logger. The net radiation
sensor was set up at 0.2 m height above the water surface. Water temperature (Mercury thermometer)

http://card.westgis.ac.cn/hiwater
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and flow speed (Flowatch, Switzerland), as well as water level (U20-001-04, Onset, Bourne, MA, USA),
were measured manually every hour or half an hour.

3. Methods

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

The schematic diagram of the double-deck surface air layer (DSAL) model [18] over the flowing
water surface is shown in Figure 2. The composite surface air layer consists of two sub-layers, one being
the lower surface air layer dragged by the flowing water in the canal (SAL-W), in which there is no
advection because the wind fetch is unlimited, and the other being the upper surface air layer (SAL)
that grows over the SAL-W by the surface wind, in which advection is likely to occur [17]. In Figure 2,
the thickness of the SAL-W is δ, with a typical value ranging between 0.1 and 0.2 m. Uw is the flow
speed of water in the canal (m s−1), and Ua is the wind speed (m s−1), Ta is the air temperature (K),
and ea is the actual water vapor pressure of air temperature at height za in the SAL (hpa). The second
subscripts δ and w refer to values at the top and bottom of the SAL-W. Thus, Uaδ is the wind speed
at the height δ and Uaw is that at the bottom of SAL-W (m s−1), which is defined to be equal to Uw.
Here, the wind-wise and flow-wise components of the momentum at height δ are assumed to be zero in
order to assure the upward water vapor fluxes through the two sub-layers, ESAL-W and ESAL, are equal
in magnitude at the boundary. They can be expressed by the bulk equations as:

ESAL-W = AUw(ew − eaδ), (1)

ESAL = BUa(eaδ − ea), (2)

where A and B are the bulk coefficients for the SAL-W and SAL, respectively; ew is calculated as the
saturated water vapor pressure for the temperature of water, and ea is calculated as the actual water
vapor pressure for the air temperature.
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Figure 2. Schematic diagram of the double-deck surface air layer (DSAL) model over a running water
surface. SAL—usual surface air layer, SAL-W—special surface air layer formed above the running
water. δ is the thickness of the SAL-W, za is the measurement height of air temperature, ea is the actual
water vapor pressure at height za in the SAL, Ua is the wind speed, Uw is the flow speed of water in the
canal. See text for other symbols.
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If isothermal conditions and logarithmic vertical profiles of wind speed and air humidity prevail
in the two sub-layers, the water vapor flux is assumed to be invariable with height in each sub-layer,
or under the assumption of no advection, the coefficients A and B are expressed as [18]:

A =
18k2

RT
{
ln (δ/zw0)

}2 , (3)

B =
18k2

RT
{
ln (za/δ)

}2 , (4)

where zw0 is the roughness length of the running water surface, with a value approximately 1 × 10−5 m;
za is the measurement height of air temperature (2 m); R is the gas constant, 8.314 J (mol K)−1; T is the
absolute air temperature (K), and k is the von Kármán constant (= 0.4). Here, the roughness length for
the SAL is supposed to be δ, defined as 0.1065 m [6].

At the boundary of the SAL and SAL-W, it is assumed that there is no momentum (Uaδ = 0)
while the water vapor transfers through the surface air layer and the water vapor flux at the boundary
between the two sub-layers is continuous. Under this assumption, ESAL-W is the same as ESAL at the
boundary between the two sub-layers. Hence the rate of evaporation (E) is expressed as:

E = AUw(ew − eaδ) = BUa(eaδ − ea), (5)

According to Equation (5), the water vapor pressure at the height δ is defined as:

eaδ =
(ew + BUa

AUw
ea)

(1+ BUa
AUw

)
, (6)

Thus, combining Equation (6) and Equation (1) or Equation (2), E can be finally expressed as:

E =
B

1+ BUa
AUw

Ua(ew − ea), (7)

The rate of evaporation from running water surfaces (E, mm 10 min−1) can be estimated
by Equation (7), which is related to the surface wind speed, the flow speed of water, and water
vapor pressure.

When the surface wind blows in the same direction as the water stream, the relative wind speed
to water flow speed is |Ua −Uw|; in the opposite direction, the relative wind speed is |Ua + Uw|;
then, the DSAL does not fully develop and the usual single-story boundary layer is formed. In such
as a case, the rate of evaporation can be expressed as: E = A′

∣∣∣Ua ∓Uw
∣∣∣(ew − ea) , where A′ is the bulk

coefficient for these special cases.
In the case when the advection occurs in the SAL (Figure 2), the condition of continuity at

the boundary between the two sub-layers is re-written as E′ = AUw(ew − e′aδ) = B′Ua(e
′

aδ − ea),
where primed symbols represent quantities under conditions of advection. The bulk coefficient B′ is
equal to the B, plus an increment due to the advection, so B′ > B, and E′ > E as is evident from Equation
(7). In Figure 2, E0 represents the actual evaporation rate, E′, which is unknown, and E calculated from
Equation (7) is less than E0 by ∆E, which shows the advection effect. Kobayashi et al. [17] showed
that the rate of evaporation calculated from Equation (7) would be underestimated by 10% to 20%
on average.

3.2. Preparation of Input Data

In order to estimate the evaporation from the irrigation canal network for the whole irrigation
period using the DSAL model, the long-term time series of the input data for the model were prepared.



Water 2019, 11, 1788 7 of 15

Initially, the relationship between the meteorological measurements made at AWS-Canal and the data
obtained routinely at AWS-SS were examined based on the mathematical regression method, because
the intensive field observation was performed only for one month (8 June–8 July, 2013) at AWS-Canal.

The wind speeds at a height of 2 m above the canal bank (Ua) were compared with the estimates
of the wind speed at 2 m at AWS-SS (U2), which were calculated from the wind speed measurements
at 3 m (U3) and 5 m (U5) at AWS-SS by supposing the logarithmic vertical profile as:

U2 = U3 +
U5 −U3

ln( 5
3 )

ln(
2
3
). (8)

Since the wind speed near the ground surface changes irregularly, reflecting the local environment
around the observation site, the correlation between Ua and U2 was not good (R2 = 0.66, Figure 3),
but it was observed that U2 gave results in the right order of magnitude (RMSE = 0.68 m s−1) for Ua.
Thus, U2 was substituted for Ua in this analysis.

Ta = 0.98T3 + 1.66, (9)

RHa = 0.883RH3 − 2.07. (10)
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Figure 3. Scatter plot of the observed (AWS-Canal) and estimated (AWS-SS) wind speed at a height
of 2 m. AWS-Canal indicates the automatic weather station installed on the bank of a lateral canal,
AWS-SS represents the superstaion installed at the Daman irrigation district.

Equations (9) and (10) were determined by fitting linear regression equations through N pairs of
air temperature (T) and relative humidity (RH) measurements made at 2 m at AWS-Canal (Ta, RHa)
and 3 m at AWS-SS (T3, RH3), see Figure 4. Since the RMSE values for T and RH shown on the figures
seem to be within acceptable limits, Equation (9) and Equation (10) were used to get the input data of
Ta and RHa for the DSAL model.

At this study area, the temperature of water flowing through the irrigation canals is not significantly
different from that of the source river, namely Heihe River. Air temperature is the most contributing
factor to the river water temperature in all the meteorological variables [24,25]. Thus, the relationship
between the canal water temperature (Tw) and the 3 m air temperature observed at AWS-SS (T3) was
determined by fitting a regression equation like the Boltzmann model as follows:

Tw = 15.367−
3.732

1 + exp (T3−17.817
2.26 )

. (11)
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In Figure 5, the canal water temperature showed a close relationship with surface air temperature,
with R2 of 0.89 and RMSE of 0.50 ◦C. In this study, Equation (11) was used for estimating the temperature
of water running through the irrigation canals for the whole irrigation period.
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The input data for the DSAL model, that is, the air temperature (Ta), relative humidity (RHa),
wind speed at 2 m height (Ua = U2), and canal water temperature (Tw), can be obtained from the data
observed at AWS-SS using Equations (8)–(11), which are called “extended” data hereafter. The extended
data are assumed to be independent with locations in the study area. The speed of water flow in the
canal (Uw) was measured in situ during the intensive observation period in 2013.

3.3. Evaporation Loss from Irrigation Canals

In this analysis, the rate of evaporation per 10 min was firstly calculated by Equation (7), and then it
was summed up over the course of the whole irrigation period. The evaporation loss from the irrigation
district was estimated according to the following expression:

ET =
∑
t,δ

E(t)AδLδ∆t, (12)

where ET is the total evaporation from all levels of canals in the district (main canal, branch canal,
lateral canal, field canal) for the irrigation period (m3), Aδ is the width of water surface in the canal
of level δ (m), Lδ is the length of canal of level δ (m), and t is the time during the irrigation period,
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and ∆t = 10 min. The summation is done over the whole irrigation period and all levels of canals.
In this study area, Aδ of the main canal is 5.5 m, the branch canal 2.5 m, the lateral canal 0.9 m, and the
field canal 0.6 m. The values of Lδ were given in Section 2.1.

The ratio of evaporation loss to the total amount of irrigation water (REL) is expressed as:

REL =
ET

IW
, (13)

where IW is the total amount of water taken from the source river (Heihe River), which is the product
of the cross-sectional area of all the main canal times the water flow speed through the main canal,
multiplied by the duration of irrigation. These values were measured in the field, the typical values of
which were 3.722 m2 and 2.68 m s−1, respectively. The detailed schedules of irrigation operation at our
study areas were provided by the water resource bureau of Zhangye municipal government (WRBZM).

The WRBZM also provides the official values of the water use efficiency of the irrigation canal
(CWUE) for each level in the study area. The CWUE, of course, includes the contribution of evaporation
loss, which is determined by some conventional technique, although its details are unknown to us.
Official values of CWUE for the main canal and the lateral canal are 0.89, the branch canal 0.886, and
the field canal 0.88. Another purpose of this study is to specify what portion of the water loss from
irrigation canals arises from the surface evaporation using the DSAL model.

4. Results and Discussion

4.1. Reliability of the Extended Data

To check the reliability of the extended values of air temperature, relative humidity, and canal
water temperature obtained from the observations made at AWS-SS using regression Equations (9)–(11),
the rate of evaporation from the water flowing through the canal was estimated by the DSAL model
using both the observations taken at AWS-Canal and the extended data including the wind speed at 2 m
(U2) estimated by Equation (8). The latter is called “extended” evaporation rate hereafter. Figure 6
shows the results of evaporation rate for six days in June and July of 2013, from which it is seen that
the evaporation rates estimated using the extended data (blue dots) were nearly equal to or slightly
larger than that using the observed data (red dots). During the period from 8 to 12 June, the rate of
evaporation increased gradually from 8:00 to 15:00 and reached its maximum in the mid-afternoon, and
then decreased gradually. As for on 3 July, the evaporation rate progressively decreased from 8:00 to
18:00 because the weather became rainy, and this day exhibited a much smaller evaporation rate than
the other five days. What is more, the differences between the two kinds of estimates were generally
small. This trend suggests that the main cause of this difference is the poor accuracy of extended water
temperature, as shown below.

On clear days (10–12 June), the “extended” evaporation rates were higher than the observed
ones during 10:00 to 18:00 by 0.08 mm 10 min−1 on average. These differences were, as a matter of
course, attributable to the differences between the extended and the observed relative humidity, air
temperature, and canal water temperature. Extended air temperature and relative humidity were
in good agreement with observations made at the AWS-Canal, while the extended canal water
temperatures were higher than the observed ones during a period of 10:00 to 18:00 BST (Beijing
Standard Time, data not shown). In this season, air temperature under clear sky conditions increases
more quickly than water temperature in the morning due to the difference in specific heat capacity.
As a result, there appears to be a tendency for the extended canal water temperatures to be higher than
the actual water temperature, and hence the “extended” evaporation rate becomes slightly larger than
the observed one after 10:00. On the other hand, saturated water vapor pressure increases exponentially
with water temperature, and hence the inaccuracy of water temperature estimation should amplify
the inaccuracy of saturated water vapor pressure at the water surface (ew). This seems to be the main
cause of these differences between the two kinds of estimates.
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Figure 7 shows a scatter plot of the evaporation rates estimated from the observed data (x-axis)
and the extended data (y-axis). The “extended” evaporation rate agreed well with the observed rate
for the lower half but the extended values were about 20% too high for the upper half.
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Figure 8 illustrates a scatter plot of the cumulative evaporation rates from 8:00 to 18:00 for
the days shown in Figure 6, obtained using the observed data and the extended data. They show
almost the same trend as the plots for individual observations shown in Figure 7. The results of this
study demonstrated that the extended evaporation rates were approximately 1.18 times as large as
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the observed rates taken at AWS-Canal. Kobayashi et al. [17] reported that the rates of evaporation
calculated by Equation (7) would be underestimated by 10% to 20% on average when neglecting the
advection effect. Thus, the extended rates seem to give the results in the right order of magnitude for
the actual evaporation rate.Water 2019, 11, x FOR PEER REVIEW 11 of 15 
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4.2. Seasonal Variation of Daily Evaporation from Irrigation Canals

Meteorological elements taken at AWS-SS at ten-minute intervals were used to get the extended
values using the regression Equations (8)–(10). The regression relationship was assumed to be applicable
not only at daytime, when the intensive field observation was conducted, but also at night. The daily
evaporation from the water flowing in irrigation canals (E) was then estimated by the DASL model.
In what follows, the estimates made at AWS-Canal should be regarded as typical ones in the study
area, which does not seem to differ much from actual conditions.

Figure 9 shows the seasonal changes of daily evaporation, which is represented by E again but
given in mm day−1 here. The seasonal trend of change in E was concave-up in the whole irrigation
period; that is, higher in June and September and lower in July and August. This trend may seem
to be peculiar, but it is the result of very humid midsummer in this arid region. Daily mean water
vapor pressure (EA, black curve) and daily mean saturated water vapor pressure at the water surface
(EW, red curve) are also shown in Figure 9. When EA is smaller than EW, evaporation from the
water surface occurs, but when the reverse conditions prevail, condensation occurs on the water
surface. As is evident in Figure 9, the values of EW minus EA were small positive or even negative in
midsummer. The seasonal trend of change in E was largely associated with the differences in values
between EA and EW (Figure 9). The E ranged from 20 to 50 mm day−1 in early June and late September,
as EW was much larger than EA; while it was about 10 mm day−1 at its highest in July and August
largely due to the little differences between EA and EW. In addition, there were several days when
E was negative, e.g., −7.7 mm day−1 on 14 July. The water used for field irrigation in the Zhangye
Oasis is taken from the Heihe River, the source of which is the snowmelt of the Qilian Mountains.
Thus, the water temperature was much lower than the air temperature and remained nearly constant
during the season for the whole irrigation period. Therefore, EW is sometimes smaller than EA and E
is negative. These findings were consistent with those results obtained by the heat balance method [9].
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Figure 9. Seasonal variations of daily evaporation E from the water flowing through irrigation canals.
EA and EW are daily averages of actual water vapor pressure at 2 m and saturated water vapor pressure
at the water surface, respectively.

Monthly mean E ranged from 6.5 mm day−1 in July up to 28.3 mm day−1 in September. Incidentally,
they were 10.3 mm day−1 in August and 23.4 mm day−1 in June. These results are comparable to the
other findings in the Zhangye Oasis. For example, Liu et al. [9] estimated the daily evaporation using
the heat balance method and got a value of 20 mm day−1 in June.

4.3. Evaporation Losses from Irrigation Canals in the Yingke and Daman Irrigation Districts

The estimates of evaporation loss from all irrigation canals in the Yingke and Daman irrigation
districts in Zhangye Oasis (Figure 1) during a period from June to September in 2013 are listed in Table 1.
The monthly evaporation losses from the Yingke irrigation canal network were about 8.4 × 105 m3

in June, 2.3 × 105 m3 in July, 3.6 × 105 m3 in August, and 9.5 × 105 m3 in September. While at the
Daman irrigation district, the evaporation losses during the four months were about 12.8 × 105 m3,
3.5 × 105 m3, 5.6 × 105 m3, and 14.6 × 105 m3, respectively. The total evaporation losses from the
Yingke and Daman irrigation canal networks were about 23.9 × 105 m3 and 36.6 × 105 m3, respectively.
These results indicated that the water loss from canals due to evaporation at the Daman irrigation
district was approximately 1.5 times larger than that at the Yingke irrigation district, which reflects the
fact that the former has longer irrigation canals at all levels than the latter, as described in Section 2.1.

The ratio of evaporation loss to the total amount of irrigation water, REL, for the Yingke irrigation
district was 4.5% in June, 1.2% in July, 1.9% in August, and 5.2% in September. For the Daman irrigation
district; however, REL was 6.8% in June, 1.8% in July, 2.9% in August, and 7.8% in September. During
the irrigation period from June to September in 2013, the average REL of the Yingke and Daman
irrigation districts were 3.2% and 4.8%, respectively. Chen et al. [7] obtained a ratio of 8%, which was
larger than the present estimates made by the DSAL model. This difference seems to arise partly from
the definition of evaporation loss. Chen et al. [7] estimated the evaporation by the water balance
method, in which the evaporation included that from the end of irrigation system in direct contact
with fields, or field ditches. However, in this study, the E includes only the evaporation from irrigation
canals of four higher levels (main, branch, lateral, field) other than field ditches.

The water use efficiency of the irrigation canal system in the Zhangye Oasis, in which the
main canal, branch canal, lateral canal, and field canal are connected in series, is approximately
0.62 in total. It indicates that 38% of the total amount of water taken from Heihe River into
the agricultural irrigation canals disappears before reaching fields, which should be attributed to
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evaporation, seepage, and improper water management, like private water intake on the way. During
the summer irrigation period in 2013, the average REL at the Yingke and Daman irrigation canal
networks was approximately 4.0%. The present result revealed that the water losses due to canal
seepage and improper water management amount to 34% of the total irrigation water. In the study
area, the main canal, branch canal, and lateral canal are all completely paved with concrete and canal
seepage can be neglected, while about 30% of the field canal has been paved. The water lost from
irrigation canals before reaching fields either due to canal seepage or other than evaporation; however,
seems to contribute to form vegetation environments comfortable to local inhabitants.

Table 1. The evaporation losses from irrigation canals in the Yingke and Daman irrigation districts in
2013. ET is the total evaporation from each level of canals in the district (unit, 103 m3); REL is the ratio
of evaporation loss to the total amount of irrigation water (unit, %).

Yingke Irrigation District Daman Irrigation District

Month Irrigation Canals ET REL ET REL

June

Main canal 150.6

4.5

227.9

6.8
Branch canal 223.6 351.7
Lateral canal 187.2 373.4
Field canal 277.2 331.5

July

Main canal 41.0

1.2

62.1

1.8
Branch canal 60.9 95.8
Lateral canal 51.0 101.7
Field canal 75.5 90.3

August

Main canal 65.5

1.9

99.1

2.9
Branch canal 97.2 152.9
Lateral canal 81.4 162.3
Field canal 120.5 144.1

September

Main canal 171.7

5.2

259.9

7.8
Branch canal 254.9 401.0
Lateral canal 213.5 425.7
Field canal 316.1 378.0

5. Conclusions

The double-deck surface air layer (DSAL) model is an aerodynamic method for estimating
the evaporation from a running water surface in irrigation canals. Its input data are wind speed,
air temperature, relative humidity at 2 m height, and the current speed and temperature of the
water flowing in the canal. In this study, all the input data were prepared from the meteorological
measurements at an automatic weather station (AWS-SS) by regression equations determined using
the intensive field observations made on a canal bank (AWS-Canal). The input (extended) data for the
DSAL model derived by regression equations can give reliable results of evaporation rate as compared
to the observed input data.

The DSAL model was applied to estimate the evaporation from irrigation canals in the midstream
areas of the Heihe River Basin (HRB) in northwestern China. The results showed that the daily
evaporation during a period from June to September exhibited a concave-up trend, with higher values
in June and September (20 to 50 mm) and lower values in July and August (around 10 mm). During the
summer irrigation period from June to September, for the Yingke and Daman irrigation districts in
the Zhangye Oasis, total water losses from four-level irrigation canals due to evaporation were about
23.9 × 105 m3 and 36.6 × 105 m3, or 3.2% and 4.8% of the total amount of irrigation water, respectively.
These results give us an important basis and significant guidance for improving the irrigation water
use efficiency and developing sustainable water resource managements in the midstream areas of
the HRB.
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