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Case Study

Lake Urmia Water Evaporation Suppression Using
Self-Assembled Coating: Case Study of
Pools Near the Lake

Mohammadreza Mohammadi'; Ammar Safaie?; Amir Nejatian®;
Azam Iraji zad*; and Massoud Tajrishy®

Abstract: Evaporation is the main outflow of many water bodies. In hypersaline Lake Urmia (LU), which has experienced significant
shrinkage during the last 3 decades, evaporation is the only water outflow. The 15-year daily saline water evaporation pan data collected
near the lake indicate that approximately 71% of the annual evaporation occurred from May to September, about 4.15 billion m?/year.
To reduce this water loss, three self-assembled layer coatings—fatty alcohols of stearyl and cetyl with stearic acid in hexane solvents, stearyl
and cetyl alcohols with stearic acid powder, and stearyl and cetyl alcohols in ethanol solvents—were tested on pools and evaporation pans
adjacent to LU in July, when the lake had the highest evaporation rate. Results of 60 h of experiments for each test showed that the coating
composed of stearyl and cetyl alcohols with stearic acid in hexane had the best performance and could reduce evaporation by about 52%.
This suggests that applying this coating to LU for 5 months/year could reduce the lake evaporation by about 1.5 billion m?, which is more
than the total annual supply of the main river flowing into the lake. A short-term study of Artemia urmiana indicated that the coatings did not
have a significant effect on their length and weight. However, long-term side effects on human health and the environment need further

investigation. DOI: 10.1061/(ASCE)HE.1943-5584.0002162. © 2022 American Society of Civil Engineers.
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Introduction

Evaporation is the most significant outflow of many water bodies
(Althoff et al. 2020; Arunkumar and Jothiprakash 2013). Hence,
evaporation control plans could be of great economic significance
as a possible solution for meeting water demand for domestic,
agriculture, and industrial consumption. Evaporation reduction
techniques are classified into biological, physical, and chemical
methods. In biological methods, floating aquatic plants restrict the
heat exchange between air and water (Sahoo et al. 2010). However,
biological methods are not feasible in every water ecosystem. For
example, some aquatic plants may change water quality (Waheeb
Youssef and Khodzinskaya 2019). Physical methods of evapora-
tion reduction are very diverse. In areas where wind is the domi-
nant driving force for evaporation, using wind shelter would be
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a practical approach (Hashemi Monfared et al. 2019). In small
water-storage tanks, shed balls and floating covers are useful (Li
et al. 2021), but the implementation of these cover systems is not
feasible and is very costly in large natural and artificial water bodies
(Haghighi et al. 2018; Xi et al. 2010). For such conditions, the use
of self-assembled molecular layers could be an elegant and cost-
effective solution (Craig et al. 2005).

The self-assembled molecular layers are amphipathic molecu-
lar layers at the phase boundary of the air—water interface, which
reduce evaporation by increasing the reflected solar radiation,
damping the wind speed at the water surface, and limiting the
escape of water molecules (Mozafari et al. 2019). Amphipathic
molecules have hydrophilic properties at one end, and the other end
repels the water (hydrophobic). Many organic compounds, such as
surfactants, detergents, bile salts, and phospholipids, are amphi-
pathic. When these materials spread over the water surface, they
provide a self-assembled layer, i.e., their molecules stand on one
end and provide proper coverage on the water surface (Lombardo
et al. 2015; Waheeb Youssef and Khodzinskaya 2019).

Most water evaporation suppression studies have used a com-
bination of cetyl alcohol or hexadecanol [CH;(CH,),,CH,0OH]
and stearyl alcohol or octadecanol [(CH;(CH,),,CH,OH], which
resulted in water-savings of up to 43%, depending on climatic con-
ditions (e.g., wind speed and air temperature), water body charac-
teristics (e.g., area and fetch length), and the type of the chemical
coating (ratios and additives) (McJannet et al. 2008). These com-
pounds could self-spread on the water surface, and if the film
breaks, the molecules will reform it by flowing toward the ruptured
area. This chemical coating is biodegradable within 48-72 h, and
it withstands waves and wind up to 16-24 km/h (McJannet et al.
2008; Waheeb Youssef and Khodzinskaya 2019). Nowadays,
different types of water savers, which mainly comprise hydrated
lime and cetyl or stearyl hydroxyl-alkanes, are introduced for use
in freshwater. However, their performance in suppressing
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evaporation of saline waters may not be similar to their perfor-
mance in freshwater. Therefore, we evaluated their efficiency on
the endangered saline Lake Urmia (LU) water to determine
(1) whether they can be effective on hypersaline water; and
(2) if this can help to revive the lake, which is in a critical situation.
LU suffers from 900 to 1,500 mm/year evaporation, which is the
only outflow of the lake. This issue has not been addressed yet, so
this study is first effort to present an evaporation reduction method
for LU water.

This study aimed to develop practical and safe nanomolecular
layers for the case study of LU in the northwest of Iran, which is
one of the world’s largest permanent hypersaline lakes. The sur-
face area of the lake was estimated to be about 5,725 km? in 1995;
since then it has experienced a dramatic decline, and its surface
area was 1,856 km? in 2015. LU’s water level has been decreasing
significantly during the last 3 decades due to the overuse of up-
stream rivers and continuing drought (AghaKouchak et al. 2015;
Bateni et al. 2018; Pouladi et al. 2019; Razmara et al. 2016).
The hydrological concern about LU’s shrinkage has shifted to the
widespread threat to human health, ecosystem sustainability, and
regional economics. For example, salty windblown dust originat-
ing from the lake’s dry area can endanger the health of 76 million
people living within a 500-km radius of LU (Pengra et al. 2012).
Moreover, land connections between LU islands and the nearby
shorelines have been expanded by draining the water around them.
Therefore, two rare mammal species, yellow Persian deer and
Armenian mouflon, are threatened with extinction (Eimanifar and
Mohebbi 2007). Shrinkage of LU has also increased salinity, from
169 g/L in 1995 to more than 350 g/L in 2004 (Pengra et al.
2012; Wurtsbaugh et al. 2017; Nikraftar et al. 2021), which has led
to a rise in saline bacteria and other celiac diseases, and has created
very adverse conditions for Artemia urmiana (AU), for which the
optimal salinity range for growth, survival, and reproduction is
75-125 g/L (Agh et al. 2008). AU has a crucial role in producing
an essential portion of live food in aquaculture, and LU is one of
the most significant natural habitats of AU in the world (Razmara
et al. 2016).

Because of these consequences and considering the strategic
environmental situation of LU, the Iranian Department of Environ-
ment developed an Integrated Management Plan for Lake Urmia
(IMPLU) in 2010, and the Iranian government established the
Urmia Lake Restoration Program (ULRP) in 2013 to restore

the lake. ULRP’s mission is to stabilize the water level and resto-
ration of LU (Nikraftar et al. 2021), and IMPLU emphasized that at
least 3 billion m?/year water is needed to maintain the LU water
level at its minimum ecological water level of 1,274.1 m (Sima
and Tajrishy 2013). LU is a closed saline lake with no outflow,
and the evaporation loss is the major component of the lake’s water
balance. Therefore, simultaneously with the increase of water in-
flow to LU, reducing the amount of water evaporation loss can
provide better conditions to reach this water volume needed in a
shorter period. Combined with restoration programs to increase the
inflow of the lake, water evaporation suppression will accelerate the
rehabilitation of the lake.

The primary objective of this study was to extend the investi-
gation of the effectiveness of chemical coatings in evaporation sup-
pression from the laboratory scale using standard evaporation pans
and LU water at Sharif University of Technology in Tehran to field
study in the lake environment. Field experiments were carried out
at Golmankhaneh port near LU using cetyl and stearyl alcohols
with stearic acid in an optimal ratio determined in the laboratory-
scale study. The experiments were performed in a field station
containing four pools and two evaporation pans near LU to take
into account the lake’s climatic conditions, which have effects on
the coatings. Moreover, we investigated the short-term effect of the
coatings on AU’s size because it is the only and last large aquatic
organism in LU. The best chemical coating that could be used in
LU was identified.

Methods and Materials

Site Description and Field Experiments

The Golmankhaneh meteorological station and Artemia Research
Center at Golmankhaneh port were selected for the field study.
Golmankhaneh port is located at the center of the western shoreline
of LU (Fig. 1), and was assumed to be representative of weather
conditions across the lake.

To identify the best period to conduct the study, we used
the daily evaporation data collected near the lake. In this study,
saline water evaporation data collected from 2000 to 2014 at
the Golmankhaneh meteorological station using a Class A pan
were obtained [Figs. 2(a and b)]. Average daily and monthly LU

Fig. 1. Map of the study area showing the location of Golmankhaneh port and an aerial view of the field station. (Image © Google, Image © 2021
Maxar Technologies, Image © 2021 CNES/Airbus, Image Landsat/Copernicus; Sources: Esri, USGS, NOAA.)
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Fig. 2. Evaporation rates of saline water measured at Golmankhaneh meteorological station during 2000-2014: (a) daily; and (b) mean monthly.

Lines are the fitting Gaussian functions.

Table 1. Parameters and statistics of fitting Gaussian functions determined
to depict daily and mean monthly evaporation variations

Time

scale a b c R> RMSE (mm) NRMSE NS
Daily 6.4 19730 97.68 0.97 0.38 0.06 0.97
Mean 196.1 6.95 334 0.99 6.8 0.04 0.99
monthly

water evaporation rates were identified based on these long-term
measurements using a correction factor of 0.77 for the pan
(Allen et al. 1998). Observations of daily and monthly evaporation
rates with respect to time () can be described as a Gaussian func-
tion (Deo and Samui 2017; Shabani et al. 2020)

1) = aexp|-(“27) | 0

where a = amplitude; b = time at which maximum evaporation rate
occurred; and ¢ = constant parameter related to temporal distribu-
tion of variations in evaporation. The parameters of Eq. (1) were
calculated using the least-squares method to depict daily and
monthly distributions of evaporation. Goodness of fit was assessed
using R-squared (R%), RMS error (RMSE), normalized RMS error
(NRMSE), and the Nash-Sutcliffe coefficient (NS). The fitted
Gaussian functions parameters are presented in Table 1. Statistics
of the fitting curves indicated that the Gaussian functions were able

to describe the temporal distributions of evaporation at both daily
(R*> = 0.97, RMSE = 0.38 mm, NRMSE = 0.06, and NS = 0.97)
and long-term average scales (R?> = 0.99, RMSE = 6.8 mm,
NRMSE = 0.04, and NS = 0.99). Fig. 3 shows the observed and
simulated average daily and monthly evaporation values. Different
range of the parameters (a, b, and c) were used to calculate the error
bars in Fig. 3. Based on this comparison, the Gaussian function is
a reasonable function for the prediction values. The results show
that the maximum evaporation occurred on day 197th of the year
[parameter b in Eq. (1)]. Therefore, the month of July, with the
highest evaporation rate, was selected to perform our field experi-
ments. The coating tests were conducted at two scales: (1) at a small
scale in evaporation pans [Fig. 4(a)], and (2) at the scale of salt
pools at the Iranian Artemia Research Center [Fig. 4(b)].

The pools of the Artemia Research Center were used to assess
the performance of the coatings in suppressing evaporation. The
Iranian Artemia Research Center in Urmia was established in 2000
and has been nominated as a reference Arfemia research center in
central and west Asia by the Food and Agriculture Organization
(FAO) (Eimanifar and Mohebbi 2007). The Artemia Research
Center has salt pools for Artemia cyst production. In this study,
four similar salt pools were selected to assess the performance of
chemical coatings on evaporation suppression. The pools had isos-
celes trapezoidal cross sections with an average depth of 1.1 m and
a surface area of 15 x 9 m [Fig. 3(b)].

Pool 0 was selected as reference, and Pools 1-3, which had
common sides with Pool 0, were chosen as test pools [Fig. 4(b)].

Fig. 3. Observed and simulated: (a) daily evaporation; and (b) monthly evaporation.
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Fig. 4. (a) Two Class A evaporation pans at the Golmankhaneh meteorological station; and (b) images of the pools at the Artemia Research Center

selected for the test, and schematic cross-section of a pool.

The evaporation reduction was determined by comparing the
evaporation rates of the test pools with those in the reference pool.
The percentage of evaporation reduction (ER) was calculated as

Eref - Ei

ER = x 100 (2)

ref

where E; = evaporation in reference pools; and E; = evaporation
in the test pools (1, 2, and 3) after spreading the coatings, where
i=1, 2, and 3. Evaporation rates of the pools were measured
for 6 days without coating, and the result showed that the daily
evaporation rates of all pools were almost 8§ mm. To calculate
the evaporation, water level changes of the pools were measured
using Hook gauges mounted on a stilling well with an accuracy
of 0.01 mm. It was held up by supporting beams at the pools’
corners. A stilling well provides support and diminishes water
surface turbulence; hence, measurements of evaporation can be
performed more accurately.

Temperature, net radiation, humidity, and wind were measured
during the study. The temperature was measured with a digital
thermometer with an accuracy of 0.1, and the net radiation was
measured with an underwater quantum sensor LI-192 (LI-COR
Corporate, Lincoln, Nebraska). Wind and humidity data were col-
lected from the nearest meteorological station (Urmia meteorologi-
cal station). The water pH and salinity of the pools were measured
using a litmus and salinity tester to determine the effect of coatings
on water quality indexes. The accuracy of the litmus was 1 unit of
pH, and the salinity tester accuracy was 0.2 g/100 g NaCl.

In addition, we studied the effect of the coatings on Artemia
urmiana, which is the only living creature in LU. To investigate
short-term effects of the coatings on Artemia, random samples
consisting of 50 AUs from each pool were taken and dried to
measure their average weight and length before and after their
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exposure to the coatings (Fig. 5). Scales and a caliper with an
accuracy of 0.0001 g and 0.02 mm were used to measure the weight
and length of AU, respectively.

Layer Formulation and Application

Cetyl alcohol, stearyl alcohol, and stearic acid are nontoxic
(Johnson 1988; Laurie1987). These fatty alcohols are tasteless,
odorless, and inflammable; are derived from either coconut or
palm oil; and have been approved by the US Food and Drug
Administration (FDA) for use in cosmetics, foods, and medicines.
Their derivatives are biodegradable and innocuous to humans and
animals (Fisk et al. 2009; Panjabi et al. 2016). The hydroxyl group
of these alcohols is hydrophilic, and their carbon chains are hydro-
phobic. Since cetyl alcohol has a lower molecular mass than stearyl
alcohol, it disperses more rapidly. On the other hand, stearyl alco-
hol provides a more robust coating than cetyl alcohol because of the
longer carbon chains (Prime et al. 2012).

Stearic acid is an organic material, and was selected for blending
with fatty alcohols. It waterproofs material, because of its chain
length of 18 carbon atoms (Archer and La Mer 1955). The purpose
of using stearic acid in coatings was to establish strong bonding
between carboxylic stearic acid and other molecules such as water
molecules, fatty hydroxyl groups, and salts in the LU water.
Moreover, the boiling point of stearic acid and its molecular mass
are higher than those of fatty alcohols, and it helps the final coating
become more resistant to wind and evaporation. A lab-scale study
of LU water in standard pans at Sharif University of Technology
showed that the optimum amount of solid materials spread in vol-
atile solvents, such as hexane and ethanol, should form a layer with
an average thickness of about 6 monolayers (6 times the molecule’s
length) on the water surface. Table 2 lists the composition of the
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Fig. 5. (a) Two Artemia urmiana; and (b) a sample of 50 dried AUs.

Table 2. Information of coatings applied to test pools (Pools 1, 2 and 3)
and evaporation pan

Number of
component parts

Stearyl Cetyl Stearic  Solvent

Coating alcohol alcohol  acid coating Pool

1 3 1 2 Hexane 1 and evaporation pan
2 3 1 2 No solvent 2

3 4.5 1.5 0 Ethanol 3

coatings and solvents in the pools and the pan. We used the amount
of materials that theoretically could cover the water’s surface.
Given that the area cross sections of stearyl alcohol, cetyl alcohol,
and stearic acid molecules are 23, 24, and 20 Az, respectively
(Prime et al. 2012; Lendrum and McGrath 2009), the expected
monolayer mass (g) was calculated as

Water surface (cm?)

Monolayer mass(g) =
Y © Cross section area of molecule (ﬁiule) x 10716
(3)

Molecular weight(-L)

mol

X
6.023 x 107 (mlesule)

For example, to disperse a layer of stearyl alcohol, cetyl
alcohols, and stearic acid on a Class A evaporation pan required
1.91, 2.23, and 2.70 mg of the respective molecules. To better
disperse the layers on the water surface, they should be dissolved
in a suitable volatile solvent such as ethanol and hexane. These
coatings were spread many times over the evaporation pan and
the test pools.

Result and Discussions

Water Suppression Rate

Time series of evaporation reductions in the evaporation pan and
the pools are shown in Fig. 6. Coating 1 in both the pools and
the pan performed better than the other coatings. Based on the
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obtained results, a maximum average suppression rate of 52%
can be achieved within 60 h using Coating 1. This coating per-
formed better than others because of the addition of (1) stearic acid;
and (2) volatile solvent. The stearic acid made strong bonds with
LU’s water and caused better layer stability, whereas Coating 3,
which had a long chain of fatty alcohols (stearyl alcohol and cetyl
alcohol), did not reduce evaporation by more than 25.3%
(Brzozowska et al. 2012). This is in agreement with other studies
which used only fatty alcohols on freshwater, and showed that the
fatty acids could not reduce evaporation more than 43% (Craig
et al. 2007; McJannet et al. 2008). Adding a volatile solvent such
as ethanol or hexane, which was not used in Coating 2, will help
layers to spread over the water surface better and faster. We ob-
served almost similar behavior for spreading time at 6 a.m. and
6 p.m., although daytime evaporation was greater than that at night.
Since both E ¢ and E; values during the day were greater than those
at night, ER [Eq. (2)] was almost similar during the day and
the night.

Higher average surface water temperature in evaporation pan
(38°C at noon in a metallic container) than in the pools (35.5°C at
noon with geomembrane walls) resulted in lower evaporation sup-
pression and shorter life for the pan (Fig. 6). However, we expected
greater evaporation suppression in the pan because it had a smaller
surface area and experienced lower perturbation of the free surface
(Mozafari et al. 2019). To cover the surface continuously, we ap-
plied the coatings at 60-h intervals, because their ingredients are
degraded by photovoltaic activity and bacteria, and they need to
be renewed at regular intervals (typically 1-3 days) (McJannet et al.
2008).

If Coating 1 was applied to the LU surface from May to
September, the lake evaporation reduction would be about
1.5 billionm?. This is more than the total annual supply of the
Zarrineh-Rud River, which is the main river flowing into the lake
and which provides more than 49% of the water stored in LU
(Henareh Khalyani et al. 2014; Pouladi et al. 2020).

Table 3 lists the major atmospheric and pools condition during
the study. Net radiation and temperature in air were higher than
those at the surface of the pools by about 133 pumol/m?s and
8.3°C, respectively, whereas they were almost similar at equal
depths of the pools. Net radiation halved, and depth temperature
decreased by 0.52°C/0.25 m.
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Fig. 6. Time series of evaporation reductions for the evaporation pan and salt pools with coatings applied at (a) 6 a.m.; and (b) 6 p.m.

It is known that wind can the reduce effectiveness of the
coatings (from 60% to 13%) (Mozafari et al. 2019) and can totally
destroy monolayers at a critical wind speed above ~24 km/h.
(McJannet et al. 2008). During our study, the wind speed was al-
most constant at about 10 km/h. Furthermore, historical wind time
series at the Urmia meteorological station during May—September
from 2011 to 2020 indicated that only for 4.5 days was the wind
speed above 16 km/h. Since this is a threshold velocity to disrupt
the coating film (Waheeb Youssef and Khodzinskaya 2019); wind
is not an important parameter for stability of the coatings in our
study area.

Water quality indexes of the pools are presented in Table 4. The
average pH of the reference and test pools before and during
the tests remained constant, i.e., 12 h. Before the tests, the average
salinity of the reference and test pools was 49 and 49.7 g/100 g
NaCl, respectively. The salinity of the reference pool increased
more due to higher evaporation than in the test pools. Therefore,
the lake’s salinity experienced less variation while covered by the
coatings.

Coating Effect on Artemia Urmiana

The average weights of AUs before and after their exposure to
the coating were 0.00642 and 0.00646 g, respectively. In a fully
covered pool (Pool 1), it changed to 0.00638 g. Due to the small
variation in AU weights, even in the reference pool (—0.00088 g),
no significant positive or negative effects of the coating materials
on AU growth were identified during the study period.

To find the effect of the coatings on AU length, half of the sam-
ples from each group were selected randomly and measured with a
caliper. Then statistical hypothesis testing was conducted in which
HO (H1) was “AU length does not (does) change before and after
their exposure to the coating,” with an initial error of a = 0.05.
Generally, in hypothesis testing, two kinds of errors can occur:
false-positive or Type I error, in which HO is rejected when it ac-
tually is true; and a false-negative or Type II error, in which HO is
accepted when it is not true.

Artemia length data had a normal distribution, like other natural
phenomena, so we used Bartlett’s test instead of Levine’s test to
investigate the homogeneity of variances. Bartlett’s test is a pre-
requisite of z-test (Table 5). The results of this test indicated that
the equal variances assumption was valid. Bartlett’s test for statis-
tical population before and after spreading the coating materials
had the significance value greater than 0.05, so the assumptions
of the equality of variance in statistical population was not rejected.
The null hypothesis was not rejected, because the 7-value and its
probability in the r-test were more than 0.05. Moreover, the
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95% confidence interval of the difference contained zero, which
confirmed that the null hypothesis was not rejected. Therefore,
we assumed that there was no change in AU length before and after
their exposure to the coating. Bartlett’s test and #-test significance
values for Pool 1 were 0.369 and 0.42, respectively, which were in
an acceptable range to declare that the coatings had no adverse ef-
fect on AU growth in the short timeframe of the study.

Wixson (1966) also showed that hydroxyl-alkane monolayer
coatings had no harmful effects on fish species, such as Gambusia
affinis and Fundulus notatus, but they reduced surface tension,
causing filamentous algae to sink. In addition, studies if the impacts
of monolayers on fish, ducks, and aquatic insects showed that these
materials are not toxic (McJannet et al. 2008; Wiltzius 1967).
No changes in the larva of Nilotic tilapia were detected after the
5-week exposure to the monolayers, but larval growth was delayed
due to effects on the dissolved oxygen (Saggai 2013). Therefore,
long-term effects of the coatings on AU should be investigated
further.

Conclusions

Since evaporation is the only outflow of saline Lake Urmia, reduc-
ing evaporation could help to maintain the lake level at the normal
state. Based on the pan evaporation data using LU water at the
meteorological station nearest to the lake, the time distribution
of long-term mean monthly evaporation rates showed that 71%
of total annual evaporation occurred in the 5 months of the year
from May to September. Therefore, applying an effective evapora-
tion suppression method during this period could facilitate the
restoration of the lake. To address this, several types of fatty alco-
hols were investigated in volatile materials with potential as self-
standing coatings in solvents or powder. These coatings were
spread over three salty pools with surface areas of 127.5 m? and
one Class A evaporation pan located next to LU. The coating with
the best performance reduced evaporation of saline water by about
17% in the pan and 52% in the pools within 60 h. The short-term
study of Artemia weight and length before and after their exposure
to the coating indicated that these materials are not toxic, but further
studies of the effect of the coating on aquatic species such as AU
should be conducted. In addition, the safety of the coating tech-
nique to human health and to the environment needs to be inves-
tigated further. In general, this method, along with other water
resources management techniques, could be of great help to LU
and any other large surface water bodies due to rather economical
and accessible materials and simple implementation.
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Table 3. Atmospheric and pool conditions before and during test

Atmospheric Pool 0 Pool 1 Pool 2 Pool 3
Net Net Net Net Net
Temperature radiation Humidity Wind Depth radiation Temperature radiation Temperature radiation Temperature radiation Temperature

Time (°C) (umol/m? s) (%) (km/h) (m) (umol/m? s) °C) (umol/m? s) °C) (umol/m? s) °C) (umol/m? s) °C)
12 p.m. 38.4 1,730 329 9.9 0 1,435 30.6 1,497 30.2 1,340 30.6 1,445 30.3
(without 0.25 662.5 29.8 769 29.8 466.7 29.6 713 30.2
coating) 0.5 351 29.1 449.2 28.6 284.7 29.2 363.1 28.9

0.75 209.7 28.6 232 28.3 174.2 26.2 294.4 28.8
6 a.m. 33 381.6 32.8 11.3 0 316.5 26.6 295.73 25.9 446.3 26.4 337.5 26.3
(without 0.25 131.39 26.19 112.1 25.9 141.2 26.4 132.65 26.3
coating) 0.5 71.19 26.1 53.75 25.9 58.12 26.1 59.55 26.3

0.75 40.37 26.1 26.84 25.9 27.66 26.1 46.64 26.3
12 p.m. 374 1,652 442 9.9 0 1,545 29.1 1,417 28.8 1,660 332 1,428 32.6
(6 h after 0.25 742.1 28.9 743.4 27.9 824.6 32 752.3 324
coating) 0.5 493.6 28.6 429.1 27 379.4 31.8 370.3 32.1

0.75 251.7 28.1 207.6 26.9 375.3 30.3 257.8 31.8
6 p.m. 37.8 1,127 27.3 12.6 0 1,115 29.6 1,029 304 1,144 30.6 928 29.6
(12 h after 0.25 491.5 29.5 501.5 30.3 477.9 30 4334 29.6
coating) 0.5 340.9 29.4 258.8 29.6 236 29.8 178.2 29.5

0.75 175.4 29.3 104.1 28.1 107.1 27.8 123.8 29.5
12 p.m. 432 1,766 40 8.1 0 1,689 30.2 1,632 30.8 1,647 31.5 1,625 30.8
(30 h after 0.25 921.1 28.9 856.1 29.3 800.1 30.9 840.3 30.8
coating) 0.5 526.8 27.6 467.6 27.2 402.6 30.3 418.6 30.7

0.75 311.8 27.3 265.6 26.9 206.6 30.1 266.5 30.6
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Table 4. Water quality indexes of pools before and during test

Pool 0 Pool 1 Pool 2 Pool 3
pH Salinity pH Salinity pH Salinity pH Salinity
Time average (g/100 gNaCl) average (g/100 g NaCl) average (g/100 gNaCl) average (g/100 gNaCl)
Without coating 8 49 8 8 50 8 50
12 h after coating 8 52 8 8 52 8 51
30 h after coating 8 53 8 8 51 8 50
48 h after coating 8 54 8 8 51 8 52

Table 5. AU length hypothesis testing before and after coating for all coated pools (population = 75)

Bartlett’s test for homogeneity of variances

t-test for equality of means

95% confidence
interval of difference

Degrees of Significance Mean Standard error
Significance t freedom (2-tailed) difference difference Lower Upper
0.164 0.102 48 0.919 0.00320 0.03145 —0.06003 0.06643
0.164 0.102 47.752 0.919 0.00320 0.03145 —0.06004 0.06644

Data Availability Statement
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available from the corresponding author upon request.

Acknowledgments

The authors acknowledge support by the Urmia Lake Restoration
Program (ULRP) and the Artemia Research Center to provide
facilities.

References

Agh, N., G. van Stappen, P. Bossier, H. Sepehri, V. Lotfi, S. M. Razavi
Rouhani, and P. Sorgeloos. 2008. “Effects of salinity on survival,
growth, reproductive and life span characteristics of Artemia popula-
tions from Urmia Lake and neighboring lagoons.” Pak. J. Biol. Sci.
11 (2): 164-172. https://doi.org/10.3923/pjbs.2008.164.172.

AghaKouchak, A., H. Norouzi, K. Madani, A. Mirchi, M. Azarderakhsh,
A. Nazemi, N. Nasrollahi, A. Farahmand, A. Mehran, and E.
Hasanzadeh. 2015. “Aral Sea syndrome desiccates Lake Urmia: Call
for action.” J. Great Lakes Res. 41 (1): 307-311. https://doi.org/10
.1016/j.jglr.2014.12.007.

Allen, R. G., L. S. Pereira, D. Raes, and M. Smith. 1998.
Crop evapotranspiration—Guidelines for computing crop water
requirements—FAQ Irrigation and drainage paper 56. Rome: Food
and Agriculture Organization of the United Nations.

Althoff, D., R. Filgueiras, and L. N. Rodrigues. 2020. “Estimating small
reservoir evaporation using machine learning models for the Brazilian
savannah.” J. Hydrol. Eng. 25 (8): 05020019. https://doi.org/10.1061
/(ASCE)HE.1943-5584.0001976.

Archer, R. J., and V. K. La Mer. 1955. “The rate of evaporation of water
through fatty acid monolayers.” J. Phys. Chem. 59 (3): 200-208. https:/
doi.org/10.1021/j150525a002.

Arunkumar, R., and V. Jothiprakash. 2013. “Reservoir evaporation predic-
tion using data-driven techniques.” J. Hydrol. Eng. 18 (1): 40-49.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000597.

Bateni, M. M., J. Behmanesh, C. De Michele, J. Bazrafshan, and H. Rezaie.
2018. “Composite agrometeorological drought index accounting for
seasonality and autocorrelation.” J. Hydrol. Eng. 23 (6): 04018020.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001654.

© ASCE

05022001-8

Brzozowska, A. M., M. H. G. Duits, and F. Mugele. 2012. “Stability of
stearic acid monolayers on Artificial Sea Water.” Colloids Surf., A
407 (Aug): 38-48. https://doi.org/10.1016/j.colsurfa.2012.04.055.

Craig, 1., et al. 2007. “Evaporation, seepage and water quality management
in storage dams: A review of research methods.” Environ. Health 7 (3):
84-97.

Craig, L., A. Green, M. Scobie, and E. Schmidt. 2005. Controlling evapo-
ration loss from water storages. National Centre for Engineering in
Agriculture Publication1000580/1. Toowoomba, Australia: Univ. of
Southern Queensland.

Deo, R. C., and P. Samui. 2017. “Forecasting evaporative loss by least-
square support-vector regression and evaluation with genetic program-
ming, Gaussian process, and minimax probability machine regression:
Case study of Brisbane city.” J. Hydrol. Eng. 22 (6): 05017003. https://
doi.org/10.1061/(ASCE)HE.1943-5584.0001506.

Eimanifar, A., and F. Mohebbi. 2007. “Urmia Lake (Northwest Iran):
A brief review.” Saline Syst. 3 (1): 5-8. https://doi.org/10.1186/1746
-1448-3-5.

Fisk, P. R., et al. 2009. “Environmental properties of long chain alcohols.
Part 1: Physicochemical, environmental fate and acute aquatic toxicity
properties.” Ecotoxicol. Environ. Saf. 72 (4): 980-995. https://doi.org
/10.1016/j.ecoenv.2008.09.025.

Haghighi, E., K. Madani, and A. Y. Hoekstra. 2018. “The water footprint of
water conservation using shade balls in California.” Nat. Sustainability
1 (7): 358-360. https://doi.org/10.1038/s41893-018-0092-2.

Hashemi Monfared, S. A., M. Rezapour, and T. Zhian. 2019. “Using
windbreaks for decreasing lake and reservoir evaporation: A case study
from Iran.” Polish J. Environ. Stud. 28 (4): 2289-2298. https://doi.org
/10.15244/pjoes/89984.

Henareh Khalyani, A., A. L. Mayer, and E. S. Norman. 2014. “Water
flows toward power: Socioecological degradation of Lake Urmia, Iran.”
Soc. Nat. Resour. 27 (7): 759-767. https://doi.org/10.1080/08941920
.2014.905890.

Johnson, W. 1988. “Final report on the safety assessment of Cetearyl
Octanoate.” J. Am. Coll. Toxicol. 7 (3): 81-90.

Laurie, A. 1987. “Final report on the safety assessment of oleic acid, laurie
acid, palmitic acid, myristic acid, and stearic acid.” J. Am. Coll. Toxicol.
6 (3): 321-401.

Lendrum, C., and K. M. McGrath. 2009. “The role of subphase chemistry
in controlling monolayer behaviour.” J. Colloid Interface Sci. 331 (1):
206-213. https://doi.org/10.1016/j.jcis.2008.11.046.

Li, C.-L., K.-B. Shi, X.-J. Yan, and C.-L. Jiang. 2021. “Experimental analy-
sis of water evaporation inhibition of plain reservoirs in inland arid
area with light floating balls and floating plates in Xinjiang, China.”

J. Hydrol. Eng.

J. Hydrol. Eng., 2022, 27(3): 05022001


https://doi.org/10.3923/pjbs.2008.164.172
https://doi.org/10.1016/j.jglr.2014.12.007
https://doi.org/10.1016/j.jglr.2014.12.007
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001976
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001976
https://doi.org/10.1021/j150525a002
https://doi.org/10.1021/j150525a002
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000597
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001654
https://doi.org/10.1016/j.colsurfa.2012.04.055
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001506
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001506
https://doi.org/10.1186/1746-1448-3-5
https://doi.org/10.1186/1746-1448-3-5
https://doi.org/10.1016/j.ecoenv.2008.09.025
https://doi.org/10.1016/j.ecoenv.2008.09.025
https://doi.org/10.1038/s41893-018-0092-2
https://doi.org/10.15244/pjoes/89984
https://doi.org/10.15244/pjoes/89984
https://doi.org/10.1080/08941920.2014.905890
https://doi.org/10.1080/08941920.2014.905890
https://doi.org/10.1016/j.jcis.2008.11.046

Downloaded from ascelibrary.org by Azam Irgjizad on 01/12/22. Copyright ASCE. For personal use only; al rights reserved.

J. Hydrol. Eng. 26 (2): 04020060. https://doi.org/10.1061/(ASCE)HE
.1943-5584.0002032.

Lombardo, D., M. A. Kiselev, S. Magazu, and P. Calandra. 2015.
“Amphiphiles self-assembly: Basic concepts and future perspectives
of supramolecular approaches.” Adv. Condens. Matter Phys. 2015:
1-22. https://doi.org/10.1155/2015/151683.

Mclannet, D., F. Cook, J. Knight, and S. Burn. 2008. Evaporation reduc-
tion by monolayers: Overview, modelling and effectiveness. City East,
QLD: Urban Water Security Research Alliance.

Mozafari, A., B. Mansouri, and S. F. Chini. 2019. “Effect of wind flow
and solar radiation on functionality of water evaporation suppression
monolayers.” Water Resour. Manage. 33 (10): 3513-3522. https://doi
.org/10.1007/511269-019-02313-9.

Nikraftar, Z., E. Parizi, S. M. Hosseini, and B. Ataie-Ashtiani. 2021. “Lake
Urmia restoration success story: A natural trend or a planned remedy?”
J. Great Lakes Res. 47 (4): 955-969. https://doi.org/10.1016/j.jglr.2021
.03.012.

Panjabi, K., R. Rudra, and P. Goel. 2016. “Evaporation retardation by
monomolecular layers: An experimental study at the Aji Reservoir
(India).” Open J. Civ. Eng. 6 (3): 346-357. https://doi.org/10.4236/0jce
.2016.63029.

Pengra, B., V. Garousi, A. S. Najafi, and A. Samadi. 2012. “Thematic
focus: Climate change, resource efficiency, ecosystem management,
and environmental governance: The Drying of Iran’s Lake Urmia and
its environmental consequences.” Accessed February 1, 2012. https://na
.unep.net/geas/getUNEPPageWithArticleIDScript.php?article_id=79.

Pouladi, P., A. Afshar, M. Hadi, A. Molajou, and H. Farahmand. 2019.
“Agent-based socio-hydrological modeling for restoration of Urmia
Lake: Application of theory of planned behavior.” J. Hydrol. 576 (Sep):
736-748. https://doi.org/10.1016/j.jhydrol.2019.06.080.

Pouladi, P., A. Afshar, A. Molajou, and M. H. Afshar. 2020. “Socio-
hydrological framework for investigating farmers’ activities affecting
the shrinkage of Urmia Lake; hybrid data mining and agent-based
modelling.” Hydrol. Sci. J. 65 (8): 1249-1261. https://doi.org/10.1080
/02626667.2020.1749763.

Prime, E. L., D. N. H. Tran, M. Plazzer, D. Sunartio, A. H. M. Leung, G.
Yiapanis, S. Baoukina, I. Yarovsky, G. G. Qiao, and D. H. Solomon.
2012. “Rational design of monolayers for improved water evaporation

© ASCE

05022001-9

mitigation.” Colloids Surf., A 415 (Dec): 47-58. https://doi.org/10.1016
/j.colsurfa.2012.09.025.

Razmara, P., H. Motiee, A. Massah Bavani, B. Saghafian, and S. Torabi.
2016. “Risk assessment of climate change impacts on runoff in Urmia
Lake basin, Iran.” J. Hydrol. Eng. 21 (8): 04016023. https://doi.org/10
.1061/(ASCE)HE.1943-5584.0001379.

Saggai, S. 2013. “Laboratory study of the effect of hexadecanol monolayer
on the aquatic fauna: Case of Tilapia nilotica.” Revue des BioRessources
257 (1622): 1-7.

Sahoo, B. C., S. N. Panda, and B. Panigrahi. 2010. “Modeling evapora-
tive water loss from the on-farm reservoir with biological shading.”
J. Hydrol. Eng. 15 (7): 544-553. https://doi.org/10.1061/(ASCE)HE
.1943-5584.0000210.

Shabani, S., S. Samadianfard, M. T. Sattari, A. Mosavi, S. Shamshirband,
T. Kmet, and A. R. Varkonyi-Kéczy. 2020. “Modeling pan evapora-
tion using Gaussian process regression K-nearest neighbors random
forest and support vector machines; comparative analysis.” Atmosphere
11 (1): 66. https://doi.org/10.3390/atmos11010066.

Sima, S., and M. Tajrishy. 2013. “Using satellite data to extract volume—
area—elevation relationships for Urmia Lake, Iran.” J. Great Lakes Res.
39 (1): 90-99. https://doi.org/10.1016/j.jglr.2012.12.013.

Waheeb Youssef, Y., and A. Khodzinskaya. 2019. “A review of evapora-
tion reduction methods from water surfaces.” In Vol. 97 of Proc., E3S
Web of Conf., 05044. Les Ulis, France: EDP Sciences.

Wiltzius, W. J. 1967. Effects of monolayers on insects, fish and wildlife.
Washington, DC: US Dept. of the Interior.

Wixson, B. G. 1966. “Studies on the ecological impact of evaporation
retardation monolayers. College Station, TX: Texas Water Resources
Institute, Texas A&M Univ.

Wurtsbaugh, W. A., C. Miller, S. E. Null, R. J. DeRose, P. Wilcock,
M. Hahnenberger, F. Howe, and J. Moore. 2017. “Decline of the world’s
saline lakes.” Nat. Geosci. 10 (11): 816-821. https://doi.org/10.1038
/ngeo3052.

Xi, Y., H. Zhang, C. Lemckert, A. Brook, and P. Schouten. 2010. Evapo-
ration reduction by suspended and floating covers: Overview, model-
ling and efficiency. Technical Rep. No. 28. City East, QLD: Urban
Water Security Research Alliance.

J. Hydrol. Eng.

J. Hydrol. Eng., 2022, 27(3): 05022001


https://doi.org/10.1061/(ASCE)HE.1943-5584.0002032
https://doi.org/10.1061/(ASCE)HE.1943-5584.0002032
https://doi.org/10.1155/2015/151683
https://doi.org/10.1007/s11269-019-02313-9
https://doi.org/10.1007/s11269-019-02313-9
https://doi.org/10.1016/j.jglr.2021.03.012
https://doi.org/10.1016/j.jglr.2021.03.012
https://doi.org/10.4236/ojce.2016.63029
https://doi.org/10.4236/ojce.2016.63029
https://na.unep.net/geas/getUNEPPageWithArticleIDScript.php?article_id=79
https://na.unep.net/geas/getUNEPPageWithArticleIDScript.php?article_id=79
https://doi.org/10.1016/j.jhydrol.2019.06.080
https://doi.org/10.1080/02626667.2020.1749763
https://doi.org/10.1080/02626667.2020.1749763
https://doi.org/10.1016/j.colsurfa.2012.09.025
https://doi.org/10.1016/j.colsurfa.2012.09.025
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001379
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001379
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000210
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000210
https://doi.org/10.3390/atmos11010066
https://doi.org/10.1016/j.jglr.2012.12.013
https://doi.org/10.1038/ngeo3052
https://doi.org/10.1038/ngeo3052

