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Abstract: Accurate estimation of evaporation (E0) over open water bodies in arid regions (e.g., lakes 
in the desert) is of great importance for local water resource management. Due to the ability to 
accurately determine sensible (H) and latent (LE) heat fluxes over scales of hundreds to thousands 
of meters, scintillometers are more and more appreciated. In this study, a scintillometer was 
installed on both sides of the shore over the Sumu Barun Jaran Lake in the Badain Jaran Desert and 
was applied to estimate the sensible and latent heat fluxes and evaporation to be compared with the 
data of an evaporation pan and an aerodynamic model. Based on the field data, we further analyzed 
the seasonal differences in the flux evaluation using water temperature at different depths at half-
hour and daily time scales, respectively. The results showed that in cold seasons, values of H were 
barely affected by the changes of shallow water temperature, whereas in hot seasons, the values 
were changed by 20%–30% at the half-hour time scale and 6.2%–18.3% at the daily time scale. In 
different seasons, shallow water temperature at different depths caused changes in the range of 0%–
20% of LE (E0). This study contributes to a better understanding of uncertainties in measurements 
by large-aperture scintillometers in open-water environments. 

Keywords: large-aperture scintillometer; lake-water evaporation; sensible and latent heat fluxes; 
Sumu Rarun Jaran; Badain Jaran Desert 

 

1. Introduction 

Open water bodies such as reservoirs, dams, and lakes are indispensable components in 
regional-scale hydrological systems. Accurate estimation of evaporation from water bodies is key in 
surface and subsurface hydrology and plays a crucial role in water resources management in arid 
regions [1–6]. Traditionally, researchers use the evaporation pan or simple aerodynamic approaches 
to estimate the evaporation in open water bodies [7]. However, in reality, large errors might occur 
due to their specific assumptions [8]. In the past two decades, the eddy covariance system was 
developed to directly estimate the evaporation of open water bodies; its reliability has been verified 
by a large number of studies [9–12]. For the eddy covariance system, its main shortcoming is the 
limited spatial coverage. In the last decade, the scintillometer was developed and became popular in 
quantifying the heat fluxes over a greater spatial coverage, mostly applied to vegetation surfaces 
[13,14]. More recently, researchers began to use the scintillometer to estimate latent heat fluxes in 
open water bodies [5,6,15,16]. 
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Utilizing the Monin–Obukhov similarity theory (MOST) [17] and site-specific meteorological 
data, the structure parameter of the refractive index measured by the scintillometer can be used to 
estimate the sensible heat flux. In the calculation process, the most important parameter is the Bowen 
ratio β, which is defined as the ratio of sensible (H) to latent (LE) heat fluxes. Generally, in literature, 
two approaches are widely adopted to obtain the Bowen ratio β: the classical method and the β closure 
method [18]. In the classical method, β is calculated using meteorological data or from other 
information such as the eddy covariance system. For open water bodies, the water temperature at the 
surface is needed, which is difficult to be measured. Values from the eddy covariance system need to 
consider the influence of footprints, and it also needs a lot of extra costs [5]. Based on the energy 
balance, Green and Hayashi [19] proposed the β closure method, which can be expressed in the 
following equation: 

=
n

H H
LE R G H

β =
− −

 (1) 

where Rn is the net radiation, G represents the soil/water body heat flux. In land-based studies, as the 
value of G is small, it can be neglected at times; whereas, in water body studies, it will have a 
significant contribution to the energy balance [4,5,20,21]. Moreover, the measurement of G in water 
bodies is difficult, thus resulting in the high probability of large errors [22]. Therefore, the estimation 
of G in water bodies is an essential procedure in energy balance but not fully addressed [4]. In 
combination with the sensible heat flux from the scintillometer and the Penman approximation for 
the linearized β, Mcjannet et al. [6] successfully calculated the evaporation for water bodies. However, 
this iterative calculation process is not very stable and not easy to converge. 

The Badain Jaran Desert (BJD) is extremely arid, but more than one hundred lakes exist in the 
hinderland. Due to the huge difference between precipitation and potential evaporation, the 
formation and evolution mechanisms of lakes have become the research focus. Until now, there is 
still no consistent agreement on this issue. As there is no surface runoff in the desert, evaporation is 
almost the only discharge item in lakes and the key linkage in the desert water cycle. Therefore, in 
order to understand the lake-formation mechanism, evaporation in lakes must be primarily studied. 
Some estimations of lake evaporation have been made by predecessors, but there are big differences 
between them [23–26]. 

In this paper, the scintillometer was firstly applied to the Sumu Buran Jaran Lake in the Badain 
Jaran Desert, China, to estimate the sensible and latent heat fluxes and evaporation. Due to the 
difficulty in measuring the water temperature at the surface and the convenience to monitor the water 
temperature at different depths, it is worth investigating the feasibility of utilizing the shallow water 
temperature to substitute water temperature at the surface and analyzing the seasonal changes in the 
heat flux evaluation using water temperature at different depths. 

2. Methods 

2.1. Study Area 

The Badain Jaran Desert (BJD) (39°20′–41°30′ N, 100°01′–103°10′ E) is located in the western Alxa 
Plateau, Inner Mongolia, China (Figure 1). It is the second-largest desert in China, with a total area of 
4.9 × 104 km2 [27]. To the north, east, south, and southwest, the BJD is surrounded by mountains. The 
northwest of the BJD is Gurinai grassland lying in the downstream of the Heihe River. In the desert 
hinterland, numerous sand dunes and sandhills exist, covering as much as 60% of the desert. The 
heights of these sand dunes and sandhills can be up to 500 m with an average value ranging from 
200–300 m. The average annual precipitation in the northwest is less than that in the southeast. The 
spatial distribution pattern of potential evaporation is just the opposite. Groundwater generally flows 
from south to north and from east to west with a hydraulic gradient of 0.8‰–7.9‰, which is 
consistent with the dominant slopes of desert topography. 

Although in an arid climate, plenty of lakes exist in the BJD. However, most of them are smaller 
than 0.2 km2 and shallower than 2 m. More than 65% of the lakes are saline lakes (i.e., total dissolved 
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solids (TDS) >35 g L−1) with salinity varying from 1 to 400 g L−1. In this study, we focus on the second 
largest saline lake, the Sumu Barun Jaran. It has an area of 1.24 km2 and a maximum depth of 11.1 m 
[28–30]. 

 

Figure 1. Locations of the study area (a), Sumu Baran lake (b), weather station (c), and scintillometer 
(d). 

2.2. Calculation Procedure 

Utilizing the Monin–Obukhov similarity theory (MOST) [17] and site-specific meteorological 
data, the structure parameter of the refractive index ( 2

nC ) measured by scintillometer can be used to 
estimate the sensible heat flux, latent heat flux, and evaporation. The calculation procedure is shown 
in Figure 2. 

Due to the fluctuations of temperature, humidity, and pressure in the atmosphere, the signal 
emitted by the transmitter may be disturbed by the turbulent atmosphere [31]. According to Wang et 
al. [32], 2

nC  can be expressed as 

2 2 7/3 3
ln1.12n IC D Rσ −=

 
(2) 

where D is the aperture diameter, R is the optical distance between the transmitter and the receiver, 
2
ln Iσ  is the turbulent signal. 

According to Hill et al. [33], 
2
nC  can be used to obtain structure parameters of temperature (

2
TC ), 

humidity ( 2
QC ), and a covariant term ( 2

TQC ). 
2
TC  represents the air temperature fluctuation and can 

be obtained using the following equation [34]: 

2
2 2 2 2

6
0.03( ) (1 )

0.78 10
a

T n
TC C

P β
−

−= +
− ×

 (3) 

where P is the atmospheric pressure, Ta is the absolute air temperature. 

Based on the Monin–Obukhov similarity theory, the temperature scale ( *T ) can be obtained as 
[35] 
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2 2/3
2 ( )

( / )
T s

T s

C z dT
f z L∗

−=  (4) 

where zs represents the scintillometer path height, d is the displacement height (d = 0 for open water 

[36]), and L is the Obukhov length. The sign (positive or negative) of *T  can be determined from the 
atmospheric stability. As we have net radiation data, the net radiation method is used to determine 
the atmospheric stability, in which the net radiation >10 W m−2 is considered as atmospheric 
instability [37]. The universal stability function fT (zs/L) proposed by Andreas [38] for unstable 
conditions is 

2/3

( / ) 4.9 1 6.1( )s
T s

z df z L
L

−− = −  
 (5) 

and for stable conditions is 

2/3( / ) 4.9 1 2.2( )s
T s

z df z L
L
− = +  

 (6) 

The Obukhov length (L) can be estimated within an iterative approach, as follows: 

2
*

*

au TL
gkT

=  (7) 

where g is gravitational acceleration, k is the von Karman constant, and *u  is the friction velocity. 

Note that *u  can be calculated by the standard flux profile relationship [39]: 

0

0

ln( ) ( ) ( )u u
m m

kuu z d z d z
z L L

ϕ ϕ
∗ = − −− +

 (8) 

where u is the wind speed at the measurement height (zu), and z0 is the roughness length. In this study, 
we considered the fluctuations of the lake level and set the value of z0 to be 0.0002 m, which is equal 

to the experiential value of sea. mϕ  is a universal stability function of (z − d)/L [40]. For unstable 
conditions, it is calculated as 

21 12ln ln 2arctan( )
2 2 2m
x x x πϕ  + + = + − +     

 ( 0)L<  (9) 

with 

1/4161 zx
L

 = − 
 

 (10) 

for stable conditions, it is calculated as 

5m
z z
L L

ϕ   = − 
 

 ( 0)L>  (11) 

Then we can calculate the value of H as follows, 
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pH c Tuρ ∗ ∗= −  (12) 

where ρ is the density of air, cp is the specific heat of air at a constant pressure. 
The calculation procedure is an iterative process shown in Figure 2. We should specify the 

starting value of L before calculation, and the initial value of H can be subsequently calculated. Then 
a new value of L can be estimated, which is fed back via the iterative process to recalculate H. The 
procedure keeps running until the solution is stable. Once the value of H is obtained, the next step is 
to calculate the latent heat flux. 

 

Figure 2. Schematic diagram of the calculation procedure to estimate heat fluxes by the scintillometer. 

In this study, the classical method is applied to calculate the value of β using meteorological data 
over open water bodies. Specifically, if we assume that the turbulent transfer coefficients of heat and 
water vapor are equal above a water body, we can specify β on the basis of measurements of water 
temperature at the surface (Tw) and air temperature (Ta) as follows [41]: 

*= s a

s a

T T
e e

β γ −
−

 (13) 

where γ is the psychrometric constant, Ts is the water temperature at the surface, es* is the surface 
water vapor pressure, ea is the vapor pressure in the air, and the symbol of * denotes the state of 
saturation. 

2.3. Field Data 

As the measurement scale (200 m–10 km) of the large-aperture scintillometer matches well with 
the grid-scale of the satellite remote sensing, in recent years, it has become more and more popular 
to used to estimate heat fluxes and evaporation. Generally, the large-aperture scintillometer is 
observed synchronously with the eddy covariance system for comparing evaporation to test the 
results. As the evaporation of a lake can be measured directly by an evaporation pan and estimated 
by a simple aerodynamic model, it also can be used to verify the reliability of the large-aperture 
scintillometer. 

A large-aperture scintillometer (LAS-BLS450, Scintec AG, Rottenburg, Germany) was installed 
on both sides of the Sumu Barun Jaran Lake. This equipment was mainly made up of two parts: a 
transmitter (39°47′44.30″ N, 102°25′19.93″ E) and a receiver (39°46′51.55″ N, 102°25′25.15″ E) with 150 
mm aperture. The transmitted path length of the optical wave signal was 1801 m. The near-infrared 
pulse spectrum emitted by the transmitter was 880 nm, and the range of the structure parameter of 

2
nC

β

2
TC

*T

H

LE

L

*u

L
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the refractive index of air was from 10−17 to 10−10 m−2/3. The modulation frequency of the scintillometer 
was 1750 Hz with an averaging period of 30 minutes. 

An automatic weather station (AR5) manufactured by AVALON (Figure1c) was installed on a 
wooden bridge in the Sumu Barun Jaran Lake for real-time recording of air temperature (TA), air 
relative humidity (RH), wind direction (WD), atmospheric pressure (AP), net radiation (Rn) and wind 
speed (WS) with an interval of 30 min. The top of the bracket was the anemometer (AV-30WS), the 
wind vane (AV-30WD) (the height of 202 cm from the bridge), and the net radiometer (AV-71NR) 
(185 cm distance to the bridge), respectively. A humidity sensor (AV-10TH) was installed at the 
height of 140 cm, under which is the data acquisition system (RR1016). At a distance of 135 cm from 
the bracket in the lake, an E601 evaporation pan was fixed with a conical steel frame. The evaporation 
pan was regularly filled with lake water, in which a CTD (conductance, temperature, and depth)-
diver sensor (DI 271) with high precision (±2%) manufactured by Schlumberger Water Services was 
equipped for monitoring water level change automatically to calculate the evaporation. The 
temperature sensors (AV-10T) with high precision (±0.2 °C) were installed at the depths of 10 and 20 
cm to measure water temperature (TS). Based on a survey of the lake water temperature at the surface 
and the depth-dependent temperature in the Sumu Barun Jaran lake, Chen et al. [42] found that 
shallow surface water within 6 m of the lake is driven by wind and solar radiation. The lake water 
temperature in the shallow surface layer tends to be evenly mixed, and vertical temperature gradient 
is small. The shallower the depth of the lake water, the closer its temperature is to the surface 
temperature of the lake water. Thus, it is reasonable to use the temperature at 10 cm depth to replace 
the water temperature at the lake surface. A self-recording pluviometer (AV-3665R) with a height of 
73 cm from the bridge, a length of 22 cm and an outside diameter of 20 cm was equipped near the 
bracket. All data were collected by the data acquisition system. 

Meteorological and scintillometer’s data from 12:00 on 26 October 2012 to 20:00 on 9 March 2013, 
from 8:00 on 10 May 2013 to 18:00 on 5 August 2013, and from 8:00 on 21 June 2014 to 20:00 on 26 
March 2015 with the interval of 30 min in the daytime were collected in this study. 8:00 to 20:00 is 
defined as daytime, and the rest is defined as nighttime. 

According to Wang et al. [43], the upper limit of the refractive index of air can be estimated 
using 

2 8/3 1/3 5/30.193n sC L Dλ−=  (14) 

where Ls is the transmitted path length of the optical wave signal (1801 m), λ is the emitted 
wavelength of the electromagnetic wave (8.8 × 10−7 m), and D is the aperture of the scintillometer (0.15 
m). Thus, the upper limit of the refractive index of air in the Sumu Barun Jaran is 1.63 × 10−13 m−2/3, 
and data larger than the limit were removed. 

3. Results 

3.1. Reliability Analysis 

To valid the reliability of scintillometer in the estimation of evaporation for water bodies, we 
compared its results with E601 evaporation pan measurements. Due to the limited observation data 
of the evaporation pan, periods of 52 days from May 10 to 30 June 2013 and of 62 days from 1 July to 
31 August 2014 were chosen to test the reliability of the scintillometer. The results are shown in Figure 
3. The average daily evaporation measured by the evaporation pan and estimated by the 
scintillometer was 5.18 and 4.20 mm from May to June, and 5.89 and 4.90 mm from July to August, 
respectively. Fluctuations and magnitudes of daily evaporations calculated by the scintillometer were 
similar to those measured by the evaporation pan. Note that, in general, the results measured by the 
evaporation are larger than those estimated by the scintillometer. This could be ascribed to the 
different spatial scale observed by the two instruments. 
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Figure 3. Dynamic variations of the estimated evaporation by scintillometer with the water 
temperature at 10 cm depth and observed results from the evaporation pan at a daily time during 10 
May 2013–30 June 2013 (a) and 1 July 2014–31 August 2014 (b). 

We also compare the results of the scintillometer with a simple aerodynamic model applied over 
open water bodies proposed by Mcjannet et al. [44]. Here, a long period from 21 June to 31 December 
2014 was used to test the reliability of the scintillometer. For the aerodynamic model, it could be 
expressed as 

0.05
0 (2.36 1.67 ) ( )s aE WS A e e−= + × × × −  (15) 

where A is the area of open water bodies (A = 1.24×106 m2), es is the surface (10 cm) water vapor 
pressure, and ea is the vapor pressure in the air. The results are shown in Figure 4. The daily 
evaporation estimated by the scintillometer ranges from 0.34 to 8.38 mm with an average value of 
2.99 mm. The results calculated by the aerodynamic model vary between 0.49 and 7.81 mm with an 
average value of 3.32 mm. In comparison, the result estimated by the scintillometer is slightly higher 
and fluctuate with a larger amplitude. However, they show similar variation patterns. Therefore, we 
are confident that the scintillometer associated with the classical method is successfully applied to 
the Sumu Barun Jaran. 
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Figure 4. Dynamic variations of the estimated evaporation by the scintillometer with water 
temperature at 10cm depth and the aerodynamic model at the daily time scale during 21 June 2014–
31 December 2014. 

3.2. Flux Evaluation in Different Seasons with Water Temperature at Different Depths 

Water temperature at the surface is a key parameter to estimate the heat fluxes and evaporation 
over open water bodies by using the classical method in the scintillometer procedure. The results in 
Section 3.1 demonstrate that water temperature at 10 cm depth can be used to replace the water 
temperature at the lake surface in the scintillometer procedure. Here, we will further investigate the 
seasonal changes in the heat flux evaluation by using water temperature at different depths (i.e., 10 
and 20 cm). Note that the cold seasons and hot seasons are defined from November to February, and 
May to August, respectively. 

3.2.1. Half-hour Time Scale 

The results at the half-hour time scale are shown in Figure 5. Using water temperature at the 
lake surface (10 cm), the average values of H and LE are 10.83 and 32.37 W m−2, respectively, in 
January and February, and 7.00 and 121.17 W m−2 in May and June, 6.75 and 119.26 W m−2 in July and 
August, and 14.77 and 30.65 W m−2 in November and December. From cold to hot seasons, the average 
value of H decreases by 46%, and the average value of LE increases by 2.8 times.  

Using water temperature at 20 cm depth, on average, the values of H and LE are 10.90 and 32.12 
W m−2, respectively, in January and February, 8.42 and 95.27 W m−2 in May and June, 8.09 and 95.81 
W m−2 in July and August, and 14.91 and 27.74 W m−2 in November and December. In cold seasons, 
the average value of H is 36% larger than that in hot seasons, and that of LE increases by 
approximately 2.2 times. 

Therefore, the values of H were barely affected, and the average value of LE (E0) using water 
temperature at 20 cm depth is 0.8%–9.5% smaller than that using water temperature at the surface. In 
hot seasons, compared with the results estimated by water temperature at the surface, the average 
value of H increased by 20%–30%, and that of LE (E0) decreased by approximately 20% at 20 cm depth. 
Compared with the results using water temperature at the surface, the values of H and LE have 
greater fluctuations in hot seasons than those in cold seasons. 
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Figure 5. Comparison of the results of H and LE estimated by the scintillometer using water 
temperature at the lake surface (10 cm) and using water temperature at 20 cm depth at the half-hour 
time scale in January and February 2013 (a,e), May and June 2013 (b,f), July and August 2014 (c,g), 
and November and December 2012 (d,h). 

3.2.2. Daily Time Scale 

The results at the daily time scale are shown in Figure 6. Using water temperature at the lake 
surface (10 cm), the average values of H and LE are 11.04 and 31.56 W m−2 in January and February, 
8.34 and 102.44 W m−2 in May and June, 6.70 and 116.63 W m−2 in July and August, and 15.37 and 
30.28 W m−2 in November and December, respectively. From cold to hot seasons, on average, the 
value of H decreases by 43%, and the value of LE increases by about 2.5 times. 

Using water temperature at 20 cm depth, the averages value of H and LE are 11.10 and 31.49 W 
m−2 in January and February, 8.86 and 92.63 W m−2 in May and June, 7.93 and 95.33 W m−2 in July and 
August, and 15.49 and 27.70 W m−2 in November and December, respectively. In cold seasons, on 
average, the value of H is 37% larger than that in hot seasons, and that of LE increases by 
approximately 2.2 times. 

On the whole, in cold seasons, the values of H were almost unchanged. The daily average value 
of LE using water temperature at 20 cm depth is 0.2%–8.5% smaller than that by water temperature 
at the surface, and the root mean square error (RMSE) is 7.03 W m−2. In hot seasons, compared with 
the results using water temperature at the surface, the average value of H increased by 6.2%–18.3% 
(RMSE = 1.70 W m−2), and that of LE decreased by 9.6%–18.3% (RMSE = 30.38 W m−2) at 20 cm depth. 
Compared with the results using water temperature at the surface, the values of H and LE using 
water temperature at 20 cm depth have greater fluctuations in hot seasons than those in cold seasons. 
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Figure 6. Comparison of the results of H and LE by the scintillometer using lake-water surface 
temperature (10 cm) and using water temperature at 20 cm depth at the daily time scale in January 
and February 2013 (a,e), May and June 2013 (b,f), July and August 2014 (c,g), and November and 
December 2012 (d,h). 

4. Discussion 

4.1. Surface Roughness Length 

According to Section 2.2, evaporation is affected by the surface roughness length (z0) to a certain 
degree. In the literature, Mcjannet et al. [6] pointed out that the value of z0 has a limited range of 
variation, and that 90% of estimated values fall in the range from 9 × 10−5 to 1.7 × 10−4 m at Logan’s 
Dam in southeast Queensland, Australia. The surface roughness length of the sea obtained by 
Wieringa [45] is 0.0002 m. Based on these, we conducted sensitivity analyses of z0 ranging from 
0.00001 to 0.003 m to evaporation (Figure 7). The results show that, on average, the evaporation with 
a z0 value of 0.0003 m is only 6% (RMSE = 0.24 mm) higher than that with a z0 value of 0.00001 m. As 
z0 has little effect on the evaporation, we specify z0 with a value of 0.0002 m in this study. 
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Figure 7. The sensitivity of z0 with a range from 0.00001 to 0.003 m to evaporation. 

4.2. Inconsistent Evaporations by Evaporation Pan, Eddy Covariance and Scintillometer 

Although the results of the scintillometer are considered to be reliable by comparing the results 
with the evaporation pan data and the aerodynamic model, a comparison with the results of the eddy 
covariance system reported by previous studies is also used to further test its feasibility. According 
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lake similar to the Sumu Jaran Lake in the BJD, Hu et al. [46] and Su et al. [47] found that the daily 
evaporation of the lake varied from 0 to 12.21 mm with an average of 4.00 mm. The trend of 
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consistent with the result given by the eddy covariance system. 
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Scintillometers are more and more appreciated due to their ability to estimate sensible (H) and 
latent (LE) heat fluxes accurately over scales of hundreds to thousands of meters. However, studies 
regarding the use of scintillometers to estimate the evaporative processes over open water bodies are 
rarely found. In this study, a scintillometer was installed on both sides of the shore over the Sumu 
Barun Jaran Lake in the Badain Jaran Desert to obtain sensible and latent heat fluxes and to further 
estimate evaporation. Compared with the evaporation pan, aerodynamic model, and eddy 
covariance system, the results are plausible. 

Water temperature at 10 and 20 cm depths were further used to replace the water temperature 
at the lake surface to analyze the seasonal changes in the flux evaluation at half-hour and daily time 
scales, respectively. The results show that water temperature at 10 cm depth can be approximately 
used to estimate heat fluxes in the scintillometer procedure. Moreover, the heat fluxes are less affected 
by the water temperature at different depths in cold seasons but are more affected in hot seasons. The 
reason of seasonal differences in flux evaluation may be that the lake water is more stratified in 
summer, and more mixed in winter. 

This study helps the understanding of lake-water evaporation in the Badain Jaran Desert and 
the uncertainties in measurements by large-aperture scintillometers in lake and reservoir 
environments. 
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