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Accurate measurements of visibility are of great importance in many fields. This paper reports a multipoint
visibility measurement (MVM) method to measure and calculate the atmospheric transmittance, extinction
coefficient, and meteorological optical range (MOR). The relative errors of atmospheric transmittance and
MOR measured by the MVM method and traditional transmissometer method are analyzed and compared.
Experiments were conducted indoors, and the data were simultaneously processed. The results revealed that

the MVM can effectively improve the accuracy under different visibility conditions. The greatest improvement

of accuracy was 27%. The MVM can be used to calibrate and evaluate visibility meters.
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1. INTRODUCTION

Visibility is an important element of meteorological observa-
tions. The need for accurate real-time visibility information
is increasing for many applications, such as highway closures,
vehicle speed limits, aircraft takeoff and landing, air quality
monitoring, and military activities [1]. Low-visibility weather
events, such as haze and dust storms, which are becoming more
frequent in China [2] and in many parts of the world [3], not
only degrade the air quality and threaten human health but also
lead to severe traffic accidents.

For meteorological purposes, visibility was first defined as a
quantity to be estimated by a human observer. The weather,
sun angle, light intensity, darkness adaptation, availability of
appropriate visibility targets, and individual physical abilities
determine the quality of a person’s perception of atmospheric
conditions [4]. The meteorological optical range (MOR) can
be measured objectively, and it represents the transparency
of the atmosphere. Large numbers of visibility sensors based
on several different measuring principles are now commonly
used to automatically measure the MOR.

The two main types of visibility sensors are transmissometers
and forward scatter sensors [5]. Engel and Heyn [6], Wayne and
Reinhardt [7], Mohan ez 2/ [8], Chandran ez al. [9], and Kaurila
[10] designed and applied transmissometers to measure visibil-
ity. Barrales-Guadarrama ez a/. [11], Kihkonen er al [12],
and Siikamaki [13] described forward scatter visibility sensors.
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Wang et al. [1], Tang et al. [14], Caimi et al. [15], and
Babari ez al. [16] used cameras to measure visibility. Czarnecki
et al. [4] and Taillade ez al. [17] reported visibility sensors based
on the relationship between atmospheric visibility and Light
Detection and Ranging (LiDAR) backscatter signals.

Many studies have evaluated the performance of visibility
sensors by comparing different types of sensors. The results
measured by transmissometers are often utilized as standards
in these comparison studies. For example, Griggs er al. [18]
reported the results of the first World Meteorological
Organization (WMO) comparison of visibility measurements
in which the data collected by 14 transmissometers, 10 forward
scatter visibility meters, and one backward scatter visibility
sensor over a seven-month period in the United Kingdom
were compared. Waas [19] conducted a field test at three
international airports using 11 forward scatter sensors operated
in parallel to the existing transmissometers to gain operational
experience with forward sensors and to decide which type
of visibility sensor should be acquired. Bloemink [20] com-
pared transmissometers and forward scatter sensors over a
12-month period and reported the Koninklijk Nederlands
Meteorologisch Instituut (Royal Netherlands Meteorological
Institute [KNMI]) visibility standard for the calibration of
scatter meters. Chan [21] conducted a field study of visibility
sensors at the meteorological garden of the Hong Kong
International Airport. The work highlights the importance
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of testing the performance of visibility sensors in the context of
the various types of weather that affect a particular place or re-
gion, especially those associated with haze conditions.

Since transmissometers measure the loss of light from a col-
limated beam as a result of molecular and aerosol scattering and
absorption, their operational principals are closely related to the
definition of MOR. A high-quality, well-maintained transmiss-
ometer working at maximum accuracy provides a very good
approximation of the true MOR [5]. However, the transmiss-
ometer system was sensitive to window contamination, and it
required extensive window cleaning. Meanwhile, the single
baseline could not cover the full visibility dynamic range,
and the short baseline had large forward scatter errors and
was difficult to align [22]. Crosby [23] examined several key
areas to define the accuracy of visibility sensors and noted
that the sensor consistency with a transmissometer, which is
reported in many comparisons, is a useful parameter but is
not a substitute for the ability of a sensor to take accurate
measurements in real-world conditions. Thus, reducing the
measurement error of visibility sensors and improving the
accuracy of visibility measurements are important goals.

This paper proposes a new method for visibility measure-
ments with a measurement error that is much smaller than that
of transmissometers, as evidenced by an error analysis. This
experimental system is capable of providing visibility measure-
ments with improved accuracy.

2. METHOD

A. Measurement of Atmospheric Transmittance

The multipoint visibility measurement (MVM) system is
composed of a fixed transmitter module and a mobile receiver
module. The mobile receiver stops every 5 m and collects mea-
surements at a total of 7 points. P;(0) ~ P,(0) represent the
laser power when the mobile receiver stops because of the
unavoidable power instability of the laser device. P,(1) ~ P,(n)
represent the power received at different stops, as depicted
in Fig. 1.

First, the mobile receiver is moved to position 0. At this
point, the laser transmits directly into the receiver without pass-
ing through the atmosphere. The attenuation of the laser power
Ty caused by the lens, photodetector, and data-acquisition card
can be described as

Ty = P(0) - P,(0), (1)
where P(0) is the laser power of the time, and P,(0) is the
power received at position 0.

When the mobile receiver moves to position 1 (i.e., 5 m),
the power of the transmitter of the time is 2} (0) because of the

P(0)

0 1
P(0) | } } } t i
PiO) F—H P(1)
P0) ——— P(2)
Py0) k———— P.(3)
P.(0) k A P.(n)

Fig. 1. Schematic diagram of the MVM system.
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unavoidable power instability. The attenuation of the laser
power 7'} of the time is described as

T1 = P1(0) - Pr(l)) (2)

where 7y is the total laser power attenuation of the system,
including both the light attenuation attributable to the 5 m of
atmosphere in the laser beam’s path (77) and that caused by the
system components, such as the lens, photodetector, and data-
acquisition card, which are closely related to the laser power of

the time. This value changes from when the mobile receiver

P1(0)
7(0)

at position 1, as follows:

stops at position 0 to Ty when the mobile receiver stops

P1(0)
2(0)

T,=T)+ T @)

As a result, to eliminate the optical attenuation of the system
itself, the accurate laser power preparing to transmit into the

atmospheric can be regarded as P, (0) - 1;,1((00)) Ty. The accurate

value of the atmospheric transmittance when the mobile
receiver stops at position 1 can be calculated as follows:

S () R (O W X() @
P - B0, P0)-Pi(0) - Pi(0)- T
Substituting 7’y into Eq. (4) using Eq. (1),
P0)-P.(1
() = (0) - P,(1) 5)

P1(0) - 2,(0)°

The atmospheric transparency can be assumed to remain
constant during the experiment; therefore, the atmospheric
transmittance measured at point /V can be described as

_ P(0)- P,

= 5,00)-2,00) (©)

(r,)

where P,(0) is the laser power when the mobile receiver stops
at measurement point NV, and P,(») is the power received by
the mobile receiver at measurement point N. A set of atmos-
pheric transmittance values (i.e., /V values) can be obtained

using Eq. (0).

B. Calculation of Extinction Coefficients
According to the Beer—Lambert law, the relationship between
the atmospheric transmittance and the extinction coefficient is

Int(r,)=-6-r, (n=123..n), )

where 7(r,) represents the atmospheric transmittance values
when the mobile receiver stops at several fixed points, and the
baselines between the laser source and the mobile receiver
are 7,,.

In the coordinate system where 7, is the x axis and In 7(r,)
is the y axis, the slope of the straight line, which can be obtained
by the least squares method, is simply the inverse of the extinc-
tion coefficient, as depicted in Fig. 2.

Since the least squares method can produce the minimum
sum of the squared residuals, the extinction coefficients can be
obtained as follows:
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Fig. 2. Extinction coefficient obtained by the least squares method.

Z[In w(r) - (-8 - 1) = Z[In o(r;) + 6 - r,* = Min.

8)

Because the second derivative of Eq. (8) is always greater

than 0, the extinction coefficients can be obtained from the
first derivative of Eq. (8), that is,

5= _ Dimt ”;'1‘ 11127(71'). )

i=17i
InEq. (9),7; =5 m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m,
40 m, 45 m, and 50 m. Substituting 7(7;) in Eq. (9) using
Eq. (6) allows the extinction coefficients to be measured.

C. Calculation of the MOR
According to Koschmieder’s law, the MOR can be calculated as
-lne
5
where ¢ is the visual threshold of human eyes, typically
0.05 according to WMO and International Civil Aviation
Organization (ICAO) regulations. Therefore, Eq. (10) can
be rewritten as follows:

MOR = (10)

In 0.05/@2 (11)
o o

Substitute Eq. (9) into Eq. (11) to obtain Eq. (12), as

follows:

MOR = -

N2
MOR = - 2" 2k (12)

Z?:l 7 In T(”z‘).

3. ERROR ANALYSIS

A. Relative Error of Atmospheric Transmittance

1. Relative Error of the Transmissometer

As mentioned above, the results measured by transmissometers
are often utilized as standards in comparison studies. The
atmospheric transmittance of a traditional transmissometer
can be described as

_ Py(r)
P4(0)°

where P,(0) is the power emitted from the transmitter, and
P,(r) is the power received by the receiver, as shown in Fig. 3.

The system error for atmospheric transmittance of the
transmissometer is

(13)
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Fig. 3. Schematic of a transmissometer.

_ 1 —Pﬂr(i’)
A =50 AT B op

and the relative error for atmospheric transmittance is as
follows:

Ar  AP,() + 545 AP0) AP, AP4(0)

T Py(7) Py(r)  Py0) "

Equation (15) shows that the atmospheric transmittance

relative error of the transmissometer is the difference of the

relative system error between the transmitter and receiver.

To facilitate the back calculation, we assume that the result
of Eq. (15) is 7%, that is:

AT Apd(i’) APd(O)

T Py(r)  Py(0)

AP,(0) (14)

(15)

= n%. (16)

2. Relative Error of the MVM System
Equation (6) shows that the atmospheric transmittance system
error of the MVM system (MVMS) is as follows:

P,(n) P(0)
P,(0)-[P,(0) P,(0)-[P,(0)F

Az(r,) = AP(0) + AP, (n)

AP,(0) + AP,(0).

(17)

The relative error of the atmospheric transmittance of the
MVMS can be calculated using Egs. (6) and (17), as follows:

N ONE
P, (O)P © AP(0) + 7,(0)-2,(0) AP,(n)

-P(0)-P,(n) -P(0)-P,(n)
At(r)  Fromor AP0 + momor AP0

= P0) P,
7(r,) 7,(0)-7,(0)

_ [AP.(») AP,(0) AP,(0) AP(0) (18)
Sl PO ] [P0 PO [
For atmospheric transmittance, the difference in the relative

error between the MVMS and the transmissometer can be
described using Eqs. (15) and (18) as follows:

Az, Az(r,)
g (r,)
_AP,()AP,(0)
Py(r)  Py(0)
) { (AP,(n) _ AP,(O)) ) (APn(O) ) AP(O))]. 19)
P.(n)  P,(0) P,0)  P(0)

If the baseline length of the MVMS and the transmissom-
eter is the same when the MVMS receiver is moved to
measurement point /N, then at this time, equations

P,(0) = P,(0), (20)
P (n) = Py(r), (21)
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can be expressed, where P,(0) and P,(n) are the transmitter
and receiver power of the MVMS, and P,(0) and P,(r)
are the transmitter and receiver power of the transmissometer,
respectively.

Substitute Egs. (20) and (21) into Eq. (19) to obtain the
following:

Az, Ax(r,) _ AP,0) AP(0)
t, (r,)  P(0) PO)

For atmospheric transmittance, the difference in the relative
error between the transmissometer and the MVMS is simply
the difference in the relative error between the MVMS trans-
mitter and receiver for power when the baseline length is 0.

Equation (3) shows that when the baseline is 7, the total
light attenuation of the MVMS can be described as

2,(0)
2(0)
where 77} is the atmospheric light attenuation with a baseline
length of 7, and the light attenuation caused by the MVMS

itself is 1;:((00)) 7.

According to Egs. (7) and (11), if the visibility and baseline
length are known, then the true value of atmospheric transmit-
tance can be calculated.

If the true value of atmospheric transmittance at this time is
7y, then

(22)

Tr:Pn(O)_Pr(n) = T;Jf_

To, (23)

T = (1-179)P,(0). (24)

If the atmospheric transmittance measured by the transmiss-

ometer with a baseline length of 7 is 7, and at this time the

relative error of the atmospheric transmittance of the transmiss-
ometer is 7%, then the following can be expressed:

P.(n) =1,-P,0), (25)
T _ 1+ %, (26)
To

Substitute Egs. (24) and (25) into Eq. (23) to obtain the
following:

Ty = (7 - 72)P(0). (27)
Substitute Egs. (26) into (27) to obtain the following:
TO = :l:}’l% . TO . P(O). (28)

Because P,(0) is less than P(0), substitute Eq. (28) into
Eq. (1) to obtain the following:

P,(0)

PO)

Because the true value of Eq. (29) is 1, when the baseline
length is 0 and is similar to Egs. (15) and (29) then

AP,(0) AP(0) _

1= 1% - 7. (29)

p— 0 .
Pr(()) P(O) n /0 70 (30)
Substitute Eq. (30) into Eq. (22) to obtain
A A
Arg A7) _ g (31)
T4 T(rn)

where 7% is the relative error of the atmospheric transmittance
of the transmissometer as mentioned above. Therefore, the
relative error of the atmospheric transmittance of the MVMS
can be rewritten from Eq. (31) as follows:
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Ar(r,)
o= % (- T0) (32)

B. Relative Error of the MOR

1. Relative Error of the Transmissometer

Similar to Eq. (10), the MOR can be measured by a transmiss-
ometer as

3/
In7’

where V' is the MOR, / is the baseline length of the
transmissometer, and 7 is the transmittance measured by the
transmissometer.

According to the partial derivatives of Eq. (33), regardless of
the location error of the transmissometer, the relative error of
the MOR measured by a transmissometer can be calculated as
follows:

V= (33)

VA% 1 dr
—_— = —, 34
14 Int 7 (34)
2. Relative Error of the MVMS

The MOR system error can be obtained by calculating the par-
tial differential of Eq. (12), as follows:

3. (ZZ-L ,,12) . {Zle T(% . d‘t(n)}
[Z?:l ;- In T(’"z‘)} ’ ‘

Because Eq. (12) can also be rewritten as

B D ) SRR R
i=1

=1

AV = (35)

n ' . )
Z r;-Inz(r;) = _32% (37)

=1

substitute Eqgs. (36) and (37) into Eq. (35) to obtain the

following:
dv Vv - dz(r;)
i SR . 2. 38
ARED Y [Z ) } )

The results of Eq. (38) can be further calculated using V/, 7,
and d;((:‘)), where the baseline lengths 7; of MVMS are 5 m,
10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, 45 m, and

50 m, and d;((rta), as shown by Eq. (32).

i=1

4. EXPERIMENTAL SETUP

The MVMS consists of a laser transmitter and receiver. An
MSL-FN-532 (CNILASER, ChangChun, China) with a wave-
length of 532 nm was used as the laser source and was fixed
inside the transmitter. A THORLABS DET100A was used
as the photoelectric detector. A photoelectric detector and
an industrial computer were included on the platform to mea-
sure the extinction coefficient. The structure of the MVMS is
depicted in Fig. 4. The system hardware parameters are listed in
Table 1.

The receiver moved from 0 m to 55 m at a speed of 0.3 m/s,
stopping every 5 m and remaining motionless for 3 s to
measure and record the data. The extinction coefficient and
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Fig. 4. Diagram of the MVMS.

Table 1. MVMS Hardware Parameters

Major Components Parameters
Wavelength 532+ 1 nm
Laser Beam divergence <1.2 mrad
Power stability <1%
Beam diameter ~2 mm
Chopping frequency 20-1 kHz
Chopper Leaf blade groove angle 18°
Data bits 8
Full range sensitivity 1 nV-1V

Lock-in amplifier Input signal frequency 1 mHz-100 kHz

range
Photoelectric Wavelength coverage 350-1100 nm
detector Output voltage 0-10 V

visibility were calculated after the receiver moved to 55 m and
back twice. Thus, the system obtained four measured values at
every measurement point. The mean value of the four mea-
sured values was used to calculate the extinction coefficient.
To shorten the experimental cycle, a stalinite atmospheric
environment simulation chamber (AESC) was constructed
outside the MVMS to simulate a low-visibility environment
for several hours. An external photo of the AESC is shown

Fig. 5. Photograph of the exterior of the AESC.
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Fig. 6. Photograph of the interior of the AESC.

Fig. 7. Transmitter and receiver of the MVMS.

in Fig. 5. A photograph showing the interior of the AESC is
presented in Fig. 6.

The transmitter and receiver of the MVMS are shown
in Fig. 7.

5. CALCULATION AND DISCUSSION

The true value of the transmittance can be calculated using
Eq. (34) if the MOR and baseline length are known. Figure 8
shows the true values of the atmospheric transmittance for
different given MOR values and baseline lengths.

Figure 8 shows that for the same MOR, as the baseline
length decreases, the true value of the transmittance increases.

The relative errors of the MOR measured by the transmiss-
ometer for different given baseline lengths and MOR values
and a relative error of the transmittance of 1% can be calculated
using Eq. (35) and are shown in Fig. 9.

According to Fig. 9, the relative error of the MOR measured
by the transmissometer decreases as the MOR decreases.
Additionally, as the baseline length of the transmissometer in-
creases, the relative error of the MOR decreases. A 1% relative
error in the transmittance measured by the transmissometer
with a baseline length of 5 m can cause up to 666.67% relative
error in the MOR.
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Fig. 8. True values of the transmittance for different given MOR
values and baseline lengths.
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Fig.9. Relative error of the MOR measured by the transmissometer
for different baseline lengths and MOR values.

Figure 10 presents the relative error of the transmittance
determined using the MVMS to measure the MOR with a
hardware similar to that of the transmissometer and a relative
error of the transmittance of 1%.

Figure 10 shows that the relative error in transmittance is
substantially reduced using the MVM. However, the reduction
of the relative error was not constant for different given true
values of the MOR: As the MOR increased, the reduction
increased, and as the baseline length decreased, the relative error
of the transmittance also decreased.

The relative errors of the MOR for the MVMS and the
transmissometer with a baseline length of 50 m are compared
in Fig. 11.

Figure 11 demonstrates that the relative error of the MOR
measured by the MVMS is substantially smaller than that of
the transmissometer, especially for high MOR values. The
relative errors of the MOR measured by the MVMS and
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Fig. 10. Relative error of the transmittance of the MVMS when
n% = 1%.

704
60
—— MVMS

50 —— Transmissometer
40
30 ¥4

20

Relative error of MOR (%)

10

T T 1
100 1000 10000
MOR (m)

Fig. 11. Comparison of the relative error of the MOR.

transmissometer under various typical MOR conditions are
listed in Table 2.

Because the relative errors of the transmittance measured by
different hardware systems may not be comparable, to verify
the accuracy of the MVM, the measurement results were col-
lected and processed using a method similar to that of the trans-
missometer with a fixed distance between the transmitter and
receiver. These data and those obtained by the MVM were
compared. Experiments were performed in the AESC to simu-
lated a change in visibility from high to low and low to high.
Both methods were used to process the experimental data, and
the results are shown in Figs. 12 and 13.

Figures 12 and 13 demonstrates that under all types of
visibility conditions, the results from the transmissometer
can be corrected by the MVMS. The error bars in Figs. 12
and 13 represent 5%. Under higher-visibility conditions, the
MVMS can reduce the measurement errors to a lesser degree
than under lower-visibility conditions. The lowest error reduc-
tion was 1.105%, which was obtained when the visibility was
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Table 2. Relative Errors of MOR Measured by the MVMS and Transmissometer

MOR (m) 50 100 200 300 400 500 600 700 800 900 1000
Relative error of transmissometer (%) 0.33 0.67 1.33 2 2.67 3.33 4 4.67 5.33 6 6.67
Relative error of MVMS (%) 0.40 0.59 0.76 0.83 0.87 0.89 091 0.92 0.93 0.94 0.94
MOR (m) 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2500
Relative error of transmissometer (%)  7.33 8 8.67 9.33 10 10.67 11.33 12 12.67 1333  16.67
Relative error of MVMS (%) 0.95 0.95 0.96 0.96 0.96 0.96 0.97 0.97 0.97 0.97 0.98
MOR (m) 3000 3500 4000 4500 5000 6000 9000 10000
Relative error of transmissometer (%) 20 23.33  26.67 30 33.33 40 60 66.67
Relative error of MVMS (%) 0.98 0.98 0.98 0.99 0.99 0.99 0.99 0.99
2000 - that of the atmospheric transmittance measured using the
_ . transmissometer. The results obtained assuming a 1% relative
0007y 1 i 4% L 25 error in the atmospheric transmittance measured by the trans-
6000 @';13\ ||“|I I A / N missometer are also reported. Furthermore, experimental data
i N/ i s .
= 5900 A\ oy iR F20 & were collected using the MVMS and processed by both meth-
- R | - — .
o \K\ ! 'lI / s < ods. This work demonstrated that the proposed system can
= 0oy \:\_f'? | '|| / [ g improve the measurement accuracy under all types of visibility
2 3000 ’,& bV b I oS conditions. The lowest error reduction was 1.105%, which was
p— 7 / | % o a2y = obtained at a visibility of 6933.42 m. The highest error reduc-
T ! A . . N
1/ N oy Ls tion was 27.42% and was achieved at a visibility of 308.47 m.
w4 }"Zb.\,, The measurement results of the MVMS can be used as standard
0+ e M values for the calibration of visibility sensors.
0 50 100 150 200 250 .
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