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Abstract: Visibility is a major factor affecting the safety and efficiency of aviation operations. As
instrumental visibility measurements are the basis for calculating runway visual range, measurement
accuracy is crucial. In this study, we collected instrumental visibility data (VI) from two sets of Vaisala
transmissometers (referred to as LT05 and LT23) and one set of forward-scatter meters (referred
to as FD) installed at Xiamen Airport. We also considered manually observed visibility (VM) and
relative humidity (RH) records of automatic weather stations for 2015 to 2020. Taking the VM data
as the benchmark, we comprehensively evaluated the difference between the VI of each instrument
and VM as well as the influence of RH on such deviations based on the deviation (∆V), relative
deviation (∆VMdi), root mean square error (RMSE), relative-RMSE, mean value, and correlation
analysis method. Our results showed that: (1) among the three sets of visibility meters, the VI values
of LT05 were the closest to the VM values under different VM levels and at high RH. Deviations in
the FD measurements were greater than those of the two LT sets under low-visibility conditions
that significantly affect aviation operations (VM < 800 m). (2) In general, the VI values were lower
than the VM values, and the larger the VM value, the greater the deviation. (3) Extremely large ∆V
and ∆VMdi values appeared in spring when the visibility level was rapidly increasing or decreasing.
(4) The FD results were greatly affected by RH, with higher proportions of large ∆V and large ∆VMdi

data than the two LT sets under high-humidity conditions. Therefore, the Vaisala transmissometers
outperformed the forward-scatter meter at the airports along the southeastern coast of China and
those in high-humidity environments.

Keywords: visibility; deviation; transmissometer; forward-scatter meter; manual observation

1. Introduction

Visibility manifests a visual obstruction phenomenon and is a basic meteorological
parameter. It is widely applied in transportation, meteorology, ecological conservation,
and environmental protection. Runway visual range (RVR) is an essential meteorological
indicator in the minimum standards set for airport operations [1], directly affecting the
safety and efficiency of aviation operations [2]. Article 37 of the Technical Specification
for Automatic Meteorological Observation System for Civil Aviation (AP-117-TM-2018-
03R1, Civic Aviation Administration of China, Beijing, China) issued by the Civil Aviation
Administration of China sets strict requirements for the accuracy of visibility meters. When
the meteorological optical range (MOR) measured using a visibility meter is less than or
equal to 600 m, the maximum permissible error is 50 m. When 600 m < MOR ≤ 1500 m,
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the maximum permissible error is 10% of the MOR. When MOR > 1500 m, the maximum
permissible error is 20% of the MOR. Hence, accurate visibility observations are crucial for
aviation safety.

Before the 1990s, visibility data from airports in China were obtained entirely by man-
ual observation. With the deployment and operation of the automatic weather observation
system (AWOS) at Beijing Capital International Airport in 1985 [3], visibility measurements
started to be performed both automatically and manually at China’s airports, and real-time,
objective, and high-temporal-resolution monitoring of visibility at airport runways has
already been realised. However, due to differences in the measurement principles and de-
tection ranges between visibility meters and manual observation methods [4], the visibility
values in the meteorological aerodrome reports (METAR) provided by airports are still
those obtained through manual observation.

The available visibility meters can be divided into transmissometers and scatter
meters according to their measurement principles [5]. They are all designed based on
Koschmieder and Allard’s law, but the detection methods differ [6–9], with different sources
of error [10–12]. Researchers have conducted many comparison experiments, assessments,
and calibrations to reduce the errors of these two types of visibility meters [13–20]. Mean-
while, many scholars have compared the instrument-observed visibility values with those
obtained through manual observation to apply the instrumental measurements ratio-
nally [21–25]. Some studies have focused on the differences between the records of several
visibility meters of the same type and the manual observations within specific regions,
and others have analysed the differences between the visibility values obtained using
multiple sets of instruments of the same type and the manual observations obtained at
the same site. However, most of these studies performed qualitative statistical analyses
of correlation results and deviation trends. Data on manual observations available for
comparative analysis are limited, and studies comparing instrumental and manual vis-
ibility observations at airports are scarce. Zhang et al. calculated the average absolute
deviation between visibility values obtained from an FD12P forward-scatter(VAISALA,
Vanta, Finland) meter at Guangzhou New Airport and those obtained through manual
observation and comparatively analysed their differences under different visibility levels
and low cloud cover [26]. He et al. used visibility data obtained using a DNQ1/V35
forward-scatter(Huayun Shengda (Beijing) Meteorological Technology Co., Ltd., Beijing,
China) meter during the site selection stage for Ezhou international logistics core hub
airport as well as visibility data obtained through manual observation during the daytime
to analyse the differences between the two by calculating the mean and standard deviation
of the difference between them [27]. In particular, there is a lack of quantitative analyses
on the differences between the measurements of multiple types of visibility meters and
the manual observations obtained at the same location. Transmissometers or forward-
scatter visibility meters are currently installed at most airports in China. The application of
instrument-measured visibility in aviation operations is becoming increasingly extensive,
and there is an urgent need for a scientific basis for selecting suitable visibility meters dur-
ing the construction of new airports. Therefore, it is necessary to evaluate the performance
of different types of visibility meters and compare the differences between instrumental
and manual visibility observations at Xiamen Airport.

In this study, we used the records of transmissometers and a forward-scatter visibility
meter, as well as visibility measurements obtained through manual observation during
the same period at Xiamen Airport from 2015 to 2020, to compare the data collected using
different types of visibility meters with those obtained through manual observation. We
analysed the distribution of the difference between the instrumental and manual results
and the possible reasons and also assessed the performance of different types of visibility
meters under the influence of relative humidity (RH), aiming to provide technical support
for reasonably planning the deployment of visibility meters at airports.
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2. Materials and Methods
2.1. Study Area and Data Sources

The datasets used in this study include the hourly meteorological optical range (VI)
and RH collected by the AWOS at Xiamen Airport from January 2015 to December 2020 and
the hourly data of manually observed visibility (VM) and RH from METAR for the same
period. The AWOS is equipped with two sets of the Vaisala double-ended transmissometers
of model LT31 (referred to as LT) with a baseline length of 30 m as well as one set of forward-
scatter visibility meters of model FD12P (referred to as FD) with a scattering angle of 33◦. LT
was used to measure the atmospheric transmissivity between the transmitter and receiver
to obtain the mean extinction coefficient to evaluate visibility value VI. Meanwhile, FD was
used to evaluate the energy of near-infrared light with a forward-scatter angle of 33◦ caused
by various suspended particles in the volume of air sampled, which was compared to the
total light scattering to determine the total scattering coefficient. Thereafter, the extinction
coefficient was derived, and visibility value VI was inverted. According to civil aviation
regulations [28,29], these instruments were installed on the northern side of the runway,
80–100 m from the runway centreline. The two sets of LT (referred to as LT05 and LT23) were
deployed at the two ends of the runway approximately 500 m inward, and FD was installed
at the midpoint of the runway (see Figure 1). LT and FD are continuously monitored and
regularly maintained. The field equipment is maintained weekly, and visibility calibration
is performed monthly. The data processing software has an automatic alerting function so
that engineers can be immediately notified to check data effectiveness in case of anomalies.
Thus, the output data are of high quality. After eliminating abnormal data during brief
equipment shutdowns required for maintenance, sensor coverage by foreign objects, or
instrument damage due to typhoons, a valid VI dataset consisting of 52,368 hourly time
points was obtained.
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Figure 1. Locations of the three sets of visibility meters in relation to the manual observation platform.
The performance parameters of the three sets of visibility meters are as described in Table 1.

Table 1. Performance parameters of LT transmissometer and FD forward scatter meter.

Instrument
Model

Measurement
Range Accuracy Temporal

Resolution
Baseline Length or
Scattering Angle

Operating
Environment

LT 10–10,000 m ±10% 1 min 30 m −40 ± 60 ◦C
RH: 0–100%

FD 10–15,000 m ±10% 1 min 33◦ −40 ± 50 ◦C
RH: 0–100%

VM is the maximum horizontal distance visible throughout at least half of the hori-
zon, not necessarily continuously [30]. It was determined by an observer at the manual
observation platform using visual reference targets (target lamps) (see Figure 2). VM pro-
vided services in the form of METAR messages. There were six to eight meteorological
observation personnel issuing VM messages at Xiamen Airport, and two to three people
were arranged in rotation daily. The VM value was generally published once daily. The
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manual observation platform was on the northern side of the end of runway 05, with
LT05 located approximately 120 m to its east, LT23approximately 2500 m to its northeast,
and FD approximately 1400 m to its northeast (see Figure 1). LT05 was the closest to the
manual observation platform, followed by FD and then LT23. Moreover, as per regulations,
(1) when VM < 800 m, the VM value should be reported in increments of 50 m; (2) when
800 m ≤ VM < 5000 m, the VM value should be reported in increments of 100 m; (3) when
5000 m ≤ VM < 10,000 m, the VM value should be reported in increments of 1000 m; (4) if an
observation does not fulfil the corresponding reporting requirement, the VM value should
be rounded off to the nearest level; and (5) when VM ≥ 10,000 m, the VM value should
be recorded as 9999 [29]. Thus, we processed all VI data according to these criteria and
eliminated the data corresponding to the time points with a VM of 9999, obtaining a valid
dataset consisting of 14,349 hourly time points. Moreover, since the upper detection limit
of LT was 10,000 m, all FD data greater than 10,000 m were set to 10,000 m.
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Figure 2. Distribution of visibility reference targets around Xiamen Airport.

The distance between the reference targets (target lamps) and the manual observation
platform was determined by professional staff using precision instruments to approximate
the true value of visibility. Therefore, the VM levels were graded according to the distri-
bution range of these reference targets. As shown in Figure 2, 10 targets (lamps) in four
groups were distributed on almost the same distance contour; thus, we categorised VM
into the following eight levels after merging the adjacent targets (lamps): (1) VM ≤ 368 m;
(2) 368 m < VM ≤ 847 m; (3) 847 m < VM ≤ 1692 m; (4) 1692 m < VM ≤ 2539 m; (5) 2539 m <
VM ≤ 3016 m; (6) 3016 m < VM ≤ 4017 m; (7) 4017 m < VM ≤ 6403 m; and (8) 6403 m < VM
≤ 9595 m. The sample size in each interval is shown in Table 2. Table 2 lists the sample
numbers of each visibility classification shown in Figures 3–6, and Table 3 lists the sample
numbers of the RH classification shown in Figures 7–9.

Table 2. Distribution of VI sample size in different VM intervals (unit: hourly time points).

1 2 3 4 5 6 7 8 Total

40 29 201 603 626 1531 4599 6720 14,349
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Table 3. Distribution of VI sample size in different RH intervals (unit: hourly time points).

RH Level 1 2 3 4 5 6 7 Total

LT05 75 214 746 1745 2890 4944 3735 14,349
FD 41 166 668 1532 2775 5093 4074 14,349

LT23 21 127 554 1378 2662 4689 4918 14,349

Figure 3. Daily variations of RMSE and RRMSE ((a): RMSE, (b): RRMSE).

Figure 4. (a) RMSE and (b) RRMSE under different VM levels from 2015 to 2020.
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Figure 6. Proportional distributions of ∆V and ∆VMdi for the three visibility meters from 2015 to 2020
(a): ∆V; (b): ∆V = 0 and |∆V| ≤ 500 m; (c): ∆VMdi; (d):|∆VMdi| ≤ 20%).

Figure 7. Proportional distributions of (a) ∆V and (b) ∆VMdi for the three visibility meters at VM800

from 2015 to 2020.

Figure 8. Distributions of (a) RMSE and (b) RRMSE under different RH levels from 2015 to 2020.
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Figure 9. Proportional distributions of (a) ∆VLT05, (b) ∆VLT23, (c) ∆VFD, and (d) ∆VLT05-FD under
different RH levels from 2015 to 2020.

As Xiamen Airport is located near the sea, where the RH is high all year round, data
corresponding to RH < 35% only accounted for 0.08% of the effective sample size. Therefore,
we graded the RH values into the following seven levels: (1) RH < 45%; (2) 45% ≤ RH <
55%; (3) 55% ≤ RH < 65%; (4) 65% ≤ RH < 75%; (5) 75% ≤ RH < 85%; (6) 85% ≤ RH < 95%;
and (7) RH ≥ 95%. The RH gauges were installed in the automatic weather stations near
LT05 and LT23, and the RH values in the METAR messages were taken from the instrument
near LT05. The RH values for FD were the averages of the records of the RH gauges near
LT05 and LT23. The distribution of the VI sample size against RH is shown in Table 3.

2.2. Statistical Methods

Based on statistical principles, we calculated the agreement rate and gross error rate
of the data and conducted correlation analyses. VI and VM were compared according to
the data’s deviation, relative deviation, root mean square error (RMSE), and mean. The
meanings of the above statistics are explained below.

(1) Agreement rate: the VI and VM values were considered to be in agreement if the
absolute value of the difference between them was less than or equal to two times the
standard deviation of the difference [31]. The ratio of the cumulative number of agreements
between VI and VM to the total number of valid observations was the agreement rate of the
two visibility datasets, which reflected the consistency between VI and VM.

(2) Gross error rate: the difference between VI and VM was considered a gross error
if its absolute value was greater than three times the standard deviation of the difference.
The largest gross error value was then eliminated, the standard deviation of the difference
between VI and VM was recalculated, and the difference values were filtered again accord-
ing to the definition of the gross error to eliminate the largest one. The above steps were
repeated until no difference values were considered gross errors. At this point, the number
of gross error values eliminated was defined as the number of gross errors [31], and the
ratio of the number of gross errors to the total number of effective observations was the
gross error rate, which reflected the pattern of outliers in the difference between VI and VM.

(3) Deviation (∆V): the difference of VI minus VM. The formula for calculating ∆V is
∆V = VI − VM.

(4) Relative deviation (∆VMdi): the ratio of ∆V to VM. The formula for calculating
∆VMdi is ∆VMdi = ∆V/VM.
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(5) Root mean square error (RMSE): the square root of the mean of ∆V squared,
reflecting the absolute deviation of VI from VM. The smaller the RMSE, the smaller the ∆V.
The calculation formula is as shown in Equation (1).

RMSE =

√
1
n

n

∑
i=1

(VIi − VMi)
2 (1)

where n is the sample size, VIi is the VI value at the i-th time point, and VMi is the VM value
at the i-th time point.

(6) Relative root mean square error (RRMSE): the square root of the mean of ∆VMdi
squared, reflecting the relative deviation of VI and VM. The smaller the RRMSE, the
smaller the degree of VI’s deviation relative to VM. The calculation formula is as shown in
Equation (2).

RRMSE =

√
1
n

n

∑
i=1

((VIi − VMi)/VMi)
2 (2)

where n is the sample size, VIi is the VI value at the i-th time point, and VMi is the VM value
at the i-th time point.

(7) The correlation coefficient r represents the correlation degree between VI and VM.
The larger the r value, the stronger the correlation. The formula is:

r =
∑n

1
(
VIi − VI

)(
VMi − VM

)√
∑n

1
(
VIi − VI

)2
∑n

1
(
VMi − VM

)2
(3)

where n is the number of sample data, VIi is the value of VI at time i, and VMi is the value
of VM at time i.

3. Results
3.1. Agreement and Correlation between VI and VM

The agreement rate, gross error rate, and correlation coefficient between VI and VM
for each visibility meter are listed in Table 4. It can be seen that the agreement rate between
VI and VM was high for all three sets of visibility meters, reaching approximately 90%.
The VI of these instruments was highly correlated with VM, with correlation coefficients
exceeding 0.8. The correlation coefficient between the VI of LT and VM was significantly
higher than that between the VI of FD and VM; however, the gross error rate for LT was also
considerably higher than that for FD, which may have been associated with the significantly
higher standard deviation of the difference between VI and VM for FD than that for LT.

Table 4. Agreement rate, gross error rate, and correlation coefficient between VI and VM.

Visibility Meter LT05 LT23 FD

Agreement rate 88.1% 93.2% 91.7%
Gross error rate 6.4% 7.6% 3.6%

Correlation coefficient 0.92 0.92 0.80

3.2. RMSE and RRMSE of VI Relative to VM
3.2.1. Daily Variation Characteristics of RMSE and RRMSE

As can be seen from Figure 3, the daily variation distributions of the RMSE (Figure 3a)
and RRMSE (Figure 3b) of the three visibility meters were both large at night and small
at day. They gradually increased at night, reached the highest value before midnight,
gradually decreased in the early morning, and reached a minimum in the forenoon. This
indicated that the difference between VI and VM was greater at night than during daytime,
was the largest at midnight, and the smallest in the forenoon. This may be related to the
fact that the number of target lamps at night was much less than the number of target
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objects during the daytime (Figure 2). Manual observation of visibility at night is more
subjective, and the VM values obtained from different observers may vary greatly. Adding
target lamps at night will effectively reduce the difference. In addition, Xiamen Airport
is located in the north-eastern corner of Xiamen Island. Except for the north-eastern end
facing the sea, the other three sides are surrounded by urban buildings. At night, city lights
increase the brightness of the background, which reduces the brightness contrast of the
target lamps, thereby affecting the observation results of the observer. When the lights are
on at night, the difference between VI and VM increases, but after midnight, as the city
lights decrease, the difference between VI and VM decreases.

Among the three visibility meters, the RMSE and RRMSE of LT05 were the smallest at
all times, indicating the smallest difference between the VI and VM of LT05. The RMSEs and
RRMSEs of LT23 were similar to those of FD. In most cases, the LT23 values were slightly
higher than those of FD and were significantly higher between 19:00 and 21:00. Notably,
from 5:00 to 9:00, the RMSE of FD was higher than that of LT23, which was the largest of the
three, while the VM of Xiamen Airport was the lowest at this time (Figure 3a). The RRMSE
of LT23 was abnormally large at 07:00 and 20:00. This may have been because LT23 was
installed on the coastal side, which makes it greatly affected by the air current over the sea.
Thus, its VI value fluctuates more than those of LT05 and FD installed inland.

In conclusion, anthropogenic causes increase the difference between VI and VM at
night. The deviation and relative deviation of LT05 are the smallest at all times of the day.
In the early morning, when VM is in a trough, the difference between the VI and VM of the
forward-scatter meter is greater than that of the atmospheric transmissometer.

3.2.2. Distribution Characteristics of RMSE and RRMSE at Different Visibility Levels

As shown in Figure 3a, the RMSE of VI relative to VM increased with increasing VM
for all three visibility meters, exhibiting a linear relationship (R2 > 0.97). This means that
the larger the VM, the greater the ∆V. The ∆V of LT05 was the smallest at each VM level;
the ∆V of FD was the largest when 368 m < VM ≤ 847 m and 6403 m < VM ≤ 9595 m;
the ∆V of LT23 was the largest when VM ≤ 368 m and 847 m < VM ≤ 6403 m. Xiamen
Airport is located near the sea, where the visibility level has significant spatial–temporal
variations. Runway 23 was constructed on land reclaimed from the sea and frequently
affected by sea fog; therefore, the visibility at the end of runway 23 is generally lower
than that at other localities. Thus, the ∆V of LT23 was especially large at a low VM. In
contrast, the ∆V of FD was higher than those of the two sets of LT at a high VM (>6403 m)
due to the limitations of the forward-scatter meter’s detection principle. Consistent with
relevant results, the scattering error increased at high visibility [32,33]. In addition, at
VM800 (VM < 800 m, the same below), which has a crucial impact on aviation operations,
the ∆V of FD was also greater than those of the two sets of LT when the visibility was at
approximately the minimum operating standards for Xiamen Airport (RVR > 400 m for
take-off and RVR > 550 m for landing; 368 m < VM ≤ 847 m).

The RRMSE of VI relative to VM exhibited a power relationship with VM (R2 > 0.96) for
all of the instruments (see Figure 3b). As VM increased, RRMSE decreased rapidly; when
VM > 1692 m, the decreasing curves started to level off, with a difference in RRMSE between
adjacent VM levels of less than 6%; when VM > 3016 m, the RRMSE of each instrument was
consistent. The RRMSE of LT05 was the smallest at each VM level; the RRMSE of LT23 was
the largest when VM ≤ 368 m and 847 m < VM ≤ 3016 m; and the RRMSE of FD was the
largest when 368 m < VM ≤ 847 m.

From the above analysis, we can infer that, among the three sets of visibility meters,
the VI of LT05 was the closest to VM at each VM level. At VM800, when VM ≤ 368 m, the
deviation of VI from VM was the most significant for LT23; when VM > 368 m, the deviation
was the greatest for FD.
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3.3. Mean Values of VI’s Deviation Relative to VM

The mean values of ∆V, the difference between the VI and VM of the three visibility
meters, were negative at all times (Figure 5a), and its absolute value at night was greater
than that during the day. The absolute value was the lowest at noon, gradually increasing
in the evening and reaching a maximum before midnight. The absolute value of LT05 was
always the smallest. LT23 had the largest absolute value between evening and midnight,
and FD had the largest absolute value at other times. This indicates that, on average, the
difference between VI and VM was greater at night than during the day, which is conducive
to aviation safety. The distribution of the average ∆V with VM for the three visibility meters
is illustrated in Figure 5b. It can be seen that the ∆V of the three instruments was negative
at each VM level. The absolute value of ∆V continuously increased with increasing VM, and
the absolute value of ∆V for LT23 was the largest when VM ≤ 6403 m, while the absolute
value of ∆V for FD was the largest when VM > 6403 m. In general, the value of VI was
smaller than VM at all VM levels, and the larger the VM value, the greater the negative
deviation. At a low VM, LT23 exhibited the most significant negative deviation; at a high
VM, the negative deviation was most prominent for FD.

3.4. Distributions of the Deviation and Relative Deviation of VI Relative to VM
3.4.1. Overall Distribution Patterns

The ∆V of the three visibility meters mainly lay in the range of [−2000 m, 0 m] (see
Figure 6a), accounting for 69.1–71.9% of all ∆V values. Most of the data were distributed in
[−1000 m, −500 m), followed by [−2000 m, −1500 m) and then zero-∆V data. FD provided
significantly more zero-∆V data and more ∆V with an absolute value exceeding 2000 m
compared with the two sets of LT. According to the distribution of zero-∆V values with
VM for the three sets of visibility meters (see Figure 6b), the zero-∆V values of FD were
mainly distributed in the range of VM > 4017 m. When VM ≤ 847 m, the zero-∆V data of
FD were significantly less than those of the two sets of LT. In addition, the distribution
of ∆V with VM in [−500 m, 500 m] (see Figure 6b) revealed that, when VM ≤ 847 m, the
percentage of zero-∆V values for FD was also apparently lower than those of the two sets
of LT, indicating that the two sets of LT had a closer VI to VM than FD at VM800.

The distribution of ∆VMdi (see Figure 6c) shows that almost all (96.3–98.3%) ∆VMdi
values were between [−60%, 60%], and the proportion was the highest for LT05 and the
lowest for v. Approximately 60% of the ∆VMdi data lay in the range of [−40%, 0%). Based
on the distribution of the proportion of ∆VMdi within ±20% with VM (see Figure 6d), when
VM ≤ 847 m, this proportion for FD was significantly lower than those of the two sets of LT,
meaning that the deviation of FD’s VI relative to VM was much greater than those of the
two sets of LT at VM800.

3.4.2. Distributions of Deviation and Relative Deviation at VM800

Figure 7a shows that, at VM800, the ∆V values of the three visibility meters were
predominantly negatively deviated, accounting for more than 80% of all ∆V values, with
an overall negatively skewed distribution pattern. The proportion of negatively deviated
∆V was the highest for LT23, reaching 90.6%. The ∆V values were mainly in the range of
[−200 m, 0 m], accounting for 57.8–62.5%, and this proportion was the highest for LT23
and the lowest for FD. The ∆V of LT05 was mostly distributed between [−200 m, 200 m],
accounting for 71.9%, and the ∆V of LT23 and FD mainly lay in [−400 m, 0 m], accounting
for 75.0% and 73.4%, respectively. FD had significantly fewer zero ∆V values than the two
sets of LT but significantly more absolute ∆V values exceeding 1000 m, indicating that the
distribution of ∆V was negatively skewed and that the VI of LT23 was generally smaller
than VM at VM800. The VI of LT05 was the closest to VM, while the deviation of VI from VM
was the greatest for FD.

At VM800, the ∆VMdi of the three visibility meters mainly lay in the range of [−100%,
0%], accounting for 81.3–90.6% of all ∆VMdi data, and this proportion was the highest for
LT23 and the lowest for LT05. In general, the ∆VMdi values were concentrated between
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[−80%, −40%), accounting for 51.4–54.7%, and the overall distribution pattern was neg-
atively skewed by 40% (see Figure 7b). Among the three sets of visibility meters, the
∆VMdi of LT05 was mainly distributed in [−80%, 0%], accounting for 79.7% of all its ∆VMdi
data. The ∆VMdi values of LT23 and FD were predominantly between [−100%, −20%),
accounting for 78.1% of their ∆VMdi data. FD had a significantly smaller proportion of
∆VMdi in [−20%, 20%] than the two sets of LT. Overall, the distribution of ∆VMdi was
negatively skewed by 40% at VM800. The deviation of VI from VM was the least for LT05
and the greatest for FD, and the extent of deviation for LT23 and FD was greater than that
for LT05 by 20%.

The average (AVG), maximum (MAX), and minimum (MIN) values of ∆V and ∆VMdi
for the three visibility meters at VM800 are listed in Table 5. In general, VI was smaller
than VM by 70–124 m, with a relative deviation of 17.4–21.8%. The MAX of ∆V and ∆VMdi
for the different instruments varied significantly, and the largest values reached 2000 m
and 1000%, respectively, all corresponding to LT23, which were significantly higher than
those of the data of the other two visibility meters. The differences in the MIN of ∆V and
∆VMdi for the different instruments were relatively small, and the absolute values of their
MIN were considerably smaller than the MAX values. Statistical analysis revealed that
the MAX and MIN of ∆V and ∆VMdi for the different visibility meters appeared in March
and April in spring. The MAX values occurred during fog dissipation or when dense fog
turned into mild fog, that is, when visibility improved rapidly; the MIN values appeared
at the beginning of the formation of fog or dense fog, that is, when visibility decreased
rapidly. The reason for this may be that, as VM improves, once the RVR of the airport meets
the requirements for take-off or landing, aircrafts are allowed to take off or land. Fog on
the airport runway is disturbed by the aircraft; therefore, its dissipation is faster than that
in other areas. Thus, the visibility along the runway direction differs significantly from
that around the airport. When VM decreases, visibility often fluctuates slightly, and the
instrumental response is more rapid and sensitive than that under manual observation.

Table 5. AVG, MAX, and MIN of ∆V and ∆VMdi when VM < 800 m.

Statistic LT05∆V (m) ∆VMdi (%) LT23
∆V (m) ∆VMdi (%)

FD
∆V (m) ∆VMdi (%)

AVG −70 −17.4 −124 −21.8 −74 −21.4
MAX 1000 233.3 2000 1000.0 1300 550.0
MIN −500 −83.3 −650 −92.9 −600 −100.0

3.5. Influence of RH on the Deviation and Relative Deviation of VI from VM

Several studies [33–35] have suggested that atmospheric RH substantially impacts
visibility. Therefore, in this study, we statistically analysed the difference between VI and
VM under different RH levels.

3.5.1. Influence of RH on the RMSE and RRMSE of VI Relative to VM

The distribution of RMSE with RH for the three visibility meters (see Figure 8a)
showed that the RMSE of FD increased rapidly with RH, representing the largest in-
crease rate among the three instruments, and the most significant increase occurred when
55% ≤ RH < 95%. The variations in RMSE with RH for the two sets of LT were relatively
moderate. The RMSE of LT23 increased slightly overall, and the increase rate was much
lower than that of FD; the RMSE of LT05 decreased slightly in general, with the most
remarkable decline being at RH ≥ 95%. For the two sets of LT, the variation trends of their
RMSE were essentially the same when RH < 75%, that is, the RMSE increased with RH at
low humidity and then decreased when RH reached a certain level. The variation trends
diverged when RH ≥ 75%. From this point, the RMSE of LT23 increased continuously with
increasing RH; the RMSE of LT05 rapidly decreased with increasing RH, only exhibiting a
slight increase when 85% ≤ RH < 95%. This may have been because LT23 was closer to the
sea, with a distance of less than 1000 m from the seashore; thus, it was frequently affected
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by sea fog. When RH < 65%, the RMSE of FD was significantly smaller than that of the two
sets of LT; when RH ≥ 75%, the RMSE of FD was apparently larger than that of LT05 and
comparable to that of LT23.

RRMSE increased with RH for all three sets of visibility meters (see Figure 8b), and the
increase was particularly prominent when RH ≥ 85%. The increase rate was the largest for
FD, followed by LT23. When RH < 75%, the RRMSE of LT was higher than that of FD; when
RH ≥ 85%, the RRMSE of FD was higher than that of LT05 and comparable to that of LT23.

The above analysis shows that the influence of RH on LT05 is relatively small, while
FD is significantly affected by RH. As RH increased, the increase in ∆V and ∆VMdi for
FD was more remarkable than that for LT. At low humidity, the RMSE and RRMSE of FD
were smaller than those of LT. However, when RH ≥ 85%, these two values for FD were
significantly larger than those for LT05 and comparable to those for LT23.

3.5.2. Influence of RH on the Distributions of the Deviation and Relative Deviation of VI
from VM

The ∆V values of LT were predominantly distributed in [−2000 m, −500 m) under
each RH level, but as RH increased, the proportion of ∆V in this interval gradually de-
creased, and the proportion of ∆V in [−500 m, 500 m] gradually increased (see Figure 9a,b).
At low humidity (RH < 45%), the ∆V of FD was evenly distributed over [−2000 m, 2000 m]
(see Figure 9c). With increasing RH, the proportions of the data in [500 m, 2000 m] and
[−500 m, 500 m] declined rapidly, and the proportion of ∆V lower than −2000 m continu-
ously increased until it reached dominance when RH ≥ 85%. Therefore, with increasing
RH, the proportion of small deviations in the FD results decreased rapidly, and that of large
deviations increased rapidly. As shown by the distribution of the difference in the ∆V of
LT05 and FD under different RH levels (see Figure 9d), when RH < 65%, the proportion
of small ∆V for FD was higher than that for LT05, and the proportion of large ∆V for LT05
was higher than that for FD; as RH increased, the pattern changed, with an increase in
the proportion of small ∆V for LT05 and an increase in the proportion of large ∆V for FD;
by RH ≥ 85%, the proportion of small ∆V for LT05 was higher than that for FD, and the
proportion of large ∆V for FD was higher than that for LT05. Such patterns further indicate
that RH significantly affects the results for FD more than it affects those for LT.

The distribution of ∆VMdi with RH (see Figure 10a–c) showed that, with increasing
RH, the proportion of ∆VMdi in [−20%, 20%] gradually decreased, and the proportion of
∆VMdi in [−80%, −20%) gradually increased for all three visibility meters. In addition, the
magnitude of such decreases and increases for FD was more significant than that for the
two sets of LT. When RH < 85%, the proportion of ∆VMdi in [−20%, 20%] was higher than
that in [−80%, −20%) for all three instruments; when RH ≥ 95%, the proportion of ∆VMdi
in [−80%, −20%) was higher than that in [−20%, 20%]. As revealed by the distribution
of the difference in the ∆VMdi of LT05 and FD under different RH levels (see Figure 10d),
when RH < 65%, the proportion of ∆VMdi in [−20%, 20%] for FD was significantly higher
than that for LT05; the proportion of ∆VMdi in [−80%, −20%) for LT05 was apparently
higher than that for FD. As RH increased, the magnitude of such differences decreased.
When RH ≥ 85%, the proportion of ∆VMdi in [−20%, 20%] for LT05 was significantly higher
than that for FD, and the proportion of ∆VMdi in [−80%, −20%) for LT05 was significantly
lower than that for FD. These findings also confirm that the influence of RH on FD was
more significant than that on LT. Therefore, LT was more suitable than FD to serve as the
main visibility detection equipment at airports located in high-humidity areas, which is
consistent with the conclusion of Chan [36].
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4. Conclusions

We obtained the following conclusions by comparing the VI results of two sets of
Vaisala transmissometers (LT05 and LT23) and one set of forward-scatter meters (FD) with
manually obtained VM values and analysing the variation of the differences between VI
and VM with RH.

The ∆V values of the three visibility meters were predominantly negative. In particular,
the proportion of negative ∆V values accounted for more than 80% at VM800, which is
conducive to ensuring the safety of aviation operations.

The VI values of LT05 were the closest to those of VM. At VM800, the RMSE and RRMSE
of FD were higher than those of the two sets of LT, the number of zero-∆V values for FD
was significantly lower than that for LT, and the large ∆V and large ∆VMdi values of FD
were much higher than those of LT. Thus, a transmissometer is the optimum visibility
detection equipment among Vaisala instruments for airports along the south-eastern coast
of China.

RH substantially impacted FD. When RH < 75%, the RMSE and RRMSE of FD were
lower than those of the two sets of LT; as RH increased, the RMSE and RRMSE of FD
increased rapidly, with a particularly significant increase in high humidity, and the large
∆V and ∆VMdi values of FD were significantly higher than those of LT. Therefore, trans-
missometers are more suitable visibility detection instruments than FD in high-humidity
environments. The performance of FD at Xiamen Airport was restricted by the factory-
calibrated physiochemical properties of aerosols, but the physiochemical properties of
aerosols vary regionally, and their optical properties change significantly under the influ-
ence of environmental humidity. Thus, the detection performance of FD in high-humidity
environments requires further assessment based on measurements obtained for inland and
plateau areas.

Anthropogenic causes increased the difference between VI and VM at night. Adding
target lamps can effectively reduce this difference.
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