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Abstract— This research aims to evaluate a quantitative comparison of the visibilities 
detected by three different methods: (i) human eye-based observations; (ii) calculated from 
the measured values of forward scatter visibility sensor; and (iii) evaluated from 
ceilometer’s vertical backscattering profiles. Visibility data observed at two meteorological 
stations, Pestszentlőrinc and Szeged (Hungary) were analyzed. The paper focuses on the 
fog events observed during the periods of October-December in 2019 and November 21-
24 in 2020. The results reveal that the visibility observed by the three methods can be 
significantly different. Comparison of the values of visibility detected by the three different 
techniques shows, that visibility evaluated from the ceilometer data is the largest, and the 
human eye-based observation detects the smallest values. Analysis of the data about fog 
detection (yes or no) reveals that the ceilometer detects significantly shorter duration of the 
fog than the other two methods. 
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1. Introduction 

Visibility has a direct and indirect effect on our everyday life. It significantly 
influences the safety of transport (road traffic, aviation, shipping, etc.) (Wang et 
al., 2017; Shepard, 1996) and human health (Hameed et al., 2000) as well. 
Visibility is impacted by meteorological parameters, e.g., relative humidity, 
temperature, and wind speed (Zhao et al., 2013). Thus, through measurement of 
visibility, conclusions may be derived for the atmospheric circumstances. 

Visibility is usually observed by human-eye observation or sensors that are 
based on different optical principles, e.g., light transmission, and forward 
scattering (transmissometers and forward scatter sensors) (Chan, 2016). Because 
visibility depends on the backscattering of light, it can be determined by a 
ceilometer (Taillade et al., 2008; Czarnecki et al., 2014). 

Kim (2018) compared the visibility values detected by human eye-based, 
image-based, and optical-based methods. While the human eye-based and optical-
based measurements were performed at the Seoul Meteorological Observatory, 
the image-based measurements occurred about 3 km northwest of the observatory. 
The author asserted that the calculated image-based visual range agreed better 
with the human eye-based visual range than that detected by the optical-based 
meteorological optical range (hereafter MOR) sensor. Cheng et al. (2018) 
emphasized that the worldwide used optical measurement techniques had several 
limitations, thus alternative methods for determining atmospheric visibility are 
needed. The authors implemented a novel algorithm to test the accuracy of 
visibility data measured by a vision-based method (video surveillance cameras). 
They concluded that the “variation approach provides an effective and efficient 
framework for real-time atmospheric visibility estimation” (Cheng et al., 2018). 
Wang et al. (2014) suggested a new Digital Photography Visiometer System 
(DPVS) for automatic visibility determination which operates in the same way as 
the human eye-based method (hereafter HEM) and could replace them in any kind 
of weather conditions. They compared the data detected by DPVS with a forward 
scattering visibility instrument (FD12), and manual observations in heavy rainfall, 
even- and uneven rainfall, non-rainy and foggy conditions. They concluded that 
during heavy rainfall events, visibility is negatively correlated to the intensity of 
the precipitation. During even- and uneven rainfall events, the visibility values 
detected by manual observation and DPVS agreed well. However, the visibility 
detected by the forward scatter meter was smaller, and the variability of its values 
was significantly larger. In the case of non-rainy (or clear) conditions, the 
visibility values detected by each of the three methods agreed well. In foggy 
conditions, the bias between the values was small. They found that comparing 
values detected by the forward scatter meter and DPVS to that observed by the 
HEM during e.g., rainy conditions, the DPVS gives more accurate visibility 
values, while the forward scatter meter seems to be less accurate. 
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As ceilometers can be operated during any kind of weather conditions and 
both daytime and nighttime, these devices give continuous information about the 
vertical profile of the atmosphere. Based on these properties, ceilometers can be 
efficiently used as tools for automated mixing height measurements, for the 
estimation of in situ PM10 concentrations (Münkel et al., 2006), surface PM2.5 
concentrations even during cloudy and nighttime conditions (Li et al., 2017), and 
also for the monitoring of diurnal, seasonal, and vertical changes of aerosol layers 
(Muñoz et al., 2012). Furthermore, ceilometers have been implemented in the fog 
alert systems (Haeffelin et al., 2016) and in skyglow simulations (Kolláth et al., 
2020). 

Continuously working ceilometer CHM15k systems are already deployed 
over 11 places in Hungary. Integrating them to the current visibility measuring 
systems does not require further investment, and it would spatially improve the 
availability of visibility data. Utilizing them to evaluate visibility would fit in the 
global trend to rely more on automated systems over human observers.  

Molnar et al. (2008) elaborated the spatial distribution of visibility observed 
in 1996 and 2002 in Hungary. They found that the annual average visibility was 
4 km larger in 2002 than in 1996. The regional variability is ambiguous: while in 
the northern and western parts of the country the increase of visibility was larger 
than the average, in the central region (mainly the Great Hungarian Plain) the 
increase of the visibility was smaller This difference stems from that fact that 
while in the northern and western parts of the country the visibility reduction is 
the consequence of the industrial emission, in the Great Hungarian Plain the dust 
particles emitted from the sandy soil reduces the visibility. The reduction of the 
industrial emission at the end of the last century must have resulted in significant 
increase of the visibility. 

In this study, horizontal visibility was calculated from ceilometer data based 
on the Koschmieder formula and the Klett-Fernald algorithm. This visibility data 
was compared with that observed by the human eye and present weather-visibility 
sensors. Data observed during 39 foggy events (when the visibility detected by 
any of the methods is less than 1000 m) occurred at two locations were analyzed 
to characterize the differences between the three methodologies. Furthermore,  
2 cases were chosen to make a more detailed analysis. Section 2 describes the 
visibility measurement methods, the calculation from ceilometer data, and the 
selected cases. Section 3 presents the results, and summary of the paper is given 
in Section 4. 

2. Data and methods 

The Hungarian Meteorological Service (hereafter HungaroMet) operates the 
national meteorological measurement network. In this network, regular human 
eye-based visibility observations are carried out at 14 meteorological stations and 
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3 air force bases. Trained observers estimate the horizontal visibility values based 
on the regulations of the WMO (WMO, 2021). The observation methods in these 
stations are either human eye-based or remote sensing including the data of 
forward scatter meters, disdrometers, and/or sky cameras installed at the stations.  

Few stations (including the Marczell György Main Observatory in Budapest 
and the Upper Air Observatory in Szeged) are equipped with the PWD22 (Vaisala, 
Finland) Present Weather Detector and Visibility Sensor (henceforth: PWVS) 
which is designed to observe the horizontal visibility within a range from 10 to 
20,000 meters. The device operates by the right of the forward scatter principle. 
Both the emitter and receiver units are tilted down at a 45° angle. The scattering 
of emitted light depends on its wavelength and the size of the drops. The intensity 
of the forward scattered light is proportional to the number concentration of the 
particles. Because the droplet size in the fog is significantly smaller than the size 
of the precipitating hydrometeors, this instrument can distinguish the fog from the 
falling precipitation (and even more types of precipitation can be determined, such 
as snow or freezing rain). Besides visibility and precipitation type, the intensity 
of precipitation is also measured. 

CHM15k Nimbus ceilometers (Lufft, Germany) are installed at four 
meteorological stations in the Hungaromet network: Marczell György Main 
Observatory in Pestszentlőrinc, Upper Air Observatory in Szeged, Storm Warning 
Observatory in Siófok, and the meteorological station at the University of Pécs. 
The wavelength of the radiation emitted by the CHM15k Nimbus ceilometers is 
1.064 µm (User Manual CHM 15k.). 

In this study visibility values retrieved by three different methods are 
compared: 1) human eye-based observations, 2) visibility values from forward 
scatter visibility sensor (PWVS), and 3) visibility values calculated from the 
backscatter profile of ceilometer measurements. To the authors’ knowledge, the 
observers can utilize data from sky cameras or PWVS in the HEM. Therefore, 
HEM and PWVS may not be independent. 

Due to the low number of ceilometers in the network, visibility data observed 
at two Hungarian meteorological stations (Pestszentlőrinc and Szeged) were 
selected for comparison. At these two stations, the selected optical-based sensors 
and regular human eye-based visibility observations are available.  

The vertical profile of the backscattered energy assessed by a ceilometer was 
used to evaluate the visibility. The evaluation of visibility based on the 
Koschmieder formula (Larson and Cass, 1989): 

 
 𝑉𝐼𝑆 =  ି.ଶఙೣ  , (1) 

where σext is the extinction coefficient. The vertical profile of the extinction 
coefficient and the mean extinction coefficient of the column at a given time were 
evaluated by the Klett-Fernald algorithm (Werner et al., 2006; 28902-1:2012 ISO 
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standard) implemented in MATLAB R2020b. For this evaluation, the following 
conditions were set: 

1. Due to the attenuation of the beam, ceilometers cannot detect the upper part 
of the fog (Nowak et al., 2008). Therefore, negative backscatter values can 
appear. These values cannot be incorporated into the calculations, thus they 
are treated as NaN.  

2. If the sky condition index of the ceilometer indicates fog, but the column 
contains less than 10 non-NaN values due to the attenuation of the beam, 
that indicates a rather dense fog. In those cases the mean of the extinction 
coefficient for the column is set to 0.03  

 
We hypothesize that the fog is isotropic in the surroundings of the ceilometer, thus 
the backscattered energy detected vertically (calculated from the backscatter 
profile) equals to the horizontal one (note that data near to the surface in the so-
called blind range are not available, this may also cause error in visibility 
detection). Please note that while the condition of the isotropic surroundings is 
often met, currently we cannot distinguish those cases where it fails. If the 
surrounding area was not isotropic, the evaluated visibility would not be correct.  

Fog events detected in October-December 2019 and November 2020 were 
selected for comparison. Data observed on total of 20 days at Budapest (Marczell 
György Main Observatory in Pestszentlőrinc), and at Szeged (Upper Air 
Observatory) were analyzed. Furthermore, a well-observed radiation fog event on 
November 24, 2020 (Gandhi et al., 2023) was chosen for a case study (Table 1). 

 
Table 1. Days selected for data evaluation. The data observed on the day highlighted with 
bold letters are chosen for case study. 

 Pestszentlőrinc Szeged 

October 2019 - 10 / 26 
November 2019 04 / 05 / 07 / 08 / 09 / 27 / 28 / 29 04/ 05 / 08 / 09 / 15 / 25 / 29 
December 2019 04 / 05 / 07 / 08 / 09 / 12 / 13 / 16 / 19 /21 03 / 05 / 06 / 07 / 08 / 09 / 10 
November 2020 23 / 24 21 / 22 / 23 / 24 
Total 20 20 

 
The visibility values evaluated from the ceilometer backscattering profile 

and the PWVS visibility data have a 1-minute temporal resolution. However, the 
frequency of human eye-based observations is only 1 hour. For the comparison of 
the data, 15-minute averages were created from the 1-minute data set, and the 1-
hour dataset was divided into sections with a duration of 15 minutes. That means 
there are 1920 elements of the dataset observed at Budapest station, and there are 
1920 elements of the dataset observed at Szeged station. 

The difference between the visibility values derived from different methods 
is quantified by plotting histograms and by evaluation of contingency tables. The 
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histograms reveal the frequency of the relative difference x between the visibilities 
evaluated by the two different methods: 

 
 𝑥 = ଵିଶሺଵାଶሻ/ଶ , (2) 

where h1 and h2 are the visibilities evaluated by method 1 and method 2, 
respectively. The histogram was normalized, the height of a bar was calculated by 
the following formula: 
 

 𝑦 = ௪∗ே , (3) 

were n is the count of the bin, w is the width of the bin, and N is the total count. 
The bin’s width of the histogram is 0.25. The data for the evaluation of the 
histogram were involved if any of the two methods detected fog. The differences 
are plotted for the following pairs of methods: (a) PWVS – Ceilometer, (b) PWVS 
- HEM, and (c) HEM - Ceilometer.  

The reliability of simple fog detection (yes or no) is also an important 
characteristic of the fog detection methods. For the comparison of the fog 
detection, contingency tables were prepared using visibility data evaluated for 
intervals of 15 minutes. Based on the contingency table, the frequencies of fog 
detection by the different methods are compared. The critical success index 
(hereafter CSI) and bias were evaluated:  
 
 𝐶𝑆𝐼 =  𝑎/(𝑎 +  𝑏 +  𝑐), (4) 

 𝑏𝑖𝑎𝑠 =  (𝑎 + 𝑏)/(𝑎 + 𝑐), (5) 

 
where a is the number of hits (top left corner of the contingency table), b is the 
number of misses (top right corner of the contingency table), and c is the number 
of false alarms (bottom left corner of the contingency table). 

3. Results and discussion 

3.1. Comparison of PWVS and ceilometer 

Histograms in Fig.1 reveal the differences between the visibilities detected by 
different methods. The frequency of the relative differences (see Eq.(2)) for the 
comparison of the PWVS and ceilometer at the Budapest and Szeged stations are 
plotted in the first row in panels (a1) and (a2), respectively. In the case of 
Budapest (pane1 a1), the relative differences of the measured visibility vary 
between -0.50 and 1.25 and show a right-skewed pattern. That means that in most 
of the cases (the total number of cases, when any of the two methods detected fog, 



7 

is 358), the visibility evaluated from ceilometer data is significantly larger than that 
of observed by PWVS (274 from 358), and the visibility observed by PWVS is 
larger only about in one-third of the cases (83 from 358). The highest frequency of 
the relative difference for the visibility is between -1.25 and -0.50. However, there 
is a significantly smaller second mode, at about a relative difference of 0.75. The 
standard deviation (hereafter STD) of the dataset is 0.67. Data from Szeged (panel 
a2) show a similarly right-skewed pattern. However, the distribution is wider, 
indicated by a larger STD of 0.84 (panel a2). The relative difference of visibility 
varies between -2.00 and 1.50, and a large relative difference can be observed in a 
wider range, between -1.75 and -0.50. Similarly, to the Budapest data, there is a 
significantly smaller second mode at the positive values of the relative difference, 
at around 1.25.  
 

 
Fig. 1. Relative differences in the 15-minute average visibility values during fog on 
histograms in Budapest (1) and Szeged (2). (a) differences between PWVS and ceilometer, 
(b) differences between PWVS and HEM, and (c) differences between HEM and 
ceilometer. M is the median and σ is the standard deviation. 
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Fig.2 also shows that both in Budapest (panel a) and Szeged (panel b) there 
is only a limited number of cases when the ceilometer detected fog, while PWVS 
did not. The scatter plots in Fig.2 allow us to conclude that there is no correlation 
between the visibility values evaluated by the two different methods. Scatter plots 
were created for the other two method pairs, however, valuable information 
cannot be derived from them. 

 

 
Fig. 2. Relation between visibilities, evaluated from PWVS (x-axis) and ceilometer (y-axis) 
data at Budapest (panel a) and Szeged (panel b). Gray dashed lines denote the one-to-one 
relation. 

 
 

3.2. Comparison of PWVS and HEM 

Fig.1 panels b1 and b2 show the comparison of the visibilities detected by PWVS 
and HEM in Budapest and Szeged, respectively. In Budapest, the data shows a 
single modal left-skewed distribution, where the relative differences vary between 
-1.25 and 2.00. The highest value of the peak is between 0.50 and 0.75, while 
most of the data points spawn between 0 and 1.50. A significantly smaller mode 
is around -0.75 – -0.50, which is the consequence of a limited number of cases 
(35) when the PWVS detected fog, while the HEM did not (Table 2, panel b). In 
Szeged data, there is a single modal left-skewed distribution. Compared to 
Budapest, the single peak is smaller, but it can be found in the same bin between 
0.50 and 0.75. The range where most of the data points can be found is wider 
spawning between -0.25 and 2.00. The wider distribution is also shown by the 
larger STD (0.90 compared to 0.68). Panel b of Table 2 shows that the number of 
cases when HEM detected visibility and PWVS did not is higher than vice versa. 
However, the difference is less compared to the PWVS-ceilometer comparison. 
Both the Szeged and Budapest datasets show that the visibility values observed 
by HEM is significantly smaller than the visibility detected by PWVS. 
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Table 2. Contingency tables comparing the different methods based on whether fog was 
detected or not in Budapest (first value) and Szeged (second value). (a) PWVS and 
ceilometer, (b) PWVS and HEM, and (c) HEM, and ceilometer. 

(a) PWVS \ Ceilo Detected Not detected Total 

Detected 224 | 161 120 | 168 344 | 329 

Not Detected 14 | 4 1562 | 1587 1576 | 1591 

Total 238 | 165 1682 | 1755 1920 | 1920 

 
(b) PWVS \ HEM Detected Not detected Total 

Detected 309 | 281 35 | 48 344 | 329 

Not Detected 111 | 87 1465 | 1504 1576 | 1591 

Total 420 | 368 1500 | 155 1920 | 1920 

 
(c) HEM \ Ceilo. Detected Not detected Total 

Detected 220 | 151 200 | 217 420 | 368 

Not Detected 18 | 14 1482 | 1538 1500 | 1552 

Total 238 | 165 1682 | 1755 1920 | 1920 

 

3.3. Comparison of HEM and ceilometer 

Panels c of Fig.1 show the differences in visibility between HEM and ceilometer 
in Budapest and Szeged. The data from Budapest show a single modal right-
skewed distribution, where the highest frequency is between -1.25 and -1.50, 
while most of the data can be found in the range of -2.00 – 0.50. From the peak to 
the end of the tail of the distribution, the height of the bins is gradually decreasing, 
compared to Szeged, where the transition from the peak to the tail is rather sudden. 
The highest frequency in the Szeged dataset is between -1.50 and -1.00, while 
most of the values spawn in the range of -2.00 – -0.25. The sudden decrease in the 
transition from the peak to the tail occurs at -0.25, where the frequency drops from 
0.4 to less than 0.1. The STD of the data sets are also similar (0.77 and 0.75). 
Panel c of Table2 shows that HEM detected more cases than ceilometer at those 
times when just one of the methods detected fog. To conclude, the visibility values 
observed by HEM were lower than those by the ceilometer. 

A 2×2 contingency table (Table 2) were prepared to evaluate skill scores for 
the fog detection. In this analysis, only the data about the fog detection (yes or no) 
are compared. PWVS detected 344 and 329 foggy time intervals in Budapest and 
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Szeged, respectively. HEM detected 420 and 368 foggy time intervals in Budapest 
and Szeged, respectively. Ceilometer detected 238 and 165 foggy time intervals 
in Budapest and Szeged, respectively. This means that fog was detected for the 
longest duration by HEM followed by PWVS and ceilometer at both stations. 
Accordingly, the method pair with the highest number of cases, where both 
methods detected fog is the PWVS - HEM (309 / 281), followed by the PWVS - 
ceilometer (224 / 161), and lastly the HEM - ceilometer (220 / 151). Table 3 shows 
accuracy attributes of the contingency tables. The trend of the CSI values also 
follows the previous order The largest is the PWVS – HEM (0.68 / 0.68), followed 
by the PWVS - ceilometer (0.63 | 0.48), and the smallest is the HEM – ceilometer 
(0.50 / 0.40). To conclude, during fog, the observed visibility values differ for the 
three methods. Calculated visibility from the ceilometer is usually higher than that 
of from PWVS and HEM, and visibility observed by HEM is usually the lowest. 
In most cases, the trend of the difference (whether the difference is negative or 
positive) between the two methods is well defined. This can be also shown by the 
bias. values (Table 3), where the weakest is the PWVS – HEM (0.82 | 0.89). 
However, the exact reason of the difference is unknown. 

 
Table 3. CSI and bias of the three compared method pairs. 

Budapest | Szeged PWVS – Ceilo. PWVS - HEM HEM - Ceilo 

CSI 0.63 | 0.48 0.68 | 0.68 0.50 | 0.40 

bias 1.45 | 1.99 0.82 | 0.89 1.76 | 2.23 

 

3.4. Case study 

On November 24, 2020, a radiation fog formed throughout the Carpathian Basin 
in the early hours and lasted even until late night in some regions of the country.  

Fig.3 shows the time evolution of the visibility detected by the 3 different 
methods in Budapest (panel a) and Szeged (panel b). In Budapest, the fog 
formation was detected at 03:00 UTC by all the three methods. However, in the 
case of the ceilometer, the visibility starts to rise at ~14:00 UTC and reaches 
1000 m by 15:00 UTC. Until 19:00 UTC it remains close to 1000 m, and after this 
time it indicates the dissipation of the fog due to the rising of the visibility to 
2000 m. The other two methods detected fog dissipation later, at about 
22:00 UTC. However, each of the three methods detected fog between 03:00 UTC 
and 19:00 UTC, the discrepancy for the fog detection occurs in a shorter time 
interval of 3 hours. Note, that shortly after the fog formed (after 06:00 UTC), 
when the visibility must have been the smallest, the ceilometer and HEM data 
agree well. Both methods detected visibility as small as 100 m between 08:00 and 
09:00 UTC. Later the visibility detected by the PWVS and HEM agree well, and 
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the values evaluated from ceilometer data may overestimate the visibility. In the 
dissipation phase (14:00 UTC–21:00 UTC) the largest difference between the 
visibility detected by the ceilometer and HEM has a maximum value of 900 m at 
~17:50 UTC. However, the trends of visibility evaluated by the three methods are 
similar. The sudden and significant rise of the visibility in the case of the 
ceilometer may indicate that using this method for visibility detection is not 
reasonable in cloudy or clear sky conditions. 

 
 

 
Fig. 3. Time evolution of visibility measured by PWS (solid black line), ceilometer (dashed 
blue line), and HEM (dotted purple line) in Budapest (a) and Szeged (b). 
 

 

In Szeged (panel b), the three methods do not agree well in the time period 
of fog formation, which occurs between 02:00 UTC and 05:00 UTC, while values 
detected by HEM and PWVS are relatively close to each other during this period. 
The visibility evaluated from ceilometer data is significantly larger, it decreases 
from 5000 - 6000 m to 1000 m by 2–3 hours later than the other two methods. 
However, the coincidence is better in the dissipation period, which occurred at 
around 10:00 UTC. During the fog (06:00 UTC–10:00 UTC), the visibility 
evaluated by three methods agree well. Both the ceilometer and the two other 
methods detect dense fog with visibility of about 150 m and about 100 m, 
respectively. After the dissipation phase, the visibility values from PWVS and 
HEM are close to each other, compared to that of from ceilometer, as the later is 
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constantly between 10,000–20,000 m, while the first varies between 3000–
4000 m. This also indicates, that using of the ceilometer for the visibility 
evaluation is reasonable only in foggy weather and it is not reasonable in the case 
of the elevated fog or any other cloudy conditions. 

4. Conclusion 

In this research, horizontal visibility was evaluated from the vertical 
backscattering profile of the ceilometer, calculated with the Koschmieder formula 
and the Klett-Fernald algorithm. Visibility values evaluated from the ceilometer 
data were quantitatively compared to visibility data observed by PWVS and 
HEM. 

Statistical analysis of the visibility data detected during foggy events in 
Budapest and Szeged station reveals: (i) Considering the fog detection (yes or no), 
best agreement was found between the PWVS and HEM methods (the CSI index 
is about 0.67). The largest discrepancy was found between the HEM and 
ceilometer method (the CSI index is about 0.50). That is these two methods give 
different results for the occurrence of the fog in about 50% of the data.  
(ii) Visibility values evaluated by the three variant methods can be significantly 
different. Statistical analysis of the relative differences reveals that the ceilometer 
gives the highest visibility values, followed by PWVS and HEM. (iii) The 
statistical analysis of the relative difference for the visibility and that of the 
contingency table for the fog detection disclose that the remote sensing technique 
of PWVS gives a better coincidence with the HEM than the ceilometer does.  
(iv) The results of the case study suggest that the three methods evaluate similar 
visibility in dense fog events, and even though the visibility values are different, 
the temporal trends are similar.  

The authors hypothesize that the discrepancy between the different methods 
is the consequence of the different detection techniques. In the case of the 
ceilometer, it is supposed that the fog is homogeneous around the sensor. If the 
structure of the fog is not the same in horizontal and vertical directions, the 
visibilities that characterize the two directions can be different. While the 
sampling volume is a few m3 in the case of the ceilometer, the PWVS has a rather 
small detection volume (few cm3) which can result in differences between the two 
methods if the fog is inhomogeneous (e.g., large variability in the droplet 
concentration and/or droplet size). 
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