Response to reviewers for manuscript amt-2020-415: Angstréom exponent errors prevent

accurate visibility measurement

We thank the editorial team and the reviewers for your valuable inputs in enhancing the quality of
our manuscript and appreciate the opportunity provided to revise it for publication in Atmospheric
Measurement Techniques. We are happy to submit our point-by-point responses to the reviewers’
comments and suggestions. The reviewers’ comments/suggestions are in black. Our responses are

in red. All the suggested changes have been incorporated in the manuscript and are outlined here.
Anonymous Referee #1

General Comments:

In this manuscript the authors identify an error in determining visibility conditions from“visibility
meters.” The main focus of the manuscript is that the WMO recommends monitoring visibility at a
wavelength of 1.07 um, while visibility occurs at shorter wavelengths (550 nm is the reference
assumed). The fundamental issue is that without knowledge of the Angstrom exponent, which is
rarely available, it is impossible to accurately correct the measurements into the visible portion of
the spectrum. The authors go on to quantify the impacts of this issue on errors in visibility
measurements and ultimately suggest that the current approach be changed to deal with these
problems. The results are what one might expect, but the authors do a thorough job of quantifying
the errors associated with the current methods. I recommend the manuscript be published when the

following comments are addressed.
General response: We thank the reviewer for the valuable review and encouraging comments.

1. Comment1: In several places throughout the manuscript, the authors ascribe a belief, opinion or
intent to the WMO. This is not appropriate, and the language should be changed. For any large scale
endeavor, assumptions and simplifications must be made, and I am guessing that is the case here as
well.

Lines 40-41. “Obviously, WMO believes that...” should be changed to, “This statement implies
that...” or something similar.

Lines 56-64. The authors are taking a simplifying assumption from the WMO and suggesting that
they don’t understand what the Angstrom exponent is. This paragraph should be rewritten to simply
state what the implications are. For example, remove phrases like, “If the opinion of the WMO is
correct...”;

Line 65. “...under the premise that WMO’s judgement is correct,” should be changed to,“WMO’s
recommended approach is adequate.” Or something similar.

1. Response 1: We thank the reviewer for this useful comment. We agree that we should have
phrased these points differently and not focus on WMO, but rather on specific conclusions presented
in the reports by WMO. The suggested changes have been implemented in the manuscript as follows:
In lines 3840, we have revised the sentence, which now reads as follows: “WMO claims that
"visibility and MOR should be equal" if the influence of the contrast threshold can be excluded,
which implies that the choice of measurement wavelength of the light source will not affect the

measurement of visibility.”



In lines 55-73, we have rewritten as follows: The Guide to Instruments and Methods of Observation
(WMO, 2018) cites the intercomparison of visibility measurements (Middleton, 1952; WMO, 1990),
where the difference in MOR and visibility by day is attributed to the difference in the contrast
threshold. The conclusion reached in this guide states that “Visibility and MOR should be equal if
the observer’s contrast threshold is 0.05 (using the criterion of recognition) and the extinction
coefficient is the same in the vicinity of the instrument, and between the observer and the objects.”
This conclusion implies that there is no need to consider a deviation from the true values of visibility

measured at a wavelength of Ao (VIO ) when converting the visibility measured at A; (V;1) to Ao (Vz0)

using Eq. (3), i.e., the errors in the values of q are negligible. Therefore, visibility meters with
different measurement wavelengths can obtain consistent visibility measurements and the following
statements are true: (1) the measurement wavelength of visibility meters can be arbitrarily selected
because the visibility measured at any wavelength can be mutually converted; (2) the reference
visibility can be artificially defined, such as the MOR, because the reliability of visibility data will
not be reduced by converting the visibility measured at various wavelengths into the reference
wavelength; and (3) multiple visibility benchmarks such as MOR and meteorological visibility by
day can be used simultaneously, in the same way that units such as grams and kilogrammes can be
completely substituted to measure mass.

In fact, existing methods of visibility measurement using visibility meters with different
wavelengths currently in use are formulated under the premise that the WMO’s recommended
approach is adequate. For example, the light source of Biral RWS-30 is at 850 nm (Biral, 2018),
that of Optec LPV-3 is at 550 nm (Optec, 2011), and Vaisala LT3 1 uses a white light source (Vaisala,
2018). However, this guide does not explain why the MOR is consistent with human observations
of visibility when the contrast threshold is the same. In other words, no theoretical basis is provided
to prove that reliable values of q can be obtained in the visibility measurement.

The suggested change in line 69 (previously line 65) has been implemented in the manuscript.

2. Comment 2: It would be worth providing a paragraph describing the primary method(s) that are
used as “visibility meters”, the wavelengths used, and typical corrections (e.g. at lines 65-66). For
research purposes, many current visibility measurements use multiple wavelengths and so the
Angstrom exponent can be directly determined. I am not as familiar with the measurements the
authors are describing, and it would benefit the reader to have more background information. On
this note, where do most measurements fall in relation to the contours of Figure 1?

2. Response 2: As suggested by the reviewer we have added more information on the wavelength
of visibility meters as follows (Lines 69—73): “For example, the light source of Biral RWS-30 is at
850 nm (Biral, 2018), that of Optec LPV-3 is at 550 nm (Optec, 2011), and Vaisala LT31 uses a
white light source (Vaisala, 2018).”

In addition, we would like to point out that the present method of calibration of visibility meters is
mainly focused on measurement errors of the instrument’s components, while the calibration in this
study is focused on errors caused by the inconsistency in the measurement wavelength, which does
not involve the calibration of the instrument components; and thus, suitable literature is unavailable
and therefore cannot be provided.

On the point about visibility meters with multiple wavelengths, we have investigated details of



commonly available commercial visibility meters and we were unable to find a multi-wavelength
visibility meter. Among those commercially available visibility meters that were investigated by us,
apart from single-wavelength visibility meters, there are those that use the white-light source with
a continuous emission spectrum. However, these visibility meters obtain visibility by measuring
changes in light intensity and they cannot give the Angstrdm exponent, and therefore they are
different from multi-wavelengths instruments. Some instruments use a multi-wavelength light
source (e.g., sun photometers), but their output data are different from those of visibility meters. Of
course, it is likely that some visibility meters do use multiple wavelengths, but we did not find any
observations of the Angstrdm exponent given by visibility meters. In summary, we think that the
influence of the Angstrom exponent is not considered in current visibility measurements, and the
range of Angstrém exponent cannot be obtained by visibility meters in use. Figure 3 shows the
possible range of the observed Angstrom exponent and the range of errors caused by the uncertainty
of the Angstrém exponent for reference.

3. Comment 3: Section 3 and Figure 2. The authors fix the size distributions and refractive index
for four expected aerosol types, and then use these data to determine the Angstrom exponent by
varying N (although it is not a function of N). The authors should vary the size distributions and
refractive indices within physically reasonable bounds to determine ranges of values for their
calculated Angstrom exponents (Figure 2b) for the different aerosol types. This would be a useful
result in and of itself.

3. Response 3: Thank you for this comment. It is true that both size distributions and refractive
index influence Angstrom exponent. For example, Schuster et al. (2006) have discussed the effect
of bimodality of size distributions on the Angstrém exponent.

However, considering the purpose of Fig. 2, no changes have been made to it. This study conducts
a well-designed simulation calibration of visibility meters, which proves that it is impossible to
obtain a universally applicable empirical formula for q using visibility as a variable. Figure 2 shows
the probability distribution function of aerosol particles used by the four groups and the calibration
results. In the simulation calibration, the number concentration of aerosol particle size was changed
while the size distribution and the refractive index was unchanged. The calibration is independent
of each other; therefore, the conclusion for each group is that q is not correlated with visibility. For
all the four groups, the obtained value of q is different from each other due to the differences in the
physical and chemical characteristics of aerosol particles; thus, the obtained empirical formula for
q cannot be applied as long as the physical and chemical characteristics of aerosol particles are
different from that of calibration. Therefore, we conclude that it is impossible to obtain a universally
applicable empirical formula for q. We did not change Fig. 2 in order not to distract the focus of this
study. As for the changes in q caused by the size distribution and refractive index of aerosol particles,
Fig. 3a shows the possible range of q in 10 typical regions for reference.

4. Comment 4: Section 4.2. The authors note, “If it is generally believed that a definite function of
q and v exists...” Both q and v depend on aerosol composition, size distributions, hygroscopicity,
etc. There is no believing in this relationship — there are reasons the two are related, but simplifying
assumptions attempt to relate them in a way that is easy to implement.

4. Response 4: We appreciate the constructive comment made by the reviewer. In previous studies



on visibility measurement, q was determined by an empirical formula that uses visibility as a

variable. We have revised the sentence, which now reads as follows (Line 170-172): “If it is
accepted that a definite function of q and v exists, and that the empirical formula for q = f(v,)is

correct, then Eq. (9) should be written in advance into the programmes of visibility meters whose
light source wavelength is A1 rather than the reference wavelength Ao, and the output visibility is no

v " . : o
longer # but #°.” In the ensuing parts of the manuscript, further explanation is given to show

that such an empirical formula does not exist.

5. Comment 5: Section 6. In addition to the schemes explored, it would be interesting to determine
q from the two wavelengths used (0.87 um and 0.44 um) for every data point, and then determine
AOD at a 3rd wavelength from Aeronet (not currently included) collected at the same time, to get a
better idea of uncertainty in q due solely to the Aeronet measurements.

5. Response 5: In fact, we considered such calculations in the data analysis, but did not perform
them because if q is not correlated with measurement wavelength, such calculations can better assess
the uncertainty in q due to the Aeronet measurements. However, q is correlated with the
measurement wavelength and the value of q calculated at a third wavelength (e.g., 1.02 pm and 0.44
um) is originally different from the value of q calculated at the existing two wavelengths (0.87 pm
and 0.44 pm), leading to the difference in the calculated AOD at the third wavelength (in this case
at 1.02 pm) originally. Therefore, for the difference in calculation for AOD at a third wavelength, it
is unknown whether it is attributed to the difference in the measurement wavelength or the difference
in the physical and chemical characteristics of aerosol particles, and the problem becomes more
complicated.

6. Comment6: Line 45. A statement describing the parameters that affect the Angstrom exponent
would be useful here. Line 70. You should be more specific when you state, “...errors exist in the
error estimates of current visibility measurements.” Research grade instruments do not suffer from
these same issues.

6. Response 6: We appreciate the reviewer’s suggestion. The following sentence in Lines 159-161
was modified as follows: “In addition to the measurement wavelength, q is determined by the
physical and chemical parameters of aerosol particles in Eq. (6), i.e., the refractive index and
probability distribution function for the diameter of the aerosol particles, as discussed by other
researchers (Schuster et al., 2006).”

7. Comment 7: Line 96. Define what the hygroscopic growth factor is.

7. Response 7: We have added a definition of hygroscopic growth factor and the modified sentence
now reads as follows (Lines 100-104): “As for hygroscopic particles on which water vapour
condenses, the refractive index of mixed particles can be calculated using the weighted average of
the volume ratio of each composition, and the diameter of mixed particles can be calculated using
the hygroscopic growth factor (GF), which is defined as the ratio of humidified particle diameter to
the diameter at dry conditions (Jacobson, 2001; Chen et al., 2012; Zhang et al., 2017).”

8. Comment 8: Lines 139-141. The authors note, “The common conclusion reached during
calibration of the four groups is that q is a constant variable independent of visibility. This is a



different conclusion from previous studies, where q is determined by an empirical formula that uses
visibility as a variable.” Other work which assumes a dependence of q (a proxy for size distribution)
on visibility (a proxy for aerosol loading) are based on the assumption that greater acrosol loadings
typically occur following atmospheric processing (e.g. Pitchford et al., 2007 JAWMA), which
results in larger aerosol sizes (and therefore a change in q). This is based on ambient measurements,
not simulations where size distributions can be kept constant.

8. Response 8: We agree with the reviewer. As stated by you, the Angstrom exponent (q) in ambient
air cannot remain constant due to the constant changes in the physical and chemical parameters of
aerosol particles such as size distribution and refractive index. In previous studies on visibility
measurement, q is determined by an empirical formula that uses visibility as a variable; however,
such an empirical formula is proven to be unreliable by the simulation calibration performed in this
study.

The advantage of simulation calibration is that the conclusion can be clearly presented through an
absolute control of experimental conditions. First, in the simulation calibration, the number
concentration of aerosol particle size was changed while size distribution and refractive index was
unchanged. Under such conditions, the measured visibility changed but the value of q remained
constant for all groups; therefore, we concluded that q is not correlated with visibility and it is
impossible to obtain reliable values of q unless the value of q remains constant in the visibility
measurement. Then, the obtained values of q were different for each of the four groups. This shows
that q is not a constant value because of the differences in the physical and chemical parameters of

aerosol particles. Therefore, it is impossible to obtain a universally applicable empirical formula for
q.

9. Comment 9: Line 167. Who is “thinking” in this sentence. Please re-phrase.

9. Response 9: Thank you for this comment. We have revised the sentence, which now reads as follows

(Lines 176-177): “Since q = f(v,) is considered correct for all the four groups, the difference

between V:w measured by the visibility meter at A, and V;y measured at Ao is wrongly attributed to
the measurement error.” In previous studies on visibility measurement, q is determined by an empirical
formula that uses visibility as a variable (q = f(v,,)); thus, it is assumed in this study that the four

groups support this approach.



Anonymous Referee #2

General Comments:

The paper presents theoretical background of visibility measurements and points out systematic
errors in essentially all visibility measurements. The theoretical background of the errors is pointed
out on lines 34 — 64 of the discussion paper. The explanation is convincing, I really learned new
things in reading it. It is obvious that there are systematic errors in visibility measurements
worldwide. The topic is definitely important, not only to the scientific community but also to a wider
audience: visibility measurements for instance at airports, harbours and at sea are relevant to
practically everybody.

The paper is important and basically well written and I can recommend publishing it in AMT.
However, before that I wish you would do some modifications.

General response: We thank the reviewer for the valuable review and encouraging comments.

1. Comment: First, I can see in your Fig. 2 that there were bimodal size distributions in your
simulations already but you did not really pay any attention to it. Bimodality of size distributions
have a strong effect on the Angstrdm exponent, see, e.g.,

Schuster, G. L., Dubovik, O., and Holben, B. N.: Angstrom Exponent and Bimodal Aerosol Size
Distributions, J. Geophys. Res., 111, D07207, https://doi.org/10.1029/2005JD006328, 2006.

There are a lot of references in that paper and there are a lot of refs to it that discuss this matter.
Among other things it shows that the Angstrdm exponent often varies with wavelength. And with
the ratio of coarse and fine particles. How do these affect your results?

1. Response 1: Thank you for this valuable comment. We have added the reference and explanation.
In this study, Eq. (6) specifies the determining variables of the Angstrém exponent (q), which
includes size distribution. The following sentence in Lines 159-161 to “In addition to the
measurement wavelength, q is determined by the physical and chemical parameters of aerosol
particles in Eq. (6), i.e., the refractive index and probability distribution function for the diameter
of the aerosol particles, as discussed by other researchers (Schuster et al., 2006).”

Figure 2a shows the probability distribution function of aerosol particles used by the four groups in
the simulation calibration, and Fig. 2b presents four different values of q. In this study, the design
of the simulation calibration reflects the influence of size distribution on q, where the differences in
size distributions of aerosol particles between groups caused the differences in the values of q given
by the four groups. The aim of the simulation calibration is to reveal that it is impossible not only
to obtain reliable Angstrém exponents but also to determine the visibility error caused by erroneous
values of q using current visibility measurement methods. We did not change Fig. 2 in order not to
distract the focus of this study. As for the changes in q caused by the size distribution and the
refractive index of aerosol particles, Fig. 3a shows the possible range of q in 10 typical regions for
reference.

The volume ratio of coarse and fine particles is one of the parameters that describes the size
distribution of aerosol particles. It seems a bit difficult to discuss this problem using the ratio of
coarse and fine particles. Additional calculations are provided below for reference. Figure 1 shows
that wavelength and refractive index have a complex effect on the extinction of aerosol particles,
and therefore, the calculated values of q vary over a wide range. It is clear from Fig. 1 that the



extinction coefficient of fine particles is more sensitive to size distribution and refractive index than
that of coarse particles. Considering the contributions of coarse and fine particles in the atmosphere
to the extinction coefficient, we consider that fine particles might determine the value of q rather
than the ratio of coarse and fine particles in ambient atmosphere. Of course, further work needs to

be done to support such a claim.
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Figure 1: Relationship between the mass extinction coefficient (MEC) and the diameter of aerosol particles
with different indices at a wavelength of (a) 440 nm and (b) 870 nm. The left panel shows the influence of the
real part of the complex refractive index on MEC with the fixed imaginary part at 0.79. The right panel shows

the influence of the imaginary part of the complex refractive index on MEC with the fixed real part at 1.95.

2. Comment 2: L40 “Obviously, WMO believes
anything. Rewrite.

... WMO is not a person, it cannot believe

2. Response 2: We have revised the sentence in lines 37-39, which now reads “ WMO claims that
"visibility and MOR should be equal" if the influence of the contrast threshold can be excluded,
which implies that the choice of measurement wavelength of the light source will not affect the

measurement of visibility.”

3. Comment 3: 142 “Angstrom indicated the spectral dependence of visibility as early as 1929



(Angstrom, 1929) ...”.

I was wondering, whether Angstrom really wrote about visibility and acquired a copy of the original
paper. [ was right. There is not even the word “visibility” in the whole paper. There is the wavelength
dependency of absorption and transmittance and the derivation of the exponent that was later called
the Angstrom exponent. So, transmittance depends on the Angstrdm exponent and visibility depends
on transmittance according to your Eq. (1). Your Eq. (2) follows from these but it is not given by
Angstrom (1929)

3. Response 3: Thank you for pointing out this lapse. The sentence has been modified as follows:
“However, Angstrom indicated the spectral dependence of the extinction coefficient as early as 1929
(Angstrom, 1929). Combining the inverse relationship between visibility and extinction coefficient
(Eq. (1)), we obtain:”

4. Comment 4: L59 “...opinion of the WMO ...”. again, WMO is not a person, it does not have
opinions. Rewrite.

4. Response 4: We thank the reviewer for this useful comment. We agree that we should have
phrased these points differently and not focus on WMO, but rather on specific conclusions presented
in the reports by WMO. Similar to our response to Reviewer 1, in lines 55-73, we have rewritten as
follows: “The Guide to Instruments and Methods of Observation (WMO, 2018) cites the
intercomparison of visibility measurements (Middleton, 1952; WMO, 1990), where the difference
in MOR and visibility by day is attributed to the difference in the contrast threshold. The conclusion
reached in this guide states that “Visibility and MOR should be equal if the observer’s contrast
threshold is 0.05 (using the criterion of recognition) and the extinction coefficient is the same in the
vicinity of the instrument, and between the observer and the objects.” This conclusion implies that
there is no need to consider a deviation from the true values of visibility measured at a wavelength

of Ao (VIO) when converting the visibility measured at A; (V1) to Ao (Vo) using Eq. (3), i.e., the

errors in the values of q are negligible. Therefore, visibility meters with different measurement
wavelengths can obtain consistent visibility measurements and the following statements are true: (1)
the measurement wavelength of visibility meters can be arbitrarily selected because the visibility
measured at any wavelength can be mutually converted; (2) the reference visibility can be artificially
defined, such as the MOR, because the reliability of visibility data will not be reduced by converting
the visibility measured at various wavelengths into the reference wavelength; and (3) multiple
visibility benchmarks such as MOR and meteorological visibility by day can be used simultaneously,
in the same way that units such as grams and kilogrammes can be completely substituted to measure
mass.

In fact, existing methods of visibility measurement using visibility meters with different
wavelengths currently in use are formulated under the premise that the WMO’s recommended
approach is adequate. For example, the light source of Biral RWS-30 is at 850 nm (Biral, 2018),
that of Optec LPV-3 is at 550 nm (Optec, 2011), and Vaisala LT3 1 uses a white light source (Vaisala,
2018). However, this guide does not explain why the MOR is consistent with human observations
of visibility when the contrast threshold is the same. In other words, no theoretical basis is provided
to prove that reliable values of q can be obtained in the visibility measurement.”

5. Comment 5: The Eq. (7) is strange, I have never seen it in this form. First, what do you mean



with “water particles”? Does it mean humid particles or pure water droplets? Further, GF is
generally defined as the ratio of humid and dry particle diameters. So, how was Eq. (7) derived? If
it was used like it is written now, then you should correct it and repeat your simulations with a
corrected one.

5. Response 5: Thank you for pointing out this error. We agree that the words “water particles” were
inappropriate. We have now changed them to “pure water”. We have added a definition of
hygroscopic growth factor and the modified sentence now reads as follows (Lines 102—-105): “As
for hygroscopic particles on which water vapour condenses, the refractive index of mixed particles
can be calculated using the weighted average of the volume ratio of each composition, and the
diameter of mixed particles can be calculated using the hygroscopic growth factor (GF), which is
defined as the ratio of humidified particle diameter to the diameter at dry conditions (Jacobson,
2001; Chen et al., 2012; Zhang et al., 2017).”

There was a missing superscript in Eq. (7), and we have now corrected the typographic error.
Fortunately, the correct equation was used in the calculation. The correct form of Eq. (7) is

m, +m, (GF®-1)
m=
GF?
m= MV + My Viy
V,+Vy
_m,-7/6-D+m, -7/6-[(D,-GF)*~D,%]
- 716-(D, -GF)®
_m,+m, (GF®-1)
- GF?

, and the equation is derived in the following manner:
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Abstract. Visibility is an indicator of atmospheric transparency and it is widely used in many research fields, including air
pollution, climate change, ground transportation, and aviation. Although efforts have been made to improve the performance
of visibility meters, a significant error exists in measured visibility data. This study conducts a well-designed simulation
calibration of visibility meters, which proves that current methods of visibility measurement include a false assumption, leading
to the long-term neglect of an important source of visibility error caused by erroneous values of Angstrém exponents. This
error has two characteristics. (1) Independence: the magnitude of the error is independent of the performance of the visibility
meter. It is impossible to reduce this error by improving the performance of visibility meters. (2) Uncertainty: the magnitude
of the error does not show a clear change pattern but can be substantially larger than the measurement error of visibility meters.
It is impossible to accurately estimate the magnitude of this error nor its influence on visibility measurements. Our simulations
indicate that, as errors in visibility caused by erroneous values of Angstrém exponents are inevitable using current methods of
visibility measurement, reliable visibility data cannot be obtained without major adjustments to current measurement methods.

1 Introduction

Visibility is a fundamental meteorological parameter, which is widely used in research related to synoptic meteorology, air
quality, climatology, human health, and fields closely related to daily life such as ground transportation, aviation, and
navigation (Che et al., 2007; Huang et al., 2009; Hyslop, 2009; Konstantopoulos et al., 2010; Li et al., 2016). The performance
of visibility meters has been significantly improved through considerable engineering efforts; however, reliable visibility data
are still not available (Singh et al., 2017). Therefore, it is necessary to discuss whether there are problems with visibility
measurement methods leading to the neglect of important potential sources of errors.

Traditionally, visibility measurements were performed by trained human observers (Watson, 2002). In 1924, Koschmieder
related visibility (v) and atmospheric extinction coefficient (b) at a given contrast threshold (¢) (Eq. (1)), which provided a
theoretical basis for measuring visibility with instruments (Koschmieder, 1924). In 1957, the World Meteorological
Organization (WMO) set a benchmark for visibility measurement by introducing the Meteorological Optical Range (MOR)

(WMO, 1957). Subsequently, automated visibility meters gradually replaced human observations.
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However, it is vital to determine if the MOR is consistent with human observations of visibility. After deducting the influence
of the measurement error, two main differences exist between the two. First, the contrast threshold (¢) is different. The contrast
threshold of the MOR is defined as a constant value (0.05), whereas that of the human eye is typically between 0.0077 and
0.06 (WMO, 2018), as determined by its physiological structure. Second, the measurement wavelength is different. The MOR
requires a light source at a colour temperature of 2700 K (WMO, 2018), whose emission spectrum peaks at a wavelength of
1.07 pm according to Wien's displacement law. In contrast, human observation is restricted to the visible light range, and is
most sensitive at a wavelength of ~0.55 pm (Feynman et al., 2011). WMO claims that "visibility and MOR should be equal”
if the influence of the contrast threshold can be excluded, which implies that the choice of the measurement wavelength of the
light source will not affect the measurement of visibility.

However, Angstrém indicated the spectral dependence of the extinction coefficient as early as 1929 (Angstrém, 1929).

Combining the inverse relationship between visibility and the extinction coefficient (Eq. (1)), we obtain:

vV, =V, {%} (),

where q is the Angstrdm exponent, which is used to convert the visibility measured at a wavelength of A1 (V1) to the visibility

at a reference wavelength of Ao (V). Erroneous values of q can clearly lead to errors when converting V;; to V,y. The

relationship between the relative error of visibility (X) and the absolute error of q (Aq) is shown in Eq. (3), where Aq represents

the deviation of the erroneous values of q( 0 ) from the true values of q (J;); VIO is the visibility at the reference wavelength

of Ao calculated from the visibility measured at A1 (V1) using O; (Eg. (2)), and VEO is calculated using Q. Equation (3)

suggests that any errors in the values of g will appear as errors in the measurement of visibility, as illustrated in Fig. 1. It should
be noted that the magnitude of this error is related not only to the absolute error of q (Aq), but also to the choice of the

measurement wavelength.

X :M: i v -1= i - -1 (3)
Vi, o e |

The question arises whether reliable values of Angstrém exponents (q) can be obtained during visibility measurement. If so,
there is no need to consider the influence of Eqg. (3) on errors in the visibility measurement; if not, further investigation should
be conducted into the possible range of Aq and its effect on the visibility measurement.

The Guide to Instruments and Methods of Observation (WMO, 2018) cites the intercomparison of visibility measurements
(Middleton, 1952; WMO, 1990), where the difference in MOR and visibility by day is attributed to the difference in the contrast
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threshold. The conclusion reached in this guide states that “Visibility and MOR should be equal if the observer’s contrast
threshold is 0.05 (using the criterion of recognition) and the extinction coefficient is the same in the vicinity of the instrument,

and between the observer and the objects.” This conclusion implies that there is no need to consider a deviation from the true

values of visibility measured at a wavelength of Ao (V/IO ) when converting the visibility measured at A1 (V;1) to 2o (V0 ) using

Eqg. (3), i.e., the errors in the values of g are negligible. Therefore, visibility meters with different measurement wavelengths
can obtain consistent visibility measurements and the following statements are true: (1) the measurement wavelength of
visibility meters can be arbitrarily selected because the visibility measured at any wavelength can be mutually converted; (2)
the reference visibility can be artificially defined, such as the MOR, because the reliability of visibility data will not be reduced
by converting the visibility measured at various wavelengths into the reference wavelength; and (3) multiple visibility
benchmarks such as MOR and meteorological visibility by day can be used simultaneously, in the same way that units such as
grams and kilogrammes can be completely substituted to measure mass.

In fact, existing methods of visibility measurement using visibility meters with different wavelengths currently in use are
formulated under the premise that the WMO’s recommended approach is adequate. For example, the light source of Biral
RWS-30 is at 850 nm (Biral, 2018), that of Optec LPV-3 is at 550 nm (Optec, 2011), and Vaisala LT31 uses a white light
source (Vaisala, 2018). However, this guide does not explain why the MOR is consistent with human observations of visibility
when the contrast threshold is the same. In other words, no theoretical basis is provided to prove that reliable values of g can
be obtained in the visibility measurement. This study conducts a well-designed simulation calibration of visibility meters,
which proves that it is impossible to obtain reliable values of g or to determine the magnitude of Aq. Considering the possible
range of q in the atmosphere, it can be inferred that errors in visibility caused by erroneous values of g cannot be ignored,;

therefore, apparent errors exist in the error estimates of current visibility measurements.

Figure 1: Influence of the absolute error of the Angstrém exponent (q) on the relative error of visibility.

3
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2 Assumptions in the simulation calibration

The aim of the simulation calibration of visibility meters is to develop a function for the Angstrém exponent (q), thus
converting the visibility measured at a wavelength of A1 (V1) to the visibility at the reference wavelength of Ao (V;0). TO

describe the problem more clearly, the following assumptions are made for the simulation calibration.
(1) The contrast thresholds (¢) of all visibility meters are assumed to be the same. During the calibration, the atmospheric
extinction coefficient (b) was measured without measurement error using ideal visibility meters. Therefore, the values of g can

be accurately calculated in each measurement using Eq. (4), which is obtained by combining Eq. (1) and Eq. (2):

e ne(A) L (A)
b, b, (AJ :b‘“bﬂl(ﬂoj @

(2) Assuming that the extinction coefficient (b) can be fully attributed to aerosol particles, and that the information about the

characteristics of aerosol particles is clear during the calibration process, the extinction coefficient can be derived using Eq.
(5):

b, = j &, mn(D)AD =N j o . f(D)dD ®),

(D,A,m)

where E(D, A) accounts for the average extinction coefficient contributed by particles with a diameter of D at an incident-

light wavelength of A. The particle size distribution function is given by n(D), where N represents the particle number
concentration and f(D) is the probability distribution function of the aerosol particles, that is, the normalised particle size

distribution function.

q Drnax —
24Y b, [ Cen, f(D)D

Dmax -
b, [ G oma f(D)D
Equation (6) is derived for calculating the Angstrém exponent (q) after combining Eqgs. (4) and (5). It should be noted that

the particle number concentration (N) is not included in Eq. (6) as it is eliminated in the derivation of Eq. (6), indicating that
q is only related to the physical and chemical parameters of aerosol particles and not to their number concentration.
(3) As for hygroscopic particles on which water vapour condenses, the refractive index of mixed particles can be calculated
using the weighted average of the volume ratio of each composition, and the diameter of mixed particles can be calculated
using the hygroscopic growth factor (GF), which is defined as the ratio of humidified particle diameter to the diameter at dry
conditions (Jacobson, 2001; Chen et al., 2012; Zhang et al., 2017). The relationship between the GF and refractive index (m)
of mixed particles can be expressed by Eq. (7), where ma and my represent the refractive indices of dry aerosol particles and
pure water, respectively.
. m, +m, (GF*-1)
GF?

().
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(4) It is assumed that the calibration can be effectively performed by professional calibration personnel and that no subjective
errors occur in the calibration process. Calibration personnel know the exact measurement wavelength of the specific visibility
meter and can accurately record the results of the visibility measurements. During calibration, the measurement results of the
reference visibility meter at the reference wavelength of Ao are known to be reliable, unlike those of the visibility meter at 1.
Calibration personnel can accurately measure the number concentration of aerosol particles and the ambient relative humidity,
but cannot measure the physical and chemical parameters of aerosol particles such as the particle size distribution and complex

refraction index.

3 Simulation of visibility meter calibration

The calibration was conducted simultaneously for four independent groups (urban, marine, rural, and remote continental). The
purpose of the calibration was to find a way to convert the visibility measured at a wavelength of A1 (1.07 pm) to the visibility
at the reference wavelength of Ao (0.55 um). During the calibration process, the aerosol particles of the four groups were
spherical homogeneous particles with a refractive index of 1.53. However, the particle size distribution was not the same, but
consistent with the typical probability distribution function of aerosol particles in urban, marine, rural, and remote continental
settings, respectively (Seinfeld and Pandis, 2016), as shown in Fig. 2a.

The four groups used exactly the same calibration method and procedure, as follows. First, the number concentration of aerosol

. C e eas 1 .
particles was set to N1, and the visibility was measured at wavelengths of Ao and A1, recorded as Vio and V), respectively.

The values of g corresponding to N1 were obtained by substituting the measurement results into Eq. (2), which were denoted

by gi1. Then, the aerosol number concentration was changed, and the above steps were repeated. N; denotes the ith change in

the aerosol number concentration, the corresponding visibility measurements are V;m and V'M, and the calculated q value is

gi. If the aerosol number concentration changed n times in the calibration, n groups of the values of V,,, V,,, and q were
obtained. Finally, these n groups of data were fit to determine the fitting formula for q and eventually determine the calibration
function for converting V;; to Vyq.

It can be inferred from the assumptions in the simulation calibration that the calibration data can also be obtained by theoretical
calculation, with identical results. Therefore, the calibration process can be calculated and analysed using the Mie theory
(Bohren and Huffman, 1983). Because only the number concentration of aerosol particles was changed in the simulation

calibration, according to Eq. (5) and Eqg. (1) and under the assumptions of the calibration, the number concentration of aerosol

particles was directly proportional to the extinction coefficient (b and by;) and inversely proportional to visibility (V,o and

V,1). Therefore, for all four groups, q remained constant after substituting n groups of V,q and V,; or by and b, obtained

in the calibration into Eq. (2) or Eq. (6). Then, the calibration function (Eq. (8)) was formulated, where q. indicates that q is a
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constant value. Because of the differences in the size distribution of aerosol particles between groups, the corresponding value

of g given by the four groups was bound to be different, as shown in Fig. 2b. Therefore, four different calibration curves were

obtained for the four groups.
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Figure 2: Critical data used or obtained for the urban, marine, rural, and remote continental groups in the simulation calibration:
(a) the probability distribution function of aerosol particle size; (b) values of the Angstrém exponent (g) obtained in the simulation
calibration; and (c) the relationship between q and the hygroscopic growth factor (GF).

145 4 Discussion on calibration results of visibility meters

4.1 Relationship between visibility and the Angstrém exponent

The common conclusion reached during calibration of the four groups is that q is a constant variable independent of visibility.

This is a different conclusion from previous studies, where q is determined by an empirical formula that uses visibility as a

variable (Middleton, 1952; Kim et al., 2001; Nebuloni, 2005). Therefore, it is vital to determine which conclusion is correct.
150 Equation (6) clearly specifies the determining variables of g, in which the aerosol number concentration does not appear. In
the above simulation calibration, visibility is changed by changing the aerosol number concentration. Therefore, we conclude
that g is not correlated with visibility. However, a different conclusion would be reached if the visibility is changed by changing

the ambient relative humidity during calibration. Particles absorb water with increasing relative humidity (Mikhailov et al.,

6
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2009; Cheng et al., 2015), causing both the probability distribution function and the refractive index of aerosol particles to
change (Eq. 7). Then, it follows from Eq. (5) and Eq. (1) that both the extinction coefficient (b) and visibility (v) are correlated
with relative humidity. The relationship between q and GF were calculated using Eq. (6) (Fig. 2c). According to Eq. (6), q is
a function of relative humidity; therefore, visibility is correlated with g. We derive an equation for g as a function of visibility
from this calibration for all four groups; however, their functions are different.

In addition to the measurement wavelength, g is determined by the physical and chemical parameters of aerosol particles in
Eqg. (6), i.e., the refractive index and probability distribution function of the diameter of the aerosol particles, as discussed by
other researchers (Schuster et al., 2006). These parameters are constantly changing in the atmosphere; thus, they cannot be
directly measured by visibility meters and do not directly correspond to visibility. Regarding equations for g as a function of
visibility obtained during calibration or measurement, as long as the physical and chemical parameters of aerosol particles
change significantly, the equations are no longer applicable. Therefore, it is impossible to obtain a universally applicable
empirical formula for g and visibility. This raises the inevitable question of why some formulas have been used for such a long

time now that there are no general empirical formulas.

4.2 Impact of empirical equations on visibility measurement

The sources of the visibility measurement error can be discussed using Eq. (2). The contrast threshold (¢) is a predefined

constant; therefore, the error of visibility theoretically arises from the measurement error of visibility meters and erroneous
values of g. If it is accepted that a definite function of q and v exists, and that the empirical formulafor q = f(v,,) iscorrect,
then Eq. (9) should be written in advance into the programmes of visibility meters whose light source wavelength is A1, rather

than the reference wavelength Ao, and the output visibility is no longer V1, but V;o .

/,11 =fvy)
VvV, =v, | — 9).
(%)

For the calibration of visibility meters with a wavelength of A1, the aim is to convert V&O to the visibility measured at the
reference wavelength (V,,), and the calibration work is assigned to the urban, marine, rural, and remote continental groups.
Since q = f(v,,) isconsidered correct for all the four groups, the difference between Vﬁw measured by the visibility meter

at M and V;; measured at Ao is wrongly attributed to the measurement error. Then, the formula converting Vﬁw to Vo is

obtained by this calibration. By comparing Eq. (8) with Eq. (9), Eq. (10) represents the calibration function developed by the

four groups, where ¢ denotes the four constants obtained by the four groups, as shown in Fig. 2b.

_c+f(V/1)
, ﬂqu :
v, =V, | =+ (10).
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The calibration function Eq. (10) obtained in this calibration appears to be different from Eq. (8) obtained in the simulation

calibration on the surface, but it is actually the same. The calibration of visibility meters aims to convert the visibility measured

at a wavelength of A (V1) to the visibility at the reference wavelength of Ag (V;). The method of calculating g using a
predefined empirical formula only adds an additional intermediate step, meaning that V,; is first converted to V3, then to

Vo inthe calibration; therefore, there is no effect on the final visibility output. If the calibration can be effectively completed,
the influence of the empirical formula can be theoretically eliminated to achieve identical visibility outputs after calibration,
regardless of whether the empirical formula q = f(v,,) is pre-set in the visibility meter, and regardless of the expression of

the empirical formula. This conclusion can explain to a certain extent, why some empirical formulas have been used to calculate
q in visibility measurements for such a long time.

From a purely mathematical perspective, pre-setting an incorrect empirical formula of g has no effect on the visibility outputs,
as discussed above. Nevertheless, this does not mean that it has no effect on the error estimation of the visibility measurement,
which leads to at least two problems: (1) incorrect attribution of the error and (2) incorrect description of the nature of the
error. The first problem is the attribution error, where erroneous values of q are incorrectly attributed to the measurement error
of visibility. Disturbance of the physical and chemical parameters of aerosol particles is inevitable in the actual calibration,
leading to changes in the values of g. Therefore, only in Eq. (11), which truly describes the calibration result, does q; represent
the value of g in the ith measurement. The first term on the right-hand side of the equation is the empirical formula of g
obtained in the simulation calibration and the second term represents the deviation of q in the ith calibration (g;) from g
calculated using the empirical formula. The measurement errors of instruments can be divided into systematic and random
errors. The attribution error misinterprets the process of obtaining the first term, that is, the empirical formula of g, as the
calibration to systematic errors, and misinterprets the second term as random errors.

Second, incorrect attribution of the visibility error will lead to problems describing the nature of the error. Stability is a
prerequisite for all measurements. The systematic error is typically a constant deviation from the true value, which can be
eliminated by calibration. Random error is not identifiable but follows a certain distribution, such as a normal distribution, and
can be estimated through multiple measurements and calibration. However, q is not directly measured in the current visibility
measurement, nor are the physical and chemical parameters determining g. Therefore, the error in selecting the inappropriate
g value is not a measurement problem, the first term in Eq. (11) is not a systematic error, and the second term is not a random
error. Therefore, it is important to discuss whether existing calibration methods for visibility meters, which are based on the
understanding of measurement problems, can reasonably be applied to calibrate the error caused by erroneous values of g. If
the answer is yes, the existing calibration methods for visibility meters are correct; if the answer is no, then a major defect
exists in the current measurement methods of visibility meters. The key to answering this question is in determining whether

the calibration function for visibility meters is generally applicable.

q = f(v,)+0q, (11).
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5 Applicability of calibration

The calibration curves of visibility meters were obtained by the urban, marine, rural, and remote continental groups in the
simulation calibration. The expressions of the calibration curves all follow Eqg. (8); however, the values of q. are different;
hence, the obtained calibration curves are also different. If the error in selecting the inappropriate g value is misunderstood as
the measurement error of visibility meters, the cause of this difference is incomprehensible. However, if it is understood that
q is determined by Eq. (6), it is clear that the difference in the values of qc is caused by the difference in the probability
distribution function for the size of aerosol particles used by the four groups in the calibration. If visibility is measured by the
marine, rural, and remote continental groups after calibration, in parallel with the visibility meter calibrated by the urban group,
the relative error of the intercomparison measurement will be 254%, 213%, and 45%, respectively. Such a large error is caused
by erroneous values of g. The WMO provides the following suggestions for this unacceptable error.

According to WMO, "the calibration should be verified regularly in very good visibility, that is, over 10 to 15 km". The WMO
also requires that "atmospheric conditions resulting in erroneous calibration must be avoided" (WMO, 2018). The
recommendations of WMO essentially reduce the influence of g on visibility measurement by artificially controlling the
calibration conditions. Generally, the physical and chemical characteristics of aerosol particles are stable at specific
observation sites. After adding more conditions such as visibility and weather conditions, the variation range of the physical
and chemical parameters of aerosol particles will become smaller, and the range of g will become smaller. Obviously,
regardless of whether one visibility meter is calibrated repeatedly, or multiple visibility meters are calibrated simultaneously,
the calibration result will be approximately the same according to the suggestions of WMO, where the first term in Eq. (11)
will be approximately identical and the absolute value of the second term will change minimally. Therefore, as long as the
visibility meter results are reliable, the measured visibility data after calibration will exhibit good consistency.

Although the recommendations of WMO effectively solve the consistency problem of visibility measurement data, it cannot
solve the problem of error in visibility caused by erroneous values of g. This is because the physical and chemical
characteristics of aerosol particles in the atmosphere are constantly changing. Even at the same observation site, many variables
can cause changes in the physical and chemical properties of aerosol particles, such as wind, relative humidity, and emission
sources. Clearly, the values of g also change constantly in the atmosphere and will not follow the empirical formula obtained
in the calibration. Therefore, we cannot expect a stable term similar to the first term in Eq. (11), and we cannot expect the
second term to have a certain statistical dispersion. As q is not directly or indirectly measured in the current visibility
measurement, the actual value of q at the observation site is not clear at the time of observation, nor is the absolute error of g

or the error in visibility data caused by erroneous q.

6 Estimation of visibility error attributed to q

In order to assess the influence of the Angstrém exponent (q) on the error of visibility data, it is necessary to clarify the range

of g in the ambient atmosphere. Although long-term observations of g have not been included in past visibility measurements,

9



245

250

255

260

265

270

275

they can be found in abundance in sun photometer measurements. Of course, the measurement objects and principles of sun
photometers are different from those of visibility meters; therefore, the values of q calculated from the aerosol optical depth
(AOD) measured by multiwavelength photometers might be different from those calculated from visibility data measured by
visibility meters. However, g is determined by the physical and chemical parameters of aerosol particles. In addition, several
studies have demonstrated that there is consistency between visibility and AOD measurements (Kaufman and Fraser, 1983;
Wu et al., 2014). For example, AOD inversed by visibility agrees well with satellite-based AOD (Wang et al., 2009), and
surface visibility derived from satellite retrievals of AOD exhibits good consistency with measured visibility data (Kessner et
al., 2013). Therefore, it is feasible to discuss the change in g using the values of q derived from AOD data as a reference.

The Aerosol Robotic Network (AERONET) is the largest global network of photometers with more than 800 stations
worldwide (Holben et al., 1998). We selected 10 sites for analysis, which represent different aerosol types; the details of the
sites are given in Table 1. As the wavelength pair of 0.87/0.44 um in the measurement wavelengths provided by AERONET
is most similar to the wavelength pair of 1.07/0.55 um in the visibility measurement, the values of q calculated from AOD at
0.87 um (AODgg7) and 0.44 um (AODo.44) are discussed here. The relationship between q and AOD at 0.87 um is shown in
Fig. 3a, which exhibits no obvious correlation at any measurement site; thus, q cannot be determined by AODgg7. As AOD is
directly proportional to the extinction coefficient of the atmosphere, and the extinction coefficient is inversely proportional to
visibility, it is clear from Fig. 3a that the values of g cannot be determined from visibility even for the same measurement site.
In accordance with the calibration process of visibility meters, we used AOD data at 0.87 pm and 0.44 pm to obtain a scheme
for calculating the Angstrém exponent, then we determined the function for calculating AOD at 0.44 um from the measured
AODg g7 data, and finally evaluated the deviation of calculated values (i.e., AOD data calculated to 0.44 pm) from the measured
values (i.e., measured AODy.44 data). Two evaluation schemes were used. The first performed the calibration once a month,
using all g data of one month to obtain the calibration function for that month. After the calibration was completed, only
AODg g7 measurements of that month were used to calculate the AOD at 0.44 um. Using the measured AOD 44 data as the true
value, we calculated the absolute value of the relative error of the calculated AOD data for each specific month over the entire
time period at each site. Figure 3b shows the ratio of the number of data with different absolute values of relative errors
according to scheme 1 to the total number of data for each specific site. It is clear from Fig. 3b that data with large relative
errors exist even if the calibration is performed once a month. The results of scheme 1 indicate that the values of g may change
significantly in a short time. In the second scheme, the calibration was performed monthly using all q data of one month. The
difference is that all measured AODog; data, over the entire time period, were used to calculate the AOD at 0.44 pm. The
absolute value of the relative errors of calculated AOD data for each specific month was calculated over the whole time period
then grouped into bins of the given intervals, as shown in Fig. 3c. Compared to Fig. 3b, the relative error of the calculated
AOD at 0.44 pm is far larger using scheme 2 than scheme 1, indicating that a consistent formula for g does not exist, even for
the same site.

Although the relative error of AOD caused by erroneous values of g cannot be used as a conclusion to evaluate the visibility

error caused by erroneous values of g, it can still be used as a reference. The values of g can vary widely in the ambient

10



atmosphere, and the absolute error of g is not clear. Therefore, the visibility error caused by q cannot be ignored, and sometimes

280 it is much larger than that caused by the error in the visibility measurement.

Table 1: Details of AERONET sites used to obtain Angstrém exponents () and AOD measurements.

. ] ] . Length of data
Site Aerosol type Location Time period .
(in hours)
GSFC 38N, 76W 5/1993-4/2018 157682
Urban industrial
Lille 50N, 3E 6/1995-10/2018 75414
Mongu . 15<5, 23E 6/1997-2/2010 91199
Biomass
Skukuza 24<5,31E 7/1998-5/2018 73971
Banizoumbou Dust 13N, 2E 10/1995-8/2018 170540
us
Solar Village 24N, 46E 2/1999-6/2013 168117
Beijing Mixed 39N, 116E 3/2001-6/2017 88509
ixe
Chen-Kung Univ 22N, 120E 2/2002-10/2018 47471
Mauna Loa . 19N, 155W 6/1994-6/2018 266209
Maritime
Midway Island 28N, 177W 1/2001-2/2015 32960
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285 Figure 3: (a) Relationship between the Angstrém exponent (q) and AOD at a wavelength of 0.87 pm at 10 typical sites. (b) and (c)
Distribution of absolute value of relative error of AOD data converted to a wavelength of 0.44 caused by erroneous values of q
obtained in the calibration using scheme 1 and scheme 2, respectively.
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7 Conclusions and recommendations

The MOR is the visibility measurement benchmark set by WMO, but its measurement wavelength is neither the same as the
wavelength of maximum sensitivity of the human eye nor the measurement wavelength of common visibility meters. If the
absolute error of q can be guaranteed to be small, there will be no problem; otherwise, additional errors will occur in visibility
measurements. The calibration simulations performed in this study indicate that it is impossible not only to obtain reliable
Angstrém exponents but also to determine the visibility error caused by erroneous values of q using current visibility
measurement methods. Considering the wide range of values of g in the ambient atmosphere, the error of visibility caused by
erroneous values of g can be much larger than that caused by the measurement error. Therefore, it is impossible to reduce the
visibility error by improving the performance of visibility meters alone. Further work is required to improve the measurement
accuracy of visibility.

It is also recommended to check historical visibility data. Because the error of visibility caused by erroneous values of q is
ignored, the error of visibility data obtained in the measurement may be much larger than the error given by the manufacturers
of visibility meters. Therefore, it is necessary to check previous visibility data and obtain visibility measurements
corresponding to specific measurement wavelengths for use in future research.

Furthermore, we recommend that the measurement standards of visibility be modified to eliminate the visibility error caused
by erroneous values of . Two ideas are considered here. One is to regulate the measurement wavelength of visibility meters
to be strictly consistent with the reference measurement wavelength. Its advantage is that consistent, reliable, and guaranteed
visibility data could be obtained. However, we should be highly cautious regarding the choice of reference measurement
wavelength in this case. For example, the MOR requires a light source at a colour temperature of 2700 K, whose measurement
wavelength is completely different from that of the human eye. Therefore, as the light emitted by a black body does not consist
of a single wavelength, can such a light source be suitable and widely used in visibility measurement? The second idea is to
stop using visibility measured at a specific wavelength as the benchmark for visibility measurement. Instead, we should
establish measurement standards focussed on the reliability of the measurement of the extinction coefficient and set industry

standards according to different usage scenarios.
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