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Aiming at the problem that the calibration results of the transmissometers cannot be traced to the meteorological opti-
cal range (MOR) defined by the World Meteorological Organization (WMO). We designed an indoor calibration light
source of the transmissometers based on spatial light modulation, focusing on the design of a non-intersecting Czerny-
Turner spectroscopic system which achieved a spectral resolution of less than 1 nm in the range from 380 nm to
780 nm. Then, the calibration light source’s spectrum matching model is established and the digital micromirror device
(DMD)’s surface illuminance distribution law is simulated and analyzed. Finally, the MOR error of the calibrated light
source is inverted. The results show that the simulation spectrum error of the 2 700 K absolute color temperature is
below £7.4% in the wavelength range from 380 nm to 780 nm, and the MOR error meets the requirements of the Inter-
national Civil Aviation Organization in 40—2 000 m of MOR.
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Visibility represents the turbidity of the atmosphere or
the transparency of the atmosphere. It is affected by cli-
matic conditions such as haze, fog, rain, and snow, as
well as air pollutants such as exhaust gas, smoke and
dust, and has important value in forecasting weather
processes and monitoring climate change. The World
Meteorological Organization (WMO) introduced meteo-
rological optical range (MOR) as the standard definition
for measuring visibility. MOR refers to the length of the
path through which the luminous flux of the parallel
beam emitted by the incandescent lamp with 2 700 K
color temperature is weakened by the atmosphere and
reduced to 5% of the initial value!'.

At present, the main visibility measuring instruments
are transmissometers and forward scatter meters. Be-
cause measurement process of the transmissometers is
closely related to the MOR’s definition. Compared with
other visibility measuring instruments, the transmisso-
meters have higher measurement accuracy, especially
when the visibility is low, so it is widely used in the
measurement of parallel atmospheric visibility such as

airport runways. The transmissometer is also used as a
calibration instrument for the forward scatter meter'>>!.
However, the transmitting end light source of the
transmissometers mostly uses halogen lamps, xenon
pulse discharge tubes, white light emitting diodes
(LEDs), monochromatic LED light sources, lasers,
etc™®, which is different from the spectral distribution of
2 700 K color temperature’s incandescent lamp, leading
to the forward scatter meters cannot be traced to the
MOR definition after calibration. Moreover, the external
field calibration of the transmissometers is seriously af-
fected by weather conditions. Therefore, the indoor cali-
bration method of transmissometers has been widely
studied. Among them, in 2006, the Royal Netherlands
Meteorological Institute proposed a calibration method
of the forward scatter meters using the transmissometers,
forward scatter meters, neutral filter and standard scat-
terer’. This method can trace the MOR measurement
value of the forward scatter meters to the spectral trans-
mittance of the neutral filter indoors. In 2015, the Korea
Research Institute of Standards and Science (KRISS)
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proposed a 75 m baseline transmissometers’ indoor cali-
bration method traceable to the International System of
Units™®, which traced the MOR measurement value to
KRISS calibration result of spectral transmittance.

Although by using the neutral filter, the MOR meas-
urement results of the transmissometers can be traced to
the spectral transmittance, the neutral filters used by dif-
ferent manufacturers do not have a unified calibration
device, and the calibration light source of the neutral
filter is the spectral distribution of the International
Commission on Illumination (CIE) standard illuminator
A, which is different from the spectral distribution of
2700 K color temperature’s incandescent lamp, which
still cannot be traced to the MOR definition.

Since the incandescent lamp is an isothermal radiation
source!”), the spectral distribution of 2 700 K incandes-
cent lamps can be equivalent to that of 2 700 K black-
body. At present, there are few studies on the spectral
simulation of 2 700 K absolute color temperature in the
range of 380—780 nm, but some progress has been made
in the spectral simulation of the wide band. As the spec-
trum simulation technology of target color temperature
becomes more and more abundant!'®"3. By 2020, in the
spectral range of 500—800 nm, the spectral simulation
accuracy of a specific color temperature has reached
more than +8%!'*. Judging from the current technical
level, the spatial light modulation technology is the most
suitable technical means for the simulation of the
2 700 K absolute color temperature’s spectral distribution
due to its high spectral simulation accuracy, low power
consumption and small size.

Based on the current research status at home and
abroad, there are no reports about 2 700 K absolute color
temperature’s spectrum simulation. Due to the lack of
such light sources, the traceability chain of the transmis-
someters that meet the MOR definition cannot be estab-
lished.

To this end, this paper designed a transmissometers’
indoor calibration light source based on spatial light
modulation. It will provide technical support for con-
structing a calibration system of the transmissometers
that can be traced to the definition of MOR.

The indoor calibration light source of the transmis-
someters is mainly composed of fiber light source,
Czerny-Turner spectroscopic system, digital micromirror
device (DMD), focusing lens, integrating sphere, spec-
trometer and control and data processing system. The
Czerny-Turner spectroscopic system is used for disper-
sion and light splitting, as shown in Fig.1.

The spectral range of the optical fiber light source se-
lected is from 380 nm to 780 nm, the resolution of DMD
is 1920x1 080, and the pixel size is 7.56 um. The
broad-spectrum light beam emitted by the fiber light
source is incident on the collimating mirror of the
Czerny-Turner spectroscopic system through the slit. It is
reflected by the collimating mirror to the grating, and
after dispersion and light splitting, it is converged by the
focusing mirror to the DMD surface array micro-mirror.
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The DMD’s switch is adjusted by the control and data
processing system to modulate the spectral distribution.
Then the focusing lens will converge the light beam into
the integrating sphere for mixing, so as to realize the
simulation of the 2 700 K absolute color temperature
spectrum. The spectrum simulation result is collected by
the spectrometer and sent to the control and data pro-
cessing system.

Czerny-Turner spectroscopic system
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Fig.1 Schematic diagram of the indoor calibration
light source of the transmissometers

The accuracy of spectral simulation mainly depends
on the spectral resolution of the Czerny-Turner spectro-
scopic system. Czerny-Turner spectroscopic system
mainly has three kinds of aberrations, namely spherical
aberration, coma and astigmatism. Among them, the
spherical aberration seriously affects the clarity of the
contour of the spectral line and reduces the spectral
resolution of the system. Coma causes unilateral diffu-
sion of the profile of the spectral line, that is, one side of
the spectral line is imaged clearly and the other side is
blurred, which seriously affects the system’s spectral
resolution. Astigmatism will extend the spectral lines
along the length of the slit, which will seriously affect
the spatial resolution along the length of the slit. It is
required that the spectral fitting units after dispersion by
the Czerny-Turner spectroscopic system are arranged in
sequence on the DMD array surface, that is, only the
two-dimensional spectral resolution of the spectral line
image is required, and there is no requirement for the
spatial resolution of the spectral line image, so the cor-
rection of spherical aberration and coma only is consid-
ered.

According to the Rayleigh criterion, the formula for
eliminating the spherical aberration of the Czerny-Turner
spectroscopic structure is shown as

f<256-4-F*, €))
where F=f/D, f'is the focal length of the collimating mir-
ror, and D is the clear aperture.

According to Beulter light field function theory and
Fermat principle!'>'®), Czerny-Turner optical system
coma can be divided into two parts. They are the width
of the coma produced by the collimating mirror, denoted
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as ¢;, and the width of the coma produced by the focus-
ing mirror, denoted as &,, and the total coma of the sys-
tem is e=¢ +e, at this time. Therefore, if ¢=0, the coma
correction conditions of the Czerny-Turner optical struc-
ture are shown as

sin(a,/2) 13 ( cosi ﬁcos(az/Z)T’ )

sin(e/2) 12 \cos®) ( cos(e /2)
where r; is the radius of the collimating mirror, r, is the
radius of the focusing mirror, a; is the off-axis angle of
the main ray on the collimating mirror, a, is the off-axis
angle of the main ray on the focusing mirror, 7 is the
incidence angle of the main ray on the grating, and 6 is
the diffraction angle of the center wavelength.

According to Eq.(2), only the non-intersecting Czerny-
Turner structure can meet the astigmatism elimination
condition, but Eq.(2) can only correct the coma at the
center wavelength of the optical system. Due to the dif-
fraction effect of the grating, the focusing mirror has
different off-axis angles for different wavelengths of
light. Therefore, the Czerny-Turner structure coma cor-
rection conditions of the wide-band spectrum can be
transformed into the condition of eliminating coma at the
center wavelength, looking for the position of a focusing
mirror so that the off-axis angle of different wavelengths
is approximately the same. The structural parameters of
the optimized optical system are shown in Tab.l, the
optical path is shown in Fig.2, and the plots of different
fields of view and the variation of the root mean square
(RMS) radius with wavelength are shown in Figs.3 and 4.

Tab.1 Structural parameters of the optical system

Parameter Optimized structural value
r 86.6 mm
7 124 mm
a 2°

Fig.2 Light path diagram of the optimized Czerny-
Turner structure

According to Figs.3 and 4, the Czerny-Turner spec-
troscopic system has good coma correction in the entire
spectral range, and the spectral resolution of the central
and edge wavelengths reaches 1 nm in the full field of
view. The curve of the optical system RMS radius versus
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wavelength shows that the spot size along the y direction
is less than 6 pm in the entire spectrum range.
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Fig.3 Point diagrams of different fields of view of the
optical system: (a) 0 field of view; (b) 0.7 field of view;
(c) 1.0 field of view
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Fig.4 RMS radius variations with wavelength

Since the 2 700 K absolute color temperature’s spec-
trum with a spectral range from 380 nm to 780 nm be-
longs to a continuous spectrum in the wide band, the
method of superimposing a variety of spectral fitting
units can be used to simulate the spectrum!'”’ and the
principle of spectral superposition is shown as

S(h) = 22,4,5,(4); (3)
where S(4;) is the relative radiant energy at wavelength 4;
of the target spectrum, 4; ranges from 380 nm to 780 nm,
n is the number of spectral fitting units, a, is the propor-
tional coefficient of the spectral fitting unit, and s,(4,) is
the relative radiant energy of the spectrum fitting unit’s
spectrum at wavelength A,.

The matrix form is expressed as

s(4) s, (%) $,0(4)  s,(4) | @ s(4)

5(A4)  s,(4) s,0(4)  s,(4) || 4 s(4,)
5i(A4) s,(4) $,0(A) s,(40) || ay s(42)
si(4) s, (4) s,a(&)  s,(A) || g s(4,)

4
After the spectral fitting unit is determined, the fitting
spectrum can be obtained by solving the generalized
least squares solution of the scale coefficient of the spec-
tral fitting unit that meets the over-determined equation
group according to Eq.(4).
In order to be traced to the definition of MOR, the spec-
tral distribution of the transmissometers’ calibration light
source needs to match the absolute color temperature of
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2 700 K. Therefore, it is necessary to establish a calibra-
tion light source’s spectral matching model.

The transmissometers directly measure the atmos-
pheric transmittance t caused by the scattering and ab-
sorption between the optical transmitter and the optical
receiver at the baseline distance L, and the MOR™ is
calculated as
LITO.OS. 5)

nt

Due to the optical properties of the atmosphere, the
spectral transmittance in the visible light region is dif-
ferent!'®!. At this time, the relationship between the at-
mospheric spectral transmittance (1) and the atmos-
pheric transmittance 7 is

LZOT(A)S(A)V(A)dﬂ,

= 780 ? (6)
LSO S(A)W (A)dA

where S(1) is the spectral distribution of the calibration
light source, 4 is the wavelength of visible light from
380 nm to 780 nm, and V(4) is the visual function of the
human eye. The atmospheric transmittance error caused
by the difference between the spectral distribution of the
calibration light source and the 2 700 K absolute color
temperature’s spectral distribution makes the MOR un-
able to be traced to the WMO definition accurately.
Therefore, the spectral simulation error will affect the
calibration of the transmissometers.

Differentiating Eq.(5), and ignoring the error of the
baseline length, when the luminous intensity of the light
source at the receiving end is stable, the relationship be-
tween the atmospheric transmittance error and the visi-
bility error can be obtained as

L1n0.05
MOR MOR

The transmissometers are widely used to measure the
runway visual range (RVR) of airports. International
Civil Aviation Organization (ICAO) stipulates that the
RVR measurement range needs to cover a visibility range
from 50 m to 1 500 m!'®". Therefore, we define the MOR
range from 40 m to 2 000 m. The ICAQO’s recommended
MOR accuracy standard is used as the MOR error stan-
dard to establish the basis for the spectrum matching of
the calibration light source. The ICAO’s recommended
MOR accuracy standard"® is: if MOR is up to 600 m, the
absolute error dMOR is +50 m; the relative error
dMOR/MOR is within £10% between 600 m and 1 500 m;
the relative error dMOR/MOR is within £20% above
1 500 m.

The typical baseline length and MOR range of the
transmissometers are substituted into Eq.(7) to meet the
accuracy requirements of the three categories of MOR
recommended by ICAO respectively, and then the
maximum allowable error of atmospheric transmittance
can be obtained as shown in Tab.2.

According to the MOR definition, the atmospheric
transmittance 7, corresponding to the 2 700 K incandes-

MOR =

dr=
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cent light source is 5%, and spectrum matching basis of
the transmissometers’ calibration light source is

[ 7 (DS ()dA

-7, <drt

780 max 2 (8)

LSO S(A)W (L)dA
where ty(1) is the atmospheric spectral transmittance
when MOR is defined.

Tab.2 The atmospheric transmittance’s maximum
allowable errors corresponding to different baseline
lengths

Baseline length (m) Maximum allowable error

10 +0.001 9
20 +0.003 8
30 +0.005 6
50 +0.008 9

The composition of the atmosphere contains different
molecules. Although their light absorption capacity is
different, the composition is relatively stable. Therefore,
under the six typical atmospheric environmental condi-
tions, the change trend of the transmittance in the visible
light band is basically the same!*”).

In order to obtain the atmospheric spectral transmit-
tance curve with an integrated transmittance of 5% when
the visibility is defined, the average spectral transmit-
tance values are adjusted under six atmospheric condi-
tions, as shown in Fig.5.
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Fig.5 Simulated spectral transmittance

According to Eq.(5), the atmospheric spectral trans-
mittance changes within the visible light wavelength
range, and in the short-wavelength region of visible light,
the change is gentle, and the transmittance slowly in-
creases with the increase of wavelength. When it is close
to the red light band (630—780 nm), the several absorp-
tion peaks have appeared. The spectral transmittance is
the smallest near 710 nm and 730 nm. This is because
the absorption of atmospheric molecules has very obvi-
ous selectivity?!). In the visible light band, the main ab-
sorption gases are oxygen and water vapor. The troughs
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near 630 nm, 660 nm and 680 nm are mainly caused by
oxygen, and the troughs near 710 nm and 730 nm are
basically caused by water vapor.

According to Eq.(4), the distribution law of relative
illuminance on the DMD surface determines the selec-
tion of the weight coefficient of the spectral fitting unit
in the spectral superposition process. Therefore, accurate
acquisition of the illuminance distribution law is of great
significance for improving the accuracy of spectral
simulation and computing efficiency. In the Lighttools
software, the spectral characteristics of the xenon lamp
fiber light source in the range of 380 nm to 780 nm are
used to model with the optimization and design of the
Czerny-Turner spectroscopic system, and then the dis-
tribution law of the DMD surface illuminance is simu-
lated and analyzed. The simulated light path is shown in
Fig.6.

Fig.6 Simulated light path of the DMD surface illu-
minance distribution law

The simulation results of the relative luminance dis-
tribution and the dispersive illuminance distribution on
the surface of the DMD are shown in Fig.7.

Fig.7 shows that when the dispersion wavelength is
the same (the Y-axis coordinate is the same), the illumi-
nance in the middle area of the DMD surface is the
highest, and it gradually decreases to the two sides; when
the column coordinates of the DMD micro-mirrors are
the same (the X-axis coordinates are the same), the DMD
surface illuminance distribution shows a downward trend
from 380 nm to 780 nm. Therefore, according to Eq.(4),
when solving the least squares solution of the 2 700 K
absolute color temperature’s spectral simulation, adjust
the weight coefficient of the spectral fitting unit accor-
ding to this law, and a better spectral simulation result
can be obtained.

We use the principle of spectral superposition based on
the least square method to modulate the spectrum. With-
out considering the diffraction characteristics, according
to the principle of spectral superposition formula and the
law of DMD surface illuminance distribution, the cor-
rectness of the spectral simulation can be verified.

A convergent lens and an integrating sphere are added
to the simulation model of the DMD surface illuminance
distribution law, and the diameter of the focusing lens is
18 mm, the focal length is 24 mm, the diameter of the
inner wall of the integrating sphere is 26 mm, and then
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the overall model of transmissometers’ indoor calibration
light source is obtained, as shown in Fig.8.
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Fig.7 Distribution law of DMD surface illuminance

Fig.8 Overall simulation model of the indoor calibra-
tion light source of the visibility observation instru-
ment

The fitted spectral distribution is modulated, and the
energy ratio of the spectral basic simulation unit is ad-
justed by controlling the state of the DMD switch, so that
the adjusted spectral distribution meets the spectral
matching basis of the calibration light source in Eq.(8),
thus, the spectrum simulation of the 2 700 K absolute
color temperature is completed.

The spectral simulation error p is used to evaluate the
quality of spectral matching. It is the maximum value of
the ratio of the difference between the simulation spectral
distribution S(4;) and the target spectral distribution Sy(4;)
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to the target spectral distribution in the range of
380—780 nm.

_ MAX S(4)=S,(4) .
p= — 73 7 x100%.
So(4) ©)
The spectrum simulation result is shown in Fig.9, and
the relative error is shown in Fig.10.
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Fig.9 Spectrum simulation results of 2700 K color
temperature
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Fig.10 Spectral simulation relative error of 2700 K
color temperature

According to Fig.9 and Fig.10, the relative error of the
spectral simulation in the range from 380 nm to 780 nm
is within +7.4%.

Substituting the simulation spectral distribution S(4;)
into Eq.(6), the atmospheric transmittance is 5.17%, and
the atmospheric transmittance error is 0.001 7. Accor-
ding to Eq.(7), the MOR error of the calibration light
source’s spectrum in the range of 40—2 000 m MOR is
inverted. Finally, we compared the MOR error with the
ICAO’s recommended standard. In the range of
600—2 000 m MOR, the MOR measurement accuracy
recommended by ICAO is expressed as absolute error.
The comparison result is shown in Fig.11.

According to Fig.11, the MOR errors of the simulated
spectrum are all within the MOR measurement accuracy
requirements recommended by ICAO. The MOR error at
the 50 m baseline showed a U-shaped distribution, and
the error was the smallest at the 73 m MOR. After the
125 m MOR, the MOR error decreases with the increase
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of the baseline length, so the MOR error can be reduced
by expanding the baseline length.
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Fig.11 MOR inversion results

This paper designed an indoor calibration light source
of the transmissometers based on spatial light modulation.
A Czerny-Turner spectroscopic system with a spectral
resolution of less than 1 nm in the range from 380 nm to
780 nm was optimized and designed. The optimal combi-
nation of fitting spectral coefficients was solved by using
the principle of spectral superpostion, and the spectral
matching model of the calibration light source was estab-
lished to achieve the spectral simulation error of 2 700 K
absolute color temperature in the range from 380 nm to
780 nm is +7.4%. The MOR error of the calibration light
source spectrum in the range of 40—2 000 m MOR is re-
trieved, which meets the requirements of ICAO. It pro-
vides theoretical basis and research methods for con-
structing the traceability chain of MOR calibration and the
calibration system of the transmissometers.
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