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Abstract
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A disposable miniature radiometer has been developed using optical filters for spectral separation. Limitations

in accurately retrieving irradiance from the broad-band measurement results can be attributed to the broad-band
filters. This paper proposes an algorithm for spectral irradiance using broad-band optical filter data (SIBOF algorithm)
to achieve precise retrieved irradiance through four correction steps. First, the algorithm uses an energy ratio method
to adjust the broad-band data to narrow-band data. The energy ratio is derived from the reference lamp spectrum
and measured optical filter transmissivities. Second, the algorithm corrects for filter transmissivity differences by multi-
plying the normalized spectral transmissivities by calibration coefficients. The third step involves polarization correc-
tion, compensating for additional transmissivity caused by polarization effects from the film overlying on the cosine
collector, thus eliminating errors due to film polarization. The fourth step involves radiative heating correction,

where fitting curves and coefficients are used to analyze the relationship between irradiance deviation and actual irra-
diance to correct the data. Standardized tests indicate that, after applying the four corrections, the results are highly
consistent with the irradiance from the reference radiometer, demonstrating that these correction steps constitute

a reliable algorithm for spectral irradiance using broad-band optical filter data. In April 2024, a 20-day sea fog sound-
ing observation was conducted at the Qianliyan Ocean Station. The irradiance data from the miniature radiometers
before launch were corrected and compared with those measured by the reference radiometer on the ground.
Results indicate that the irradiance retrieved through the algorithm was in good agreement with the measurements
from the reference radiometer, validating its performance across various weather conditions.

Keywords Broad-band optical filter, Transmissivity correction, Polarization correction, Radiative heating correction,

1 Introduction

Irradiance is a crucial optical parameter in various opti-
cal fields (Thuillier et al. 2022). In atmospheric science,
irradiance is primarily used to quantify natural light
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radiation, which is measured in units of energy flux, W/
m? meanwhile, spectral irradiance, which represents the
energy flux per wavelength, is measured in mW/(m? nm)
(Ermolli et al. 2013; Meftah et al. 2016).

Natural light, related to solar radiation, is generally
categorized into direct light (includes forward-scattered
light) and scattered light (Gray et al. 2010; Wang 2014).
Direct light refers to the radiation flux of solar radia-
tion that reaches the position of a radiometer after being
attenuated by absorption and scattering of the substances
in the atmosphere (Dunkelman and Scolnik 1959; Elt-
baakh et al. 2012; Khalil and Shaffie 2016). By contrast,
scattered light is solar radiation scattered by atmospheric
molecules and suspended particles (Mueller 1938; Fan
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et al. 2009; Hahn 2009). In the atmosphere, scattering
by air molecules is known as Rayleigh scattering (McCa-
rtney 1976), which gives the sky its blue color on clear
days (Young 1981; Bird and Riordan 1986; Kleinman
and Senior 1986). Scattering by larger particles, such as
fog droplets and aerosols, is referred to as Mie scatter-
ing (Wiscombe 1980; Zimmer et al. 2003; Ma 2007). In
addition to scattering, the atmospheric substances can
also absorb solar radiation and convert it into heat energy
(Bird and Riordan 1986; Mercado et al. 2009), which is
then transferred to the atmosphere in other forms.

In optical observation, the direction of incident light is
crucial when measuring direct light. In practice, direct
and scattered light is typically present (Bird and Riordan
1986; Gray et al. 2010). Despite the difficulty in determin-
ing the exact proportion of direct and scattered light for a
general radiometer, the direction of light must be consid-
ered, especially when the radiometer moves in the sky, as
will be introduced later.

A radiometer is an instrument used to measure irradi-
ance by detecting the signal of optical radiation through
the photoelectric effect and energy conservation prin-
ciples. This technology is well-established, with various
types of radiometers employed to measure multispec-
tral or hyperspectral irradiance (Tatsiankou et al. 2016;
Girish et al. 2020; Michael et al. 2020; Richard et al. 2020;
Riihimaki et al. 2021). The main difference in irradiance
measurement technology lies in spectral separation.
Commonly, hyperspectral radiometers use grating-based
separation (Li et al. 2022; Pagano et al. 2022; Zhang et al.
2024b), while radiometers designed for fewer spectral
bands employ filter-based separation (Yang et al. 2021;
Sun et al. 2022).

Ideal optical signals are characterized by rectangular
bandpass signals; thus, they remain constant within a
bandwidth of £ AA (unit: nm) and zero outside this range.
The output signals of grating- and filter-based separation
are essentially peaked, differing notably from rectan-
gular (Yang et al. 2021; Zhang et al. 20244, b). Accurate
measurement of hyperspectral irradiance requires a
narrow bandwidth to ensure precision (Luo et al. 2016).
Grating-based separation instruments can achieve a
bandwidth of+3 nm, whereas filters have notably wider
bandwidths, with a full-width half maximum greater
than+5 nm. The peaked structure of signals through
filters and their broader bandwidth can lead to out-of-
band light input (Du 2023), which is mistaken as ‘signals;
resulting in higher output voltage. This issue is one of the
main sources of error (Okhonin et al. 2015), particularly
for specific observation requirements, which will be dis-
cussed further in the next paragraph. Addressing this
challenge remains an ongoing area of research.
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A miniature radiometer (Patent No. 201910302823.2)
that can be carried aloft by a sounding balloon has been
developed to detect the downward irradiance profile of
the atmosphere. Physical parameters and material distri-
bution in the atmosphere can be derived from this data.
This radiometer is called the fog visibility profiler (FVP).
The FVP uses five monochromatic channels and one full-
spectral channel, each equipped with an optical filter to
provide band-pass signals. As a disposable instrument,
the FVP cannot use high-precision but expensive com-
ponents. Therefore, this instrument relies on broad-band
filters while aiming to achieve measurement accuracy
similar to that of narrow-band instruments. However, for
this observation requirement, using data collected from
broad-band filters to accurately determine spectral irra-
diance is difficult, with errors occasionally exceeding the
actual values by more than double. Therefore, accurately
measuring spectral irradiance using cost-effective broad-
band filters remains a critical challenge.

This study explores the characteristics of the data
measured by broad-band optical filters and identifies
sources of errors. Section 2 introduces a four-step cor-
rection method for broad-band data, which comprehen-
sively considers factors such as bandwidth and spectrum
transmissivity of filters, polarization effects of the film
overlying on the cosine collector, and solar radiative
heating. Section 3 validates this correction algorithm,
and Section 4 applies the algorithm to the broad-band
data from in situ observation. The corrected results are
highly consistent with the measurements from the refer-
ence narrow-band radiometer. This four-step algorithm is
referred to as the algorithm for spectral irradiance using
broad-band optical filter data (SIBOF algorithm). Finally,
Section 5 presents the results and discussion.

2 Bandwidth correction algorithm for irradiance

The principle of a miniature radiometer relies on the
photoelectric effect, using photodiodes as the data acqui-
sition units. The photodiode captures the incident light
that passes through an optical filter, generating an elec-
tric current. The current is then converted into an out-
put voltage, which serves as the output signal. Figure 1
shows the optical signal acquisition system of a miniature
radiometer meter, which comprises the following com-
ponents: an optical filter (III) that captures light within a
specific wavelength range (Epstein 1952; Luo et al. 2016);
a cosine collector (II) made from Spectralon, also known
as a Lambertian reflector, which converts light from all
directions into cosine-scattered light (Bruegge et al. 1993;
Murgai et al. 2020); a low-cost film (I) that secures the
cosine collector and makes the optical acquisition system
waterproof; a photodiode (V) and a circuit board (VI)
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Fig. 1 Cross-sectional view of the components of the optical signal acquisition system in a multispectral radiometer. I: film, II: cosine collector, Il
optical filter, IV: sealing ring, V: photodiode, and VI: data acquisition circuit board

that collect light signals; and a sealing ring (IV) that opti-
cally seals the entire optical signal acquisition system.

The optical signal acquisition system, which takes
the filter as the main component, has a relatively broad
bandwidth, leading to large errors during irradiance
data acquisition. Sections 2.1 to 2.7 introduce the data
correction methods to meet the needs of high-preci-
sion irradiance measurement.

2.1 Standard calibration method for radiometer

Herein, the variables used in this paper are introduced:
A represents the wavelength, A, represents the central
wavelength of the n-th spectral band, and AA represents
the half bandwidth. The ideal narrow-band optical signal
is a rectangular wave, which remains constant within the
bandwidth + A1l (unit: nm) and zero outside the band-
width. Suppose the measured input energy for a spectral
band is E(1) (unit: mW/(m? nm)) and the output volt-
age is v(1) (unit: V). The relationship between the two is
described using a linear function (Okhonin et al. 2015):

E(4) = p(n)v() + q (), (1)

where p(1,) and g(1,) are the slope and intercept of the
linear fitting, respectively. In the absence of incident radi-
ation, the output voltage due to dark current, v4,,(4,),
can be measured, changing Eq. (1) into the following:

V(/ln) — Vdark (}n)

E(Zn) = SC)

. ()
where the calibration coefficient S(1,) is obtained
through optical calibration by measuring a reference
lamp in a darkroom (Mueller and Fargion 2003):

7y Vsd(An) — Vdark (4n)
S0 = Esq(Zn) ’ (3)

where E 4(1,) is the irradiance of the reference lamp, and
vq(,) is the output voltage when measuring the refer-
ence lamp with a diaphragm to remove stray light. Once
S(A,) is determined, the accurate spectral irradiance can
be calculated using Eq. (2).

However, Eq. (2) cannot be directly used when precise
irradiance measurements are required using a broad-
band radiometer, such as in the irradiance profile obser-
vations using the aforementioned FVP. This condition
can be attributed to the output voltage, which includes
energy across a broader bandwidth range, and the cor-
responding irradiance, which represents an average value
over this larger bandwidth range and cannot reflect the
correct spectral irradiance. Thus, obtaining precise irra-
diance from broad-band data remains challenging.

This research shows that the key to obtaining accurate
irradiance from broad-band data is to accurately under-
stand the optical characteristics of the instrument and
the signal, and then converting the voltage signal into
accurate irradiance by correcting the output voltage sig-
nal across the broad bandwidth.

2.2 Bandwidth and transmissivity of an optical filter

The optical signal passing through the filter considerably
differs from a rectangular signal, showing a peak-shaped
structure, as illustrated in Fig. 2a.

Taking the 535 nm filter as an example, its transmis-
sivity distribution is shown in Fig. 2b. The voltage V4(1,)
reflects the integral of the radiation energy entering
the photodiode over the entire spectral range. The sig-
nal within the pink shaded area, which corresponds to
the center wavelength+10 nm bandwidth, is required.
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Fig. 2 a Measured transmissivity distribution of five filters of FVPs. b Transmissivity distribution of the 535 nm filter. The green solid line shows
the transmissivity spectrum of the filter, the black solid line indicates the center wavelength, and the pink shading represents the bandwidth range

In Fig. 2b, some light outside the designated bandwidth
can still pass through the filter and enter the photodiode.
Therefore, precisely extracting the narrow-band voltages
vq(,) and v(1,) from the broad-band voltage V4(1,) is
necessary to apply Egs. (2) and (3) for irradiance retrieval.

The spectral irradiance of the reference lamp is a
known energy flux. Thus, the energy proportion within
the designated + 10 nm bandwidth range for each spectral
band, o4(4,), can be calculated as follows:

It AL N
) e Ea(A)y ()i w
sd\fn) = I+ AL
Emax J‘)fnj_A}. )/())d/l
where E is the maximum irradiance value of the

max

reference lamp within the visible wavelength range.
Equation (4) performs a weighted average of the radia-
tion energy across each spectral band and normalizes
the result. The weight coefficient y(l) represents the
transmissivity distribution with wavelength. Taking
AA =10 nm, the proportion o4(1,) for each spectral band
is calculated.

As shown in Eq. (4), 0,4(4,) denotes the spectral char-
acteristics of the reference lamp, that is, the variation
of irradiance with wavelength, which is the average
spectral value of the reference lamp within the speci-
fied bandwidth range. The actual transmissivity, y(4,), is
considered to determine the amount of energy entering
the photodiode. However, the actual transmissivities of
each spectral band differ due to inevitable deviations in
filter manufacturing. For example, the transmissivity at
427 nm is drastically lower compared to other spectral
bands (Fig. 2a). Therefore, normalizing the transmissivity
of each band is necessary.

/o
77(/1;1) = M’

max

(5)

where y,.. is the maximum transmissivity of all spectral
bands.

Correcting the broad-band voltage for bandwidth and
transmissivity, the narrow-band voltage data are obtained
as follows:

Vsd(n) — Vdark(An) = [Vsa(4n) — Vdark(in)]asd(in)n()big)')
6

2.3 Determination of spectral transmissivity

According to Eq. (4), the spectral transmissivity y(1) must
be determined to accurately calculate o.4(1,). Herein, a
hyperspectral radiometer TriOS is used as the reference
instrument. When the TriOS is positioned 50 cm from
the reference lamp, the irradiance measured by TriOS
is represented as Eyo()L). E(1) represents the irradiance
measured by TriOS using an optical filter, a cosine collec-
tor, and a film at the same position. The overall spectral
transmissivity of the three media is given by

"

y(A) =

A
E,0(h) = ¥iim (4) Yeos (A) Va1t (4), (7)
where yg,,(1), ¥0s(), and yg,(A) are the transmissivi-
ties of the film, cosine collector, and filter, respectively.
The y(A) is the spectral response function, in which the
response function of the photodiode is not included
because it has not been used in the algorithm. Nota-
bly, measuring E(1) requires the close placement of the
filter, cosine collector, and film against the TriOS lens
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to maintain the measuring distance. And optical seal-
ing is necessary. If a light-blocking lens is used and the
measurement distance is altered, then the algorithms for
obtaining y(1) become remarkably complex.

As shown in Fig. 2a, each filter does not produce an
ideal rectangular transmissivity but demonstrates a
peaked transmissivity centered on the central spectrum,
with an asymmetrically decreasing slope on either side.
Therefore, regardless of the nominal spectral bandwidth
of the filter, correcting voltage data to obtain accurate
irradiance is necessary.

2.4 Determination of calibration coefficient
Substituting Eq. (6) into Eq. (3), the following is obtained:

N(2n)0sd(An) [Vsd () — Vdark (4n)]
Esd (/In) ’

SUn) = (8)

Equation (8) indicates that an accurate irradiance can
be derived from the energy within the narrow bandwidth
obtained by adjusting the calibration coefficient. The
two-point calibration was not tried in this study, because
the calibration method we used follows the instruc-
tions of the National Institute of Metrology, China, and
ensures sufficient accuracy. However, the two-point cali-
bration method will be explored in the future to further
improve the results.

Actual results show that Eq. (8) works well only when
the light is nearly vertically incident. However, devia-
tions will occur, occasionally significant, when the light is
obliquely incident.

2.5 Influence of the film on transmittance

The upper surface of the instrument is covered with a
film. This film alters the light energy entering the instru-
ment, which can cause signal issues. Research has shown
that the film changes the solar radiation flux entering the
instrument, leading to measurement deviations under
oblique incident light. This issue could be avoided by
not using the film, but the current study still used the
film because it is low-cost and can be used to secure the
cosine collector. Additionally, the film can make the opti-
cal acquisition system waterproof.

The film is an optical medium that can affect incident
light in three ways: (a) attenuation of the transmitted
light, (b) spectral shift of the incident light, and (c) modi-
fication of the transmissivity for oblique incident light.
Equation (7) encompasses the effect of the film on trans-
missivity. An air layer exists between the film and the
cosine collector; thus, the impact on the spectral shift can
be ignored. The focus should be on addressing the effect
of the film on the transmissivity of oblique incident light.

Polarization occurs during the reflection and refrac-
tion of light at the film interface. According to optical
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polarization theory, the transmissivity considering polari-
zation is a function related to the wavelength (Akhmanov
and Nikitin 1997):

sin%(iy — iz)
sin?(iy + iz) |

1 t 2 . _ s
Ty =1— » 20— )
2 | tan? (i + i)

9)

where i; and i, are the incidence and refraction angles,
respectively, as determined by Snell’s law (Shirley 1951):

n1 sini; = ny sin iy, (10)

where 7, and 7, are the refractive indices of the atmos-
phere and the film, respectively. The nominal refractive
index of the film is the refractive index of yellow sodium
light (Rao 1997). For oblique incidence, the refractive
indices of light at various incident angles are different,
facilitating dispersion (Louisnathan et al. 1978). The rela-
tionship between refractive index and wavelength is as
follows (Mu and Li 1965):

ni

& 11
1o /11 ‘ ( )

Assuming that the wavelength A, of yellow sodium light
is 589.3 nm and the nominal refractive index n, of the
film is 1.73, then

, Vlo),o
n = .

A

(12)

That is, the refractive index #’ is inversely proportional
to the wavelength. The results obtained using Eq. (12) are
shown in Table 1. The table reveals that the actual refrac-
tive indices of short waves are higher than the nominal
refractive index, while the actual refractive indices of
long waves are lower.

The transmissivity calculated using Eq. (9) is shown
by the black curve in Fig. 3. Notably, the transmissiv-
ity remains relatively stable when the incident angle is
within 40°, but decreases substantially when the inci-
dent angle is greater than 40°. When the incident angle
exceeds the Brewster angle (approximately equal to
62.2°), the transmissivity decreases sharply. This is the
reason for the significant errors of retrieved irradiance at
oblique incidence.

Table 1 Relationship between the transmissivity and refractive
index of the film

Parameter Wavelength (nm)

427 474 535 606 671
Refractive index ~ 2.366 2.131 1.888 1.667 1.505
Transmissivity 0.825 0.858 0.892 0.925 0.948
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Fig. 3 Variation of transmissivity of the film with incident angle (solar zenith angle). The P transmissivity (red curve) represents the transmissivity
due to the electric vector parallel to the plane of incidence, while the S transmissivity (blue curve) represents the transmissivity due to the electric
vector perpendicular to the plane of incidence. The mean transmissivity (black curve) is the average value of the P transmissivity and the S

transmissivity (Born and Wolf 1999)

The difference in refractive index caused by polari-
zation results in differences in transmissivity. For
example, with light incident at an angle of 46°, the
transmissivity is highest and lowest for long and short
wavelengths, respectively. Under oblique incidence
conditions, the film attenuates the transmitted light,
resulting in less energy being received by the photo-
diode. Dividing the irradiance by the transmissivity
is necessary to eliminate the optical effect of the film.
Transmissivity, an environmental parameter, depends
on the incident angle; thus, it cannot be included in
the calibration coefficients and must only be corrected
sample by sample. That is,

V(/ln) - Vdark()vn)

B = =5 G0 )

(13)
The physical meaning of this correction is as follows:
when light is incident at an oblique angle, the photodi-
ode receives light signals that are additionally attenu-
ated by the film, leading to a retrieved irradiance that is
lower than the actual value. The transmissivity T(A,) rep-
resents the proportion of the additional attenuated light
signal. Therefore, the accurate retrieved irradiance can be
obtained by correcting the corresponding voltage signal.
However, Eq. (13) has limitations: this equation is
highly accurate when the solar zenith angle is small,
but the error increases rapidly as the solar zenith angle
approaches 90°. This study analyzed the cause of this
issue as follows: the transmissivity given by Eq. (13) is
applicable only to direct light. Under conditions of heavy
fog, the instrument still receives scattered light from
the fog, even in the absence of direct light. Therefore,

considering direct and scattered light is necessary in the
retrieval algorithm.
Assume that T(),) comprises two parts:

T (Ay
KK() = Tmaxun){[l —fODI+f @n)T(@))}'

(14)
where T,,.(4,) is the maximum value of transmissiv-
ity, and f(A,) represents the effect of direct light on irra-
diance. When the zenith angle is at its minimum, the
transmissivity is at its maximum, and x(1,) is equal to
the maximum transmissivity 7,,,.(,), resulting in a good
correction effect. When the zenith angle is at its maxi-
mum, the transmissivity is remarkably low, and x(1,)
corresponds to the effect of scattered light, approaching
[1 _ﬂ/ln)] Tmax(/ln)'

The proportion of scattered to direct light is constantly
changing, and applicable theories or established experi-
ences for directly determining flA,) are unavailable. In
practice, this proportion can only be determined empiri-
cally by performing a retrieval algorithm on all compara-
tive measurement data and selecting f{A,) that yields the
smallest relative deviation between the retrieved and
actual irradiance as the calibration coefficient. Figure 4
shows the statistical results based on data from 34 valid
in situ observation profiles at Qianliyan Ocean Station.
FVPs and a TriOS were used to measure downward irra-
diance during the observation. As presented in Fig. 4,
the mean relative deviation is minimized when f(A,) is
set to 0.4. The physical significance of fll,) expressed
by Eq. (14) is that, despite the constantly changing pro-
portion of direct and scattered light, a ratio can still
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Fig. 5 Errors in retrieved irradiance under strong radiation conditions. This data is from the Baguan Mountain validation test in Qingdao on July
3,2024.The irradiance of FVP (blue line) significantly deviated from the reference radiometer data (black line), but it was remarkably improved

by the radiative heating correction (red line)

be determined for the entire observation process to
achieve the minimum relative deviation of the retrieved
irradiance.

Therefore, when the solar zenith angle during observa-
tion is known, Eq. (13) is adjusted to

V(in) — Vdark ()~n)

Eln) = =5 G i)

(15)

This result indicates that for data obtained using a
broad-band filter, the standard calibration process can
only accurately retrieve the irradiance of vertically inci-
dent sunlight. When the sunlight is incident at an angle,
additional correction is required to eliminate the polari-
zation effects caused by the film.

2.6 Errors under strong radiation conditions

The corrected data aligns well with the results from
TriOS. However, the error remains substantial under
strong radiation conditions (the blue curve in Fig. 5).
These deviations are attributed to solar radiative heating.
Solar radiation affects the instrument in two ways: first,
solar radiation heats the plastic housing and increases its
temperature, which generates additional thermal radia-
tion that affects the energy received by the photodiode;
second, solar radiation increases the temperature of the
photodiode circuit, which may alter the dark current and,
in turn, change the calibration coefficient of the radiom-
eter. Both effects are caused by radiative heating under
strong solar radiation conditions. Therefore, an extra
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Fig. 6 Relationship between the deviation of the retrieved irradiance for each wave band of FVP and the actual irradiance (measured by TriOS)
for sunny weather conditions from the Baguan Mountain validation test in Qingdao on July 3, 2024. Red lines are fitted curves

correction for radiative heating should be developed to
further correct the irradiance measurement result.

Figure 6 shows the varying deviations of the retrieved
irradiance with the actual irradiance under sunny
weather conditions. Notably, the deviation is closely
related to actual irradiance under the condition of strong
sunlight. The result indicates that the error caused by
radiative heating can be corrected by its relationship with
actual irradiance.

Suppose the measured spectral irradiance affected by
radiative heating is Ej(1,), and the irradiance deviation
caused by radiative heating is AEg(4,). Thus, the irradi-

ance due to solar radiation only is E(4,):
E(;“n) = EO()vn) - AEO(/ln) (16)

Based on the deviation curve of AEy(4,) with Eiios(4)
(Fig. 6), they can be fitted quadratically as

AEo(Zn) = a(n) + b(in) Etcios(Zn) + ¢(n) Egtios (7o),
(17)
where Eiios(4y) is the irradiance measured by TriOS.
The response to radiative heating varies for each spec-
tral band; therefore, a(},), b(A,), and c(1,) are related to
the spectral bands and must be fitted from the measured
data Eyjos(4,). The fitted result is illustrated by the red
line in Fig. 6, which represents the deviation caused by
radiative heating.
Replacing Erios(4,) in Eq. (17) with E(1,), and then
substituting the equation into Eq. (16), the following is
obtained:

E(n) = Eo(Jn) — [ﬂ(/ln) + bOn)E ) + cOUn)E* (i) |,
(18)
solving Eq. (18) yields:
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1+ b))+ /L4 b — A [alin) — Eolon)]

Eh) = 2c(7n)

(19)

Equation (19) is the final corrected result, which effec-

tively eliminates the impact of radiative heating (the red
line in Fig. 5).

2.7 Roles of various corrections

This study presents various correction algorithms to
address the low accuracy of irradiance retrieval from data
measured by broad-band radiometers. For example, dur-
ing the 34th sea fog profile observation at the Qianliyan
Ocean Station, FVPs and TriOS were used simultane-
ously. The results of the correction methods are shown
in Fig. 7. The observation was performed at 8:01 am on
April 28, 2024, with a solar zenith angle of 57.35°. The
presence of dense fog during the observation increased
the representativeness of the correction.

In Fig. 7, the curve labeled ‘Standard’ denotes the cor-
rection results obtained in accordance with the standard
calibration of Eq. (3). This curve indicates a substan-
tial difference between the broad-band data and the
results from the reference radiometer, with the deviation
increasing as the wavelength decreases. The curve labeled
‘Standard + band’ represents the results after applying the
bandwidth correction o,4(1,), which converts the broad-
band data into narrow-band data, notably improving the
results. However, a substantial error remains in the short-
wave region. The curve labeled ‘Standard +band + trans’
includes the correction of transmissivity, as shown in
Eq. (8), drastically improving the transmissivity in spec-
tral bands with originally low transmissivity. The curve
labeled ‘Total’ represents ‘Standard + band + trans + film),
adding the correction for film, reflecting the additional

effect of polarization on transmissivity. The observation
time shown in Fig. 7 is 8:00 am, and the solar radiation
was relatively weak; thus, corrections in radiative heating
are no longer necessary.

After applying these corrections, the retrieved irra-
diance closely matches the measurements from the
reference radiometer, indicating the reliability of the cor-
rection algorithms.

3 Validation of the bandwidth correction
algorithm

The algorithm in this paper cannot be tested in the labo-
ratory. Thus, validation tests in the field are necessary to
demonstrate its reliability. Under varying weather con-
ditions and different solar zenith angles, the FVP and
reference radiometer (TriOS) should be jointly used for
synchronized observations to determine the accuracy of
retrieved irradiance.

The validation tests were conducted from July 3-5,
2024, at the Baguan Mountain Meteorological Observa-
tory of the Ocean University of China. The weather was
clear on July 3 and cloudy on the other days. The daily
experiments ran from noon to 6:00 pm to test the adapt-
ability of the algorithm to different solar zenith angles,
providing measurement results that satisfy the minimum
and maximum zenith angles. The observation time limi-
tation for the FVP instrument is within one hour; thus,
the instrument must be restarted after each observation.
Therefore, more than five comparative observations per
day were conducted, with a 10 min interruption between
each observation. A hyperspectral radiometer TriOS was
used as a reference radiometer.

The fitting coefficients a(1,), b(1,), and c(1,) were
determined using the data observed on July 3 (Fig. 6) and
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Fig. 8 Time series of irradiance at 427 and 606 nm from FVP (red line) and the reference radiometer TriOS (black line) in the Baguan Mountain

validation test in Qingdao

were used for calibration of all FVP data. The results for
427 and 606 nm are shown in Fig. 8, with similar results
obtained for other spectral bands that are not presented
in this paper. In Fig. 8, the retrieved irradiance is highly
consistent with the irradiance from the TriOS, both in
the overall trend and in the details of changes caused by
clouds. This result demonstrates that the SIBOF algorithm
meets the accuracy requirements for data correction.

Figure 9 shows the comparison between the data from
FVP and TriOS, indicating that the retrieved irradiance is
highly consistent with the irradiance measured by TriOS,
regardless of whether the radiation is strong or weak.

Table 2 shows the relative deviations of the retrieved
irradiance for each day and each spectral band obtained
in the validation test. The fitting coefficients a(1,), b(1,),
and c(1,) were obtained from the data on July 3, 2024,
with the relative deviations of the retrieved irradiance for
this day being below 2%. The relative deviations of most
spectral bands for other days are below 7%, with only the
671 nm band being below 11%, indicating that the results
achieved high accuracy and satisfied the product stand-
ards of FVP (below 15%).

4 Applications of the SIBOF algorithm

In April 2024, a 20-day sea fog observation was con-
ducted at Qianliyan Ocean Station, where a total of 38
FVPs were launched. Three profiles under thick fog,
along with several profiles without fog, were observed,
and ground observations were conducted with TriOS
simultaneously. The irradiance obtained from FVPs was
corrected with the SIBOF algorithm, and the corrected
irradiance obtained before the balloons were released can
be compared with the observations from TriOS.

Under field conditions, the results cannot be verified
with the true values of irradiance, and only comparative
measurements can be conducted. Field experiments dif-
fer from standardized tests and inherently have some
uncertain factors: (1) the observation positions of TriOS
and FVPs are inconsistent due to the complex terrain and
sunlight conditions on the island, affecting their com-
parability. (2) A notable spatial difference in irradiance
during thick fog is observed. Thus, any deviation may
represent the actual situation at different positions and
may not necessarily indicate an issue with the correction
algorithm. (3) During measurements, TriOS was placed
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Mountain, Qingdao

Table 2 Relative deviations of the retrieved irradiance for each
day and each spectral band obtained in the validation test at
Baguan Mountain, Qingdao (unit: %)

Date Wavelength (nm)

427 474 535 606 671
July 3,2024 1.58 1.93 1.82 1.72 147
July 4,2024 466 473 542 6.55 1041
July 5,2024 3.34 3.75 2.82 5.37 10.68

in an unobstructed location, while the FVPs had a sound-
ing balloon attached above, which may have influenced
the reception of the direct light.

A total of 38 data sets were obtained during Qianli-
yan observation, of which five profiles (Profiles 2, 11,
29, 30, and 35) must be excluded due to the rain or sub-
stantial spatial difference in irradiance in thick fog. The
relative deviations of the remaining FVP corrected data
are shown in Fig. 10. Notably, the average relative devia-
tions of all profiles are below 15%, with 28 profiles hav-
ing an average relative deviation below 10%. The results
indicate that the SIBOF algorithm meets the practical
requirements.

The comparison of retrieved irradiance from FVP
with synchronous observed irradiance from TriOS is
shown in Fig. 11. Notably, in foggy conditions, the irradi-
ance is generally below 800 mW/(m? nm), and all values
are close to the diagonal line, indicating that the SIBOF
algorithm can provide accurate retrieved results. In con-
ditions of higher irradiance, which corresponds to fog-
free weather conditions with dominant direct light, the

retrieved results for Profiles 37 and 19 visually show a
larger deviation. However, the relative deviation for both
profiles is below 15%, which meets the product standard
requirements.

5 Results and conclusions

A disposable miniature radiometer that uses optical filters
for spectral separation, also known as the FVP, has been
developed. This study aimed to achieve precise irradi-
ance measurements in profile observations. However, the
obtained data include out-of-band signals due to the broad
bandwidth of the filters and their peak-shaped trans-
missivity structures, leading to remarkable errors. This
paper proposes a SIBOF algorithm that achieves accurate
retrieved irradiance through four correction steps.

The first step is called energy ratio correction. Initially,
the broad-band data are corrected using energy ratio
0,4(,). The physical meaning of o.4(4,) is the propor-
tion of light energy received within the bandwidth + AA.
Through this coefficient, the data of broad bands are
converted into those of narrow bands. Another cru-
cial role of o4(1,) is to eliminate the considerable dif-
ferences between the reference lamp and solar spectra,
increasing the applicability of the calibration coefficients
obtained from the reference lamp to the solar spectrum.
0.4(A,) reflects the interaction between the reference
lamp spectrum and the filter transmissivity, defining the
measurement system constituted by incident light and
the filter. The applicability of this relationship under
various natural light conditions has been proven, dis-
regarding the differences in illumination conditions
between foggy and non-foggy situations.
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observation at the Qianliyan Ocean Station

The second step is called transmissivity correction.
The differences in filter transmissivity y(1,) are mainly
due to the control process of coating thickness during
production. The coating materials differ across wave-
lengths; thus, achieving the same transmissivity for fil-
ters at different wavelengths is difficult. Therefore, y(1,)
is normalized and multiplied by the calibration coeffi-
cient, which effectively corrects the impact caused by
differences in filter transmissivity, making the measure-
ment results of each spectral band comparable.

The third step is called polarization correction. The
film overlying on the cosine collector acts as a polarizer

on the transmitted light, generating polarized light.
When the incident angle is large, the transmissivity
of light through the film changes, causing substan-
tial errors that require additional correction to obtain
accurate irradiance. This paper proposes obtaining
the polarization-induced transmissivity based on the
refractive index and transmissivity of the film in each
spectral band and incorporating it into the correction
algorithm to eliminate errors induced by the polariza-
tion effect of the film.

The fourth step is called radiative heating correction.
Solar radiation can affect the instrument in two ways.
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First, solar radiation involves heating the plastic housing
and increasing its temperature, which generates addi-
tional thermal radiation that affects the energy received
by the photodiode. Second, solar radiation increases the
temperature of the photodiode circuit, which may alter
the dark current and, in turn, change the calibration
coefficient of the radiometer. Therefore, a fitting curve
for the irradiance deviation is derived as a function of
actual irradiance, and the data are corrected accord-
ingly. The results show that the four-step correction
method achieves highly accurate irradiance data.

From July 3-5, 2024, standardized tests were con-
ducted at Baguan Mountain Meteorological Observatory
in Qingdao to validate the effectiveness of the above algo-
rithms. The results indicate that, whether under cloudy
or clear weather conditions, the retrieved irradiance
closely matches the data from the reference radiometer.
Thus, the algorithm yields ideal measurement results and
proves to be a reliable correction algorithm.

In April 2024, a sea fog observation was conducted
using FVPs and a TriOS at Qianliyan Ocean Station,
where 38 FVPs with sounding balloons were launched,
and simultaneous ground observations using a hyper-
spectral radiometer TriOS as reference radiometer were
conducted for comparison. Before the balloons were
launched, the data obtained from FVPs could be com-
pared with those from TriOS to conduct an application
experiment on the SIBOF algorithm. The results showed
that the irradiance obtained using the SIBOF algorithm
had good consistency with the reference radiometer.

Therefore, this study demonstrates that the data
obtained using optical filters with broad bands have sub-
stantial deviations. The SIBOF algorithm presented in
this paper can effectively correct the broad-band data
and achieve accurate retrieved irradiance.
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