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ABSTRACT ARTICLE HISTORY
Aerosols, water vapour and ozone greatly influence solar radiation Received 30 Sept_ember 2025
transfer in the atmosphere, thus their accurate estimation is critical Accepted 27 April 2026

for absolute radiometric calibration. Here, absolute radiometric calibra- KEYWORDS

tion refers to calibrating satellite radiometers by converting raw sensor Aerosol: AOD; PWV: total
signals to physically meaningful top-of-atmosphere (TOA) radiance. ozone; sky radiometer
We assess the Skyrad pack MRI version 2 (MRI v2) retrievals of aerosol

optical depth (AOD), precipitable water vapour (PWV) and total col-

umn ozone (TO3) from POM-02 sky-radiometer measurements, using

co-located AErosol RObotic NETwork (AERONET) (for AOD and PWV)

and Pandora (for TO3). MRI v2 reasonably agrees with AERONET, with

root-mean-square difference (RMSD) of 0.0262 and correlation coeffi-

cient (r) of 0.994 for AOD and RMSD of 2.15 mm and r of 0.968 for PWV.

For calibration-oriented uncertainty requirements, 95.8% of AOD sam-

ples fall within +£0.05, and for PWV >15 mm 94.3% fall within £20%. For

TO3, we propose a Langley-like method to estimate a first-guess

calibration constant (Fp), but retrievals using the first-guess Fy show

limited accuracy, requiring tuning against Fy Pandora TO3. After tuning

and excluding low-signal cases, Fo-MRI v2 TO3 shows moderate agree-

ment with Pandora, and 99.2% of samples fall within 100 DU. Overall,

MRI v2 provides practical atmospheric inputs for calibration

applications.

1. Introduction

In recent decades, satellite retrievals of atmospheric and surface radiative properties
have played an important role in advancing our understanding of Earth’s radiation
budget, cloud characteristics and climate variability. To accurately retrieve radiances
from satellite measurements, radiometric calibration is required. This process, known
as absolute radiometric calibration, converts raw measured digital numbers from
a sensor to physical units of radiance or reflectance, ensuring the consistency and
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comparability across sensors and over time. A widely used approach is vicarious
(reflectance-based) calibration method, which combines in situ ground-based radio-
metric measurements of surface reflectance and atmospheric properties over well-
characterized sites with a radiative transfer model (RTM) (Yeom et al. 2018). Because
aerosols, water vapour and ozone significantly influence radiative transfer in the solar
wavelength band in the atmosphere (Kudo et al. 2021), reliable estimates of aerosol
optical depth (AOD), precipitable water vapour (PWV) and total column ozone (TO3)
are essential for successful calibration. Once these atmospheric parameters are esti-
mated, they are used as inputs to an RTM to simulate the expected top-of-atmosphere
(TOA) radiance. The RTM-simulated TOA radiance is then compared with the satellite-
measured signal, and this comparison is used to derive or validate the sensor calibra-
tion coefficients. Thus, uncertainties in AOD, PWV and TO3 directly propagate into
uncertainties in the RTM-simulated TOA radiance and ultimately limit the accuracy of
absolute radiometric calibration.

Hand-held sun photometers, such as Microtops (Solar Light Company, USA), have
often been used to estimate AOD and PWV during calibration campaigns. However,
their retrievals show limited accuracy compared with AErosol RObotic NETwork
(AERONET) data (Gong 2018; Ichoku et al. 2002). Therefore, a more robust approach
than hand-held measurements is desirable to obtain highly accurate estimates of
AOD, PWV and TO3, ideally using a single properly calibrated instrument deployed at
a well-established calibration site. The SKYradiometer NETwork (SKYNET) POM-02 sky
radiometer (Prede Co., Tokyo, Japan), which has been widely deployed worldwide
(see the comprehensive review by Nakajima et al. (2020)), is a suitable instrument
because it includes a 315-nm channel that allows TO3 retrievals unlike the AERONET-
standard CIMEL sun photometer.

Over the past decades, two skyrad.pack models (versions 4.2 and 5) have been used to
retrieve AOD from POM-02 measurements. A drawback of these models is that they do
not use the measured radiation at 315, 940, 1627 and 2200 nm. A recent work by Kudo
et al. (2021) overcome this limitation by developing a new model that use all wavelength
measurements. This model, called the skyrad.pack MRI version 2 (hereafter, shortly MRI
v2), has shown satisfactory consistency with the previous skyrad.pack models. While AOD
has been extensively studied using the previous versions of skyrad.pack models (Nakajima
et al. 2020), only a few studies have used MRI v2 to retrieve AOD (Fasano et al. 2021;
Karanikolas et al. 2024; Pisani, Diémoz, and Cassardo 2023). To the authors’ best knowl-
edge, outside of the work by Kudo et al. (2021), no study has evaluated the PWV and TO3
retrievals by MRI v2.

In this study, we evaluate all three columnar products retrieved by MRI v2 from POM-02
measurements in Seoul, South Korea. Our study site at Yonsei University is ideal for this
evaluation because a CIMEL sun photometer has been operating at Yonsei University
since 2011 as part of the AERONET (Koo et al. 2021), allowing for a direct comparison of
AOD and PWV retrievals. Unlike Kudo et al. (2021), who evaluated algorithmic differences
using the same instrument (POM-02; skyrad.pack vs. MRI v2), our comparison involves
different instruments and retrieval algorithms (POM-02 vs. CIMEL). In addition, a Pandora
spectrophotometer, which provides TO3 retrievals, has been operating at the same site
since 2012 (Kim et al. 2017). We further propose a Langley-like method for estimating the
calibration constant at 315 nm for TO3 retrievals, based on the method suggested by
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Khatri et al. (2014). Our study provides a comprehensive evaluation of MRI v2, which will
serve as a valuable reference for future relevant studies and applications in satellite
radiometric calibration.

2. Methodology
2.1. Sky radiometer and retrieval procedures

A sky radiometer (POM-02, manufactured on 2 August 2024) has been deployed and
operated at Yonsei University in Seoul, South Korea (37.57°N, 126.98°E; approximately 80
m a.s.l.) since October 2024, and we analyse the observations for 10 months during
October 2024-July 2025. The wavelengths measured are 315, 340, 380, 400, 500, 675,
870, 940, 1020, 1627 and 2200 nm. For instruments that observe direct irradiance at the
surface in terms of current or voltage, calibration constants for direct irradiance should be
estimated and used (Khatri et al. 2014). The calibration constants (hereafter, Fy) at 340,
380, 400, 500, 675, 870, 1020 nm to retrieve AOD are obtained by skyrad.pack V5 model
(Hashimoto et al. 2012) using the on-site calibration process. Note that skyrad.pack V5
estimates Fy for the weak-absorption aerosol channels (340-1020 nm) using on-site
(improved Langley) calibration, whereas F, for the strong absorption channels (e.g., 315
and 940 nm) are not estimated in the original framework because stable calibration in
these bands requires explicit gas-absorption modelling and simultaneous retrieval of TO3
and PWV. The F, values for AOD retrievals are estimated every season and then used in
the MRI v2 model. For Fy at 940 nm, a constant value of 2.086 x 10~ A is used based on
the previous study (Momoi et al. 2020), who reported annual-mean Fj values of 1.886 x
107 to 2.212x 10™* A. Then, we performed sensitivity tests by varying Fo values and
adopted 2.086x 10™* A as our reference value, which yielded the highest correlation
coefficient (r) and the lowest root-mean-square difference (RMSD). Here, the unit of F; is
ampere (A) because the POM-02 measures an electrical current. To retrieve TO3, measure-
ments at 315 nm and correspondingly Fy at 315 nm are necessary. However, skyrad.pack
V5 model does not estimate Fg at 315 nm. Therefore, we propose a Langley-like method to
estimate Fy at 315 nm without using external ozone measurements, and the details are
described in Section 2.2.

For the calculation of AOD, measurements at 340, 380, 400, 500, 675, 870 and 1020 nm
are used. Since AOD at 550 nm is widely used as a standard AOD in the satellite commu-
nity, the retrieved AOD values at 500 and 675 nm are used to compute AOD at 550 nm
using the Angstrom exponent between the wavelengths. Note that the AODs interpo-
lated to 550 nm are in very close agreement with those derived using the aerosol optical
properties (AOP) programme included in the MRI v2 package, with a mean difference of
0.002 and r of 1.000. For cloud screening, we use the cloud flag that is determined by
MRI v2.

In the MRI v2 model, both surface meteorological observations (e.g., pressure, tem-
perature, wind speed) and vertical atmospheric profile data can be used (Kudo et al. 2021).
In this study, the surface meteorological data from the nearest-automated weather
station (37.57°N, 126.94°E), located about 840 m from the POM-02 site and upper-air
sounding data from the Osan radiosonde station (37.10°N, 127.03°E, ~52 km away) are
utilized in the retrieval process. Note that the utilization of meteorological data is found to
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substantially improve the retrieval quality for PWV (Fig. S1). The MRI v2 model is inde-
pendently run three times in this study to obtain AOD (use wavelengths only at 340, 380,
400, 500, 675, 870 and 1020 nm), PWV (use wavelength only at 940 nm) and TO3 (use
wavelength only at 315 nm). In other words, the MRI v2 model is executed in three
separate inversion configurations, each using a different wavelength selection specified
by the IANL flag in the input file. Hence, AOD, PWV and TO3 are retrieved in three
independent runs rather than in a single joint inversion.

2.2. Estimation of calibration constant at 315 nm

The most popular method for estimating Fy is the Langley method (or Langley plot), but
this method requires nearly steady atmospheric conditions at least several hours. As such,
a high-altitude site with pristine air is considered ideal. Because such conditions are rarely
met in most regions, we use the improved Langley method that is similar to that proposed
by Khatri et al. (2014). The improved Langley method is based on the Beer-Lambert law,
Eq. (1).

F= %exp [_ (Taerosolmair =+ TRayleighMair + Tozonemozone)] ) (1
where F is the measured direct irradiance from the sky radiometer in the instrument’s unit
(here, it is ampere, A), R is the Sun-Earth distance in astronomical unit, F is the direct
irradiance at the top of the atmosphere in the unit of the instrument (i.e., calibration
constant at 315 nm), Taerosol is the AOD at 315 nm, my;, is the optical air mass, Trayleigh is the
Rayleigh optical thickness at 315 nm, Toz0ne is the 0zone optical thickness at 315 nm and
Mozone is the relative optical ozone mass. The values of m,;, and meene are calculated using
equations (5.7.2) and (5.9.1) in Igbal (1983).

~1.253] 7"
Mair = |cos 6, + 0.15(93.885 — 6,) } : (2)

1+2z3/re

) (3)
[cos?0, + 2(23/re)]1/2

Mozone =

where 8, is the solar zenith angle, z; is the altitude of the centre of the ozone layer and r.
is the mean radius of the Earth. In this study, a constant z3 of 20 km and r. of 6370 km are
used. For R, the daily Earth-Sun distance provided by the United States Geological Survey
(https://www.usgs.gov/media/files/earth-sun-distance-astronomical-units-days-year) is
used. Note that an aerosol-specific air mass may differ from m,;, because aerosol extinc-
tion depends on its vertical distribution; however, adopting such a formulation would
require additional information (e.g., aerosol-scale height and/or vertical profile) that is not
constrained here. We, therefore, use m,;, for aerosol term as a practical approximation.
In Eq. (1), the unknowns are Fy and Tozone at 315 nm, and the remaining terms can be
obtained from the sky radiometer measurements (F), computed or prescribed (R, m,;; and
Mozone), OF obtained from the MRI v2 outputs (Taerosol aNd Trayieigh)- While Khatri et al. (2014)
estimated T,eros01 @t 315 Nnm indirectly using a Mie code with aerosol size distribution and
refractive index at 340 nm that are retrieved by the skyrad.pack version 4.2, we directly
USE Taerosol (AOD) at 315 nm retrieved by the MRI v2 model. In addition, Khatri et al. (2014)
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expressed Tozone @S Kozone X TO3, where Ky,one is the 0zone absorption coefficient at 315
nm. They used TO3 values that were directly observed by a nearby Dobson spectro-
radiometer as an external constraint and estimated Fy and Kyzone Simultaneously by
adjusting Kozone such that the correlation between In(FR?), the natural logarithm of the
product of F and R% in Equation (1), and TaerosolMair =+ TRayleighMair + TozoneMozone Was
maximized and the regression slope approached —1. After determining Fo and Kyzone,
they estimated TO3 values using the fixed Fy. Similarly, Kudo et al. (2021) used external
TO3 measurements from a co-located Brewer spectrophotometer to determine Fy at 315
nm. On the other hand, we do not use any known TO3 observations when determining
first-guess Fy values; instead, we prescribe AOD at 315 Nm (Taerosor) from MRI v2 and
iteratively adjust Tozne in Equation (1). So, a linear regression of In(FRZ) and
(Taemso.mair + TRayleighMair + Tozonemozone) is enforced to satisfy the expected regression
slope (—1) while maximizing coefficient of determination. Then, the y-intercept becomes
In(Fo). Figure 1(a) illustrates an example of estimating F; on a particular day
(13 November 2024). An advantage of this approach is that it can be applied operationally
at sites where independent ozone measurements are not available and it leverages MRI v2
outputs (AOD at 315 nm and Trayleigh) directly. A limitation is that MRI v2-derived AOD at
315 nm may carry some sensitivity/uncertainty associated with the initial TO3 assumption
used in the algorithm (300 DU by default).

Fo at 315 nm is estimated once in a month because the procedure requires a clear-sky
day with persistently low AODs over the course of day. This differs from Khatri et al. (2014),
who derived a single Fy for the entire analysis period. Following Choi and Ghim (2021), the
criteria of selecting a day for Fy estimation are (1) AOD at 500 nm (available at 10-min
resolutions) was <0.3 for at least 10 data samples; (2) at least 10 data samples in a day had
m,ir <4.5 and (3) the daily mean AOD at 500 nm was <0.3. If none of day in a month satisfy
the first and third criteria, we chose a day having the lowest AOD at 500 nm in that month.
The estimated Fy values by our method are shown in Figure 1(b) in grey with open-
triangle markers, and these Fy values are called the first-guess Fy. Unlike the Fy at visible
wavelengths or 940 nm, whose variations or standard deviation are within a few percent,
Fo at 315 nm shows large monthly variations, and this feature has been also acknowl-
edged in the previous studies (Khatri et al. 2014; Kudo et al. 2021). Physical causes for this
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Figure 1. (a) An example of estimation of the calibration constant (Fy) at 315nm on
13 November 2024. Here, the morning data are in blue and afternoon data are in red, and R? denotes
the coefficient of determination. (b) Monthly Fy at 315 nm for first-guess values (dashed grey line with
triangles) and final values (red line with circles). The green dashed line indicates a constant Fo.
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are not fully understood, but the temperature dependency of the sensor at 315 nm might
be a potential reason because temperature dependence of the sensors at other wave-
lengths (e.g., from 340 nm to 2200 nm) can be non-negligible (Uchiyama, Matsunaga, and
Yamazaki 2018). Our example in Figure 1(a) shows different y-intercepts for the morning
and afternoon data (—13.20 and —12.69, respectively), compared with —13.27 when all-day
data are used. The TO3 retrievals from the MRI v2 are generally larger in the afternoon
than in the morning, while no significant diurnal variation is found in Pandora TO3 (Fig.
S2). Further investigation is therefore required to identify the cause of this morning-
afternoon asymmetry and its potential implications for the 315 nm calibration and TO3
retrieval.

The TO3 retrievals using the first-guess Fy values, however, show relatively large biases
when compared to TO3 from other data sets such as the Pandora spectrometer (see
Section 3.3 for details). So, the Fy is manually adjusted in discrete steps of 5% around the
first-guess value and we select the final Fy that minimizes the RMSD and maximizes
r against Pandora TO3 over the corresponding calibration period (represented in red in
Figure 1(b)). Note that such manual adjustment has also been done by Kudo et al. (2021).
The finally estimated Fy at 315 nm is then used to retrieve TO3 using the MRI v2 model,
and the sensitivities of TO3 to Fy at 315 nm are evaluated in Section 3.3. Even though
some adjustments can be done optionally when independent TO3 measurements are
available, our proposed method can be used to obtain a first-guess Fy at 315 nm at sites
without independent TO3 retrievals.

2.3. Data screening for TO3 retrieval at 315 nm

For diagnostic and quality-control purposes, we define the slant AOD at 315 nm as mg;, X
AOD at 315 nm. This metric is used to mitigate retrieval artefacts under strong ultraviolet
attenuation at 315 nm. Data points with the slant AOD at 315 nm larger than 1 are
excluded from the final TO3 dataset, and the rationale for adopting the threshold is
described in Section 3.3.

2.4. Data for evaluation

For AOD and PWV, the AERONET Version 3 Level 2.0 data from the NASA AERONET Yonsei
University site are used, and AODs at 500 nm and 675 nm are used to derive the AOD at
550 nm. For TO3 comparison, Pandora level 2 data are utilized. A Pandora spectrophot-
ometer is a passive system that measures solar radiation and the detailed procedures of
TO3 retrievals by Pandora are given in Kim et al. (2017). Note that outliers or abnormal
Pandora TO3 data are removed in the present study. The data samples that satisfy the
following conditions, which are based on the previous study of Kim et al. (2017), are only
used: (1) root mean square of weighted spectral fitting residuals <0.05; (2) solar zenith
angle <75°% (3) independent uncertainty <2.5; (4) the differential TO3 value relative to its
rolling mean (window size = 20) falls within the 10th-90th percentile range. Kim et al.
(2017) compared Pandora TO3 at Yonsei University with TO3 from co-located Dobson and
Brewer spectrophotometers over a 2-year period. They found that Pandora TO3 is closely
correlated with those from Dobson and Brewer, with determination coefficients exceed-
ing 0.95 and regression slopes of 0.95-1.00.
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We compare MRI v2 outputs with reference data on an hourly basis. An hourly value is
computed only when at least two valid measurements are available within the same
1-h window (hours with a single point are excluded), so the effective time mismatch is less
than 60 min and typically much smaller given the sampling intervals (~5 min for AERONET
and ~1-3 min for Pandora).

3. Results and discussion
3.1. Aerosol optical depth

AOD retrievals from MRI v2 are evaluated against co-located AERONET AOD retrievals
(Figure 2). The comparison shows a mean bias error (MBE) of 0.001, an RMSD of 0.0262,
and regression slope of 1.03. The standard deviation of the differential AOD is 0.026, and
normalized mean bias (NMB) is 0.347%. The mean absolute percentage error (MAPE) and
normalized RMSD are, respectively, 7.70% and 8.88%. The two datasets show
similar day-to-day and monthly variations, with an r of 0.994. These statistics are
comparable to or slightly worse than those reported in previous studies: MBE of ~0.03
for AOD at 500 nm (Karanikolas et al. 2024); RMSD of 0.01-0.046 for AOD at 675 nm
(Khatri et al. 2016); and r of ~0.9898 (Dong et al. 2023). Because we calculate AOD at 550
nm from AODs at 500 and 675 nm using the Angstrom exponent, comparisons for AODs
at 500 and 675 nm are shown in Figure S3, and both results are comparable to that for
AOD at 550 nm.

In absolute radiometric calibration, a widely cited on-orbit requirement is that of
Sentinel-2, which targets TOA radiance uncertainty of <3% (goal) and <5% (thresh-
old) (Lamquin et al. 2019). A previous work of Thome (1999) utilized an RTM and
showed that an AOD perturbation of 0.05 results in <1% change in TOA radiance for
targets with surface reflectance >0.1 but can reach ~8% over very dark surfaces
(reflectance = 0.0). In light of these sensitivities, AOD uncertainties should generally
be controlled to <0.05 for typical targets (reflectance >0.1) to meet a 3-5% TOA
radiance uncertainty budget. In our comparison, 95.8% of the samples (570 of 595)
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Figure 2. (a) Time series of hourly AOD at 550 nm from AERONET level 2 (black triangles) and MRI v2
(red circles). (b) Scatter plot of AOD at 550 nm from the two datasets. The blue solid line represents the
linear regression line, and the purple dashed lines indicate the +0.05 AOD uncertainty envelope
centred on the 1:1 line (black dashed line).
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fall within £0.05 in AOD (Figure 2(b)). Despite some discrepancies in AOD at 550 nm
are found, the MRI v2 AOD retrieval performance is considered satisfactory for use in
typical absolute calibration conditions.

3.2. Precipitable water vapour

The PWV retrieved by MRI v2 is compared with the AERONET PWV (Figure 3). The strong
seasonal variation in PWV is captured by both datasets, and they show reasonable
agreement in general with MBE of —0.284 mm, MAPE of 25.0%, RMSD of 2.15 mm and
r of 0.968. The normalized MBE (normalized RMSD) is —2.86% (21.6%). The slope of the
linear regression is 1.12, meaning that PWV by MRI v2 tends to be underestimated
(overestimated) for values smaller (larger) than ~12mm, similar to the finding of
Campanelli et al. (2018). Campanelli et al. (2018) compared PWV retrieved from a POM
skyradiometer with CIMEL measurements, and found very close agreement between the
two datasets; for example, the coefficient of determination is 0.99, the MBE is 0.01 mm and
RMSD is 0.91 mm at Valencia, Spain. They also evaluated POM-derived PWV against
independent observations from global-navigation-satellite-system (GNSS) - global-
positioning-system (GPS) receiver and found slightly larger discrepancies relative to
GNSS-GPS with normalized RMSDs of 6.43—13.57% depending on sites than relative to
AERONET with normalized RMSD of 4.95%. Similarly, Momoi et al. (2020) utilized POM-02
measurements at 940 nm to retrieve PWV, and they showed good agreement with other
independent retrievals: GNSS-GPS (MBEs: —1.1 to —0.49 mm; RMSDs: 1.38 to 2.26 mm),
a microwave radiometer (MBEs: —0.27 to 0.42 mm; RMSDs: 0.91 to 2.31 mm) and AERONET
(MBEs: 0.055 to 0.42 mm; RMSDs: 0.91 to 2.31 mm), with correlation coefficients exceeding
0.96. Our comparison with AERONET PWV are broadly consistent to those of Momoi et al.
(2020), in terms of MBE, RMSD and correlation coefficient.

Regarding absolute radiometric calibration, water vapour effects are generally small
across much of the visible spectrum (Eldridge 1967) but can be substantial in the near-IR
and thermal IR (Collins et al. 2006). Previous sensitivity studies reported that 10-20%
perturbations in atmospheric water vapour (or relative humidity) can lead to ~2—-3.5%
changes in TOA radiance in the 8.3—-8.5 um region and up to 4.4% at 12 um with larger
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Figure 3. Same as Figure 2 but for hourly precipitable water vapour (PWV). The MBE and RMSD are
in mm, r is unitless and the remaining metrics are in %.
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sensitivities under humid conditions (e.g., tropical atmospheres) than under drier condi-
tions (G. C. Hulley and Hook 2018; G. Hulley et al. 2016). These results imply that PWV
uncertainty needs to be controlled to approximately 20% or better to remain with a ~5%
TOA radiance uncertainty budget. In our comparison with AERONET, the normalized
RMSD is 21.6%, indicating MRI v2 PWV estimates are likely acceptable for calibration
applications.

We further examine the relative difference in PWV between the two datasets as
a function of PWV. Figure S4 shows substantially large relative differences under very
dry conditions (PWV <5 mm), consistent with previous SKYNET-type versus AERONET
comparisons found in Campanelli et al. (2018). These large discrepancies at low PWVs
are expected because water-vapour absorption near 940 nm becomes weak in dry atmo-
spheres, reducing the sensitivity of band transmittance to PWV. This makes the inversion
more sensitive to small measurement and calibration errors/uncertainties (Qiao et al.
2023). Despite this, the uncertainties in PWV under very dry conditions would not derive
large uncertainties in TOA radiance compared to those under humid conditions where the
sensitivity is large (G. C. Hulley and Hook 2018; G. Hulley et al. 2016). For PWV >5, 10 and
15 mm, 78.5%, 88.5% and 94.3% of the samples, respectively, fall within +20% relative
difference in our study. Overall, even though further improvement is desirable under very
dry conditions, MRI v2 provides PWV estimates that are generally suitable for use in
absolute radiometric calibration.

3.3. Total column ozone

We adopt the screening threshold m,;; X AOD at 315 nm < 1, because the TO3 differences
between MRI v2 and Pandora increase considerably under strong UV attenuation at 315
nm (Fig. S5). As my, X AOD at 315 nm increases, the direct-sun signal at 315 nm is
progressively attenuated, and retrieval errors can be amplified under these low-signal
conditions. This suggests that additional attenuation effects and/or uncertainties in the
aerosol-related term at 315 nm (and potentially other instrumental effects) may influence
the ozone term in the retrieval. Similar channel-specific sensitivity associated with calibra-
tion stability and low-signal UV measurements has been discussed for POM sky radio-
meters and related UV ozone retrieval instrumentation (Pulli et al. 2018; Savastiouk et al.
2023). Note that the dependence of TO3 differences on slant ozone content is weak with
a coefficient of determination of 0.02, indicating that ozone slant path alone does not
explain the observed discrepancy (Fig. S6).

TO3 retrieval using the final Fy values and after the screening explained above is
compared with Pandora TO3, and the two datasets show moderate agreement with
a correlation coefficient of 0.747, although the seasonal variations are captured by MRI
v2 TO3 (Figure 4). The TO3 agreement is lower than that for AOD and PWV, consistent
with earlier findings that calibration at 315 nm is a key source of uncertainty in sky
radiometer ozone retrievals (Kudo et al. 2021; Nakajima et al. 2020). To examine the
sensitivity of Fy at 315 nm, we conduct additional simulations that uses (1) a constant
Fo value (=1.549 x 107° A) throughout the period and (2) the first-guess Fq values. This
analysis is intended as a sensitivity test rather than a definitive attribution of the
discrepancy between the two datasets. When the constant Fy is used, TO3 deviates
substantially from Pandora TO3, particularly in February, when the difference between
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Figure 4. (a) Time series of daily TO3 from Pandora (black triangles), MRI v2 with final Fy (red circles)
and MRI v2 with the constant Fy (green squares). (b) Scatter plot of TO3 retrievals from MRI v2 with
final (in red) and constant (in green) Fy with respect to Pandora TO3. The red and green solid lines
represent the linear regression lines, and the purple dashed lines indicate the £+ 100 DU uncertainty
envelope centred on the 1:1 line (black dashed line). The abbreviations are the same as in Figures 2
and 3.

the final Fy and the constant Fy is large (green markers in Figure 4). Seasonal changes in TO3
are not captured with the constant Fy, resulting in high MBE and RMSD values and a low
correlation (0.404). The TO3 retrievals using the first-guess Fo reproduce monthly variations
better than those using the constant Fy, but the agreement is worse than that obtained
using the final Fo: MBE = 43.6 DU, normalized MBE = 13.2%, MAPE = 18.2%, RMSD = 75.5 DU
and normalized RMSD = 22.9% (Fig. S7). These results imply that a proper estimation of F at
315 nm is critical for reliable TO3 retrievals.

We include £100 DU thresholds in Figure 4 based on literature guidance. For example,
Richter et al. (2014) stated that ozone absorption in the 450-800-nm region is generally
smaller than aerosol and water vapour effects but can still be non-negligible. They
showed that when TO3 changes by 100 DU (from 330 DU to 430 DU), changes in TOA
radiance reach up to 4% near 600 nm, while being ~1% near 450-500 nm and 700-800
nm. In our results, the percentage of data points satisfying the £100 DU criterion is 99.2%
when the final calibration constants are used and 83.5% when the first-guess calibration
constants are used.

In summary, reliable TO3 retrievals require careful treatment of the 315-nm calibration
constants and caution especially when processing and interpreting measurements under
strong UV attenuation at 315 nm. Additional work to better quantify uncertainty sources
at 315 nm and to refine retrieval algorithms under challenging measurement conditions
will be needed to further improve accuracy and enable application to absolute radio-
metric calibration.

4. Conclusions

We evaluated the performance of the Skyrad pack MRI v2 model in retrieving AOD, PWV
and TO3 by comparing with independent datasets collected at a co-located site. For AOD
and PWV, MRI v2 shows reasonable agreement with AERONET, with RMSDs (correlation
coefficient, r) of 0.026 (r = 0.994) and of 2.15 mm (r = 0.968), respectively. The relative PWV
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differences between MRI v2 and AERONET become large under dry conditions (e.g., PWV
< 5 mm). From the perspective of a TOA radiance uncertainty budget of <5%, 95.8% of the
AOD samples fall within £0.05. For PWV >5, 10 and 15 mm, 78.5%, 88.5% and 94.3% of the
samples, respectively, fall within £20% relative difference. For TO3 retrievals, we propose
a Langley-like method to estimate first-guess Fy at 315 nm without requiring external TO3
observations. Because the TO3 retrievals with the first-guess Fy yield limited accuracy
(RMSD =75.5 DU; normalized RMSD =22.9%), we further adjust Fy to best match co-
located Pandora TO3. We also found that TO3 discrepancies relative to Pandora tend to
increase as the slant aerosol optical depth at 315 nm increases, indicating that retrieval
results obtained under strongly attenuated (low-signal) conditions require particular
caution. Using final Fy values and excluding strong attenuation cases, MRI v2 TO3
shows moderate agreement with Pandora (RMSD =40.8 DU; normalized RMSD = 12.4%)
and 99.2% of the samples fall within £100 DU.

Overall, these results indicate that AOD, PWV and TO3 retrieved from MRI v2 using
a single sky-radiometer instrument can provide practical atmospheric inputs for absolute
radiometric calibration applications. Accordingly, a properly calibrated POM-02 can be
deployed at a suitable vicarious calibration site to provide key atmospheric parameters for
absolute radiometric calibration. A key limitation is that TO3 retrievals are highly sensitive to
the 315 nm calibration constant and become less reliable under strongly attenuated (low-
signal) conditions. Thus, careful calibration treatments, especially under low-signal condi-
tions, are required. Further work to better characterize instrument response and uncertainty
sources at 315 nm would help improve TO3 robustness and extend applicability.
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