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Abstract: We evaluated a new high-resolution solar reference spectrum for characterizing space-
borne Ozone Monitoring Instrument (OMI) measurements as well as for retrieving ozone profile
retrievals over the ultraviolet (UV) wavelength range from 270 to 330 nm. The SAO2010 solar
reference has been a standard for use in atmospheric trace gas retrievals, which is a composite
of ground-based and balloon-based solar measurements from the Kitt Peak National Observatory
(KPNO) and Air Force Geophysics Laboratory (AFGL), respectively. The new reference spectrum,
called the TSIS-1 Hybrid Solar Reference Spectrum (HSRS), spans 202–2730 nm at a 0.01 to ~0.001 nm
spectral resolution. The TSIS-1 HSRS in the UV region of interest in this study is a composite of
AFGL and ground-based solar measurements from the Quality Assurance of Spectral Ultraviolet
Measurements In Europe (QASUME) campaign, with a radiometric calibration that used the lower
resolution Spectral Irradiance Monitor (SIM) instrument on the space-based Total and Spectral Solar
Irradiance Sensor-1 (TSIS-1) mission. The TSIS-1 HSRS radiometric uncertainties were below 1%
whereas those of SAO2010 ranged from 5% in the longer UV part to 15% in the shorter UV part.
In deriving slit functions and wavelength shifts from OMI solar irradiances, the resulting fitting
residuals showed significant improvements of 0.5–0.7% (relatively, 20–50%) due to switching from
the SAO2010 to the TSIS-1 HSRS. Correspondingly, in performing ozone profile retrievals from OMI
radiances, the fitting residuals showed relative improvements of up to ~5% in 312–330 nm with
relative differences of 5–7% in the tropospheric layer column ozone; the impact on stratospheric
ozone retrievals was negligible.

Keywords: TSIS-1 Hybrid Solar Reference Spectrum (HSRS); Ozone Monitoring Instrument (OMI);
ozone profile retrievals

1. Introduction

The accurate knowledge of extraterrestrial solar radiation is required in many physical
applications to study the natural influence of the sun on the radiative forcing of the climate
and photochemistry of the earth as well as its oceanic and atmospheric circulation. This
paper particularly focuses on the use of a well-calibrated high-resolution solar spectrum as
a reference for hyperspectral remote-sensing measurements in ultraviolet (UV), visible for
retrieving atmospheric trace gas concentrations. The primary use of this solar reference
spectrum is for the in-flight wavelength assignment and instrument spectral response
function (ISRF) characterization by means of matching the solar Fraunhofer absorption
lines between the measured and reference spectra [1,2]. The derived ISRFs are required in
forward model simulations for the convolution of either high-resolution input spectra or
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simulated output spectra into an instrumental resolution [3,4]. The solar reference spectrum
also plays an important role in accounting for the ring effect and in simulating radiances
at the instrument resolution for the spectral fitting analysis of scattered sunlight [5,6].
In addition, for airborne or surface-based measurements of the transmitted or scattered
sunlight, it is used to simulate the extraterrestrial solar irradiance spectra that are often not
available [7,8]. In order to assure the utility of those applications, the absolute accuracy of
the solar reference spectrum needs to be in the order of 3–5% or better whereas the spectral
resolution needs to be at least an order of magnitude finer than that of the atmospheric
measurements, which have approximately a 0.2–1.0 nm resolution [9,10]. Direct, space-
based observations of solar spectral irradiance exist (e.g., [11,12]) but at a spectral resolution
no better than 0.1 nm and they are subject to instrument degradation, particularly at UV
wavelengths, due to the space environment [9,12]. Therefore, ground-based observations of
the sun at high-altitude sites have been applied to derive the high-resolution solar reference
spectra in the UV, both visible and near-infrared. These spectra have the advantages of
broadband coverage with a single instrument as well as a high-resolution capability but lack
an absolute radiometric accuracy due to strong interference from atmospheric absorption
and scattering. Furthermore, the atmospheric interference becomes strong below 300 nm
where the ozone and oxygen of the earth absorb all incident radiation before penetrating
into ground sites. To extend the spectral range to the shorter UV spectrum, a high-altitude
stratospheric balloon spectrum by Hall and Anderson [13] has typically been employed to
avoid the strong absorption of the ozone layer and aerosol/cloud loading. However, it has a
lower spectral resolution and narrower spectral coverage than ground-based measurements
due to constraints on the size and weight of the instruments although the atmospheric
interferences above the balloon altitude can still be significant.

Chance and Kurucz [10] constructed a high-resolution (0.04 nm) SAO2010 solar refer-
ence spectrum with an intensity accuracy better than 5%, which has been regarded as the
standard in atmospheric trace gas retrievals over the last decade (the number of citations
was 363 as of 20 December 2021). The Royal Netherlands Meteorological Institute (KNMI)
presented a solar reference spectrum in Dobber et al. [9] within the framework of the Ozone
Monitoring Instrument (OMI) aboard the NASA Aura spacecraft for radiometric and wave-
length calibrations. This KNMI2008 solar spectrum has also been popularly applied in the
OMI and its successor instruments (e.g., the number of citations was 60 as of 20 December
2021). Recently, Coddington et al. [14] presented a new reference spectrum with a spectral
resolution of 0.001 to ~0.01 nm and an accuracy of 1.3% in UV and 0.3–0.5% in the visible
and near-infrared, which is named the Total and Spectral Solar Irradiance Sensor-1 (TSIS-1)
Hybrid Solar Reference Spectrum (HSRS).

In this work, we evaluated this newly released solar reference for ozone profile re-
trievals from space-borne backscattered UV measurements against the existing solar ref-
erence spectra, SAO2010 and KNMI2008. The detailed descriptions of the solar reference
datasets and ozone profile algorithm used in this paper follow in Section 2. Section 3
presents the direct fitting analysis on the solar irradiance measurements and impacts on
the ozone profile retrievals, highlighting that these solar reference spectra have not yet
been compared and evaluated in the literature to our knowledge for use in the analysis
of atmospheric spectra to retrieve the ozone profile and trace gases. We summarize and
discuss the solar reference data that should establish a new standard for UV ozone retrievals
in the 270–330 nm range in Section 4.

2. Data and Methodology
2.1. Solar Reference Spectra

In this paper, we focus on three solar reference datasets from Dobber et al. [9], Chance
and Kurucz [10] and Coddington et al. [14] to determine which one gives the best fitting
precisions for ozone profile retrievals using UV measurements (270–330 nm). As mentioned
above, due to instrument limitations, each reference spectrum is a composite of several
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different sources. The main characteristics of both composite datasets and input sources
are shown in Table 1.

Table 1. Main characteristics of the three high-resolution solar reference datasets (rows 1–3) and their
input spectra (rows 4–8) in the UV and visible range.

Input Spectra Wavelength
Range

Spectral
Resolution +

Sampling
Resolution

Radiometric
Accuracy (%)

Wavelength
Accuracy (nm) Ref.

KNMI2008 AFGL: 250–303 nm
KPNO1995: 295–550 nm 250–550 nm 0.025 nm 0.01 nm 4–5 1× 10−3@ 305 nm

2× 10−3@ 300 nm [9]

SAO2010
AFGL: 200–305 nm

KPNO2005:
300–1000 nm

200–1000 nm 0.04 nm 0.01 nm 5 3× 10−3@ < 305 nm
3× 10−4@ >305 nm [10]

TSIS-1
HSRS a

AFGL: 202–306.5 nm
QASUMEFTS:
305.5–373.6 nm

KPNO: 373.5–745 nm
SPTS b: 743–2730 nm

202–2730 nm
0.025 @ < 374

nm0.005 @
> 374 nm

0.001 nm

1.3 @ < 400 nm
0.5 @ 400–460 nm

0.3 @ 460–2365 nm
1.3 @ > 2365 nm

Same as input [14]

AFGL c Balloon-borne grating
spectrometer 200–310 nm 0.01 nm 0.01 nm 10–15 0.003 [13]

KPNO d Ground-based FTS
measurements 300–1000 nm 0.005 nm 0.001 nm N/A 2.5× 10−4 [15,16]

QASUMEFTS e
Ground-based

QASUME and FTS
measurements

300–500 nm 0.025 nm 0.01 nm 4 @ < 310 nm2 @ >
310 nm 1.0× 10−3 [17]

SUSIM f Space-borne
measurements 110–410 nm 0.15 nm 0.05 nm 3–4 0.035 [18]

TSIS-1 SIM g Space-borne
measurements 200–2400 nm 0.2–42 nm

0.04 nm @ 233 nm
0.13 nm @ 354 nm
0.53 nm @ 550 nm

1.94 nm @ 1345 nm

0.41 @ <460 nm0.24
@ > 460 nm 0.085% [11]

+ The spectral resolution stands for the full-width at half-maximum (FWHM) of the slit functions or ISRFs. a The
spectral resolution of the TSIS-1 HSRS ranges from 0.001 nm to ~0.01 nm and variants of the dataset are also
provided for lower, fixed spectral resolutions. We used the ‘p005’ variant, which has a 0.001 nm sampling
resolution and a fixed spectral resolution, defined as the full-width half-maximum of a Gaussian convolution
kernel, of 0.025 nm for wavelengths below 374 nm and a 0.005 nm resolution for wavelengths above 374 nm.
b Semi-empirical Solar Pseudo-Transmittance Spectrum (SPTS) atlas [19]. c Air Force Geophysical Laboratory
(AFGL) ultraviolet solar irradiance spectrum based on balloon-borne measurements near 40 km in the stratosphere
in 1978 and 1983. d Ground-based FTS observations taken at the Kitt Peak National Observatory (KPNO) were
converted to solar transmittances in a multi-step process and calibrated to solar irradiance by normalizing to
a model or measurement of the irradiance. See, for example, KPNO1995 [15] and KPNO2005 [16]. e Quality
Assurance of Spectral Ultraviolet Measurements In Europe (QASUME) Fourier transform spectrometer (FTS) solar
irradiance observations (QASUMEFTS) was obtained by normalizing the FTS solar spectrum (305–380 nm) to the
high-accuracy, medium-resolution solar spectrum measured with QASUME (300–500 nm) after extrapolation to 0
airmass. KPNO2005 measurements were used for wavelengths longer (shorter) than 380 nm (305 nm). Note that
the wavelength accuracy was quantified though a comparison with KPNO2005 in the spectral range of 305 to
380 nm. f UARS Solar Ultraviolet Spectral Irradiance Monitor (SUSIM) space-based observations measured in the
UV spectral range, used in deriving the spectral ratio factor for KNMI2008 together with balloon spectra taken
from Gurlit et al. [20] in the visible range. g TSIS-1 Spectral Irradiance Monitor (SIM) space-based observations
used in deriving the spectral ratio factor for the TSIS-1 HSRS together with the space-based Compact SIM (CSIM)
measurements [21] above 2365 nm.

2.1.1. KNMI2008 Spectrum

The KNMI2008 solar spectrum spans 250–550 nm at 0.01 nm intervals with a spectral
resolution of 0.025 nm [9]. This is a composite of high-resolution balloon-based UV measure-
ments (AFGL [13]) and ground-based high-resolution FTS measurements obtained at Kitt
Peak (KPNO1995 [16]), following the approach of Chance and Spurr [22] in which the ear-
lier version of the SAO2010 spectrum was released (SAO1997). Therefore, the wavelength
accuracy remained unchanged from SAO1997 as 1–2 × 10−3 nm. However, the biased
radiometric scales of the high-resolution inputs (Fh) were adjusted into lower resolution but
higher accuracy spectra (FL) through the spectral ratio method. The low-resolution input
was taken from space-borne SUSIM measurements [18] in the UV range below 410 nm and
balloon-borne measurements [20] in the visible range, respectively. The correction spectrum
was based on the spectral ratio of FL/Fh that was derived at the spectral resolution of FL
after convolving Fh with the slit functions of FL and then interpolated at the sampling
grids of Fh.



Remote Sens. 2022, 14, 37 4 of 12

2.1.2. SAO2020 Spectrum

The SAO2010 data [10] is a composite of the AFGL and KPNO measurements, similar
to SAO1997 and KNMI2008. The AFGL spectrum remained unchanged from the original
dataset. However, the FTS measurements were converted to solar transmittances with
an improved reduction for atmospheric transmission and Nyquist sampled at 0.01 nm
for the convolved spectrum using a Gaussian slit function of 0.04 nm FWHM resolution,
referred to as KPNO2005 [16]. Note that the KPNO1995 spectrum was sampled at every
2 pixels per FWHM. Therefore, the wavelength accuracy was estimated as < 3.0× 10−4 nm
for SAO2010 where the KPNO2005 was merged, which corresponded with an order of
magnitude improvement compared with KNMI2008. Improvements in the radiometric
accuracy were also demonstrated to an agreement of 1% (or 2% at a few UV wavelengths)
for KPNO2005 compared with KPNO1995.

2.1.3. TSIS-1 HSRS Spectrum

Coddington et al. [14] hybridized four existing high-resolution solar datasets to cover
the range from 202 to 2730 nm by radiometrically adjusting them to the absolute scale
of the TSIS-1 SIM and CSIM space-based observations of solar spectral irradiances. The
uncertainties of the space-based TSIS-1 SIM solar irradiance spectra were ~0.41% < 460 nm
and 0.24% > 460 nm; concurrent CSIM and TSIS-1 SIM observations agreed at better than
1% across the spectrum. The high-resolution datasets, summarized in Table 1, included the
QASUMEFTS irradiance in the UV from 305.5 nm to 373.6 nm and the AFGL irradiance,
KPNO transmittance and SPTS transmittance datasets were employed for extending to the
shorter UV, visible and IR spectral ranges, respectively.

The derivation of the TSIS-1 HSRS spectrum included two key differences from those
of the SAO2010 and KNMI2008 spectra. The TSIS-1 HSRS included high-resolution QA-
SUMEFTS solar line data over the UV range for which both SAO2010 and KNMI2008
incorporated KPNO solar line data. In order to correct the radiometric uncertainties of
the high-resolution input, the TSIS-1 HSRS also applied a modified (double convolution)
spectral ratio method based on the TSIS-1 SIM satellite measurements, which was a change
from the single convolution of the KNMI2008 spectral ratio approach based on SUSIM
satellite measurements. The TSIS-1 HSRS modification included first convolving the high-
resolution datasets to the TSIS-1 SIM and CSIM spectral resolutions followed by a second
convolution that degraded all datasets to a coarser resolution than the TSIS-1 SIM and
CSIM. The second convolution reduced the uncertainties in the TSIS-1 SIM and CSIM
instrument line shapes (ILS) on the derived spectral ratio factor. Due to the varying spectral
resolution of the TSIS-1 SIM and CSIM instruments, the following spectral resolutions were
implemented in deriving the spectral ratio correction: 6 nm from 200 to 307 nm, 10 nm
from 307 to 475 nm, 45 nm from 475 to 2365 nm and 100 nm from 2365 to 2800 nm.

2.2. Ozone Profile Retrievals

The OMI is a hyperspectral imager, which has been flying on the Aura spacecraft since
15 July 2004 [23]. It observes the radiance of the earth and extraterrestrial solar radiance in
three bands: UV1 (270–310 nm), UV2 (310–365 nm) and VIS (365–500 nm). The spectral
sampling varies from 0.15 to 0.32 nm with a spectral resolution of ~0.5 nm. The OMI
scans a wide swath of 2600 km on the surface of the earth, which enables a global daily
coverage within 14–15 orbits. In the normal operational mode, the cross-track swath is
divided into 30 pixels for the UV1 band and 60 pixels for the UV2/VIS band, producing
a nadir ground pixel size of 13 km × 24 km2 for the UV1 product and 13 km × 48 km2

for the UV2/VIS product, respectively. In this study, a fitting window of 270–330 nm was
targeted for the ozone profile retrievals and two adjacent cross-track pixels of UV2 were
co-added to match the UV1 spatial resolution. We used an optimal estimation (OE)-based
ozone profile algorithm [24] that is in operation to produce OMI research ozone profile
products, available from https://avdc.gsfc.nasa.gov (accessed on 10 December 2021). This
inversion technique iteratively optimizes the solution of the ozone profiles by minimizing

https://avdc.gsfc.nasa.gov
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the difference between the observed and simulated radiances and between a priori and the
retrieval variables constrained with observation and a priori uncertainties, respectively. The
retrieved profile is partial ozone columns at 24 layers from surface to ~65 km, bounded by
25 pressure levels including the tropopause height. Hereafter, we describe where the high-
resolution solar reference is used in this retrieval algorithm; other details can be found in
Liu et al. [24]. As an initial step, the OMI slit functions were theoretically estimated from the
OMI irradiance measurements through direct fitting to the convolution of a high-resolution
solar reference Io with the assumed slit function as follows:

Is(λ) = A× Io(λ + ∆λ) ⊗ S× Pm
s (λ) + Pm

b (λ) (1)

where A is the scaling parameter for Io. λ + ∆λ indicates the process of the wavelength
calibration (e.g., shift and squeeze); only the wavelength shift was considered in this study.
Pm

s (λ) and Pm
b (λ) represent the scaling and baseline mth order polynomials (third order in

this study), respectively. The slit shapes were assumed to be Gaussian:

S (λ) = exp[−(λ− λ

ω
)2] (2)

where ω is the half-width at 1/e intensity. In the retrieval process, the derived slit functions
were used to simulate the OMI observation I; A monochromatic radiance was calculated
at 0.05 nm Ih and then convolved with the instrumental slit functions S to match with the
OMI spectral resolution using a solar Io corrected convolution approach:

I(λ)= Ih × Io ⊗ S/Io ⊗ S (3)

where ⊗ represents the convolution along with Io, a high-resolution solar reference.

3. Results
3.1. Comparisons of the High-Resolution Solar References

Figure 1a compares the irradiance scales of different high-resolution solar reference
spectra against the TSIS-1 SIM satellite measurements. The comparison was limited to the
Hartley and Huggins wavelengths from 265 to 360 nm where the ozone information is
extractable from the satellite measurements of backscattered solar radiance. To reduce the
impact of different spectral resolutions on the comparison, the high-resolution spectra were
commonly smoothed with the measured TSIS-1 SIM wavelength-dependent instrument line
shapes (ILS) whose FWHMs increase from 0.2 nm at 200 nm to 2.4 nm at 360 nm [11]. At the
shorter UV wavelengths below ~305 nm, the low-frequency components of the differences
could be explained by how the AFGL balloon-borne measurements are incorporated. In the
SAO2010 spectrum, where the AFGL observations are applied at their reported radiometric
scale, the average bias from the TSIS-1 SIM is 13.39%. The magnitude of this bias is
consistent with the radiometric uncertainties (10–15%) of the AFGL spectrum reported
by Hall and Anderson [13] and could arise from uncertainties in correcting the AFGL
observations for stratospheric ozone absorption. In addition, individual biases of up to
~23% around 280 nm are likely to arise from the uncorrected strong emission from Mg+ in
the ionosphere. The biases between KNMI2008 and the TSIS-1 SIM (2.66% ± ~5%) and
between the TSIS-1 HSRS and TSIS-1 SIM (0.09± 1.5%) are noticeably reduced owing to the
radiometric recalibration of the AFGL measurements through the spectral ratio method, as
described in Section 2. In the longer UV range above 305 nm, the biases in these reference
spectra from the TSIS-1 SIM are 1.05% ± 3.5% for SAO2010, 1.10 ± 0.5% for KNMI2008 and
−0.03 ± 0.15% for the TSIS-1 HSRS.
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Figure 1. (a) Comparison of the three high-resolution solar reference datasets (KNMI2008, SAO2010,
TSIS-1 HSRS) against the TSIS-1 SIM spectrum at the spectral resolution of the TSIS-1 SIM with the
mean values of individual differences below and above 305 nm noted in the legend. (b) Same
as (a) but for KPNO2005 and QASUMEFTS with and without the TSIS-1 SIM-based spectral
adjustment, respectively.

Figure 1b further examines how other reference spectra differ from the TSIS-1 SIM
above 305 nm and motivates the inclusion of the QASUMEFTS observations in the TSIS-1
HSRS at these wavelengths as opposed to the KPNO data that is incorporated into the
SAO2010 and KNMI2008 reference spectra. A spectral feature from 310–330 nm that is
evident in the SAO2010 comparison (red) persisted but with a reduced magnitude after
applying the modified spectral ratio method to recalibrate it to the TSIS-1 SIM absolute
irradiance scale (green). This feature is absent in the QASUMEFTS data at the original ra-
diometric scale (orange) and after recalibration to the TSIS-1 SIM scale (blue). A conclusive
understanding of the source of the spectral feature is beyond the scope of this paper. How-
ever, the result implies that there is a limit to how well the modified spectral ratio approach
could recalibrate large, oscillatory residual features in high-resolution solar line data to the
absolute scale of a higher accuracy but lower resolution irradiance measurement. In the
absence of large residual features (for example, from 330–360 nm), Figure 1b shows that the
modified spectral ratio approach could perform equally well in recalibrating the solar line
datasets of different underlying radiometric accuracies (see Table 1) to a common scale.

3.2. Comparison of the Ozone Profile Retrievals with Different Solar Reference Datasets

Previous works have evaluated solar reference spectra by assessing their radiometric
and wavelength accuracies. However, this work is the first that we are aware of that has
investigated the impact of applying different solar reference spectra to trace gas retrieval
applications. As described in Section 2.2, retrieving ozone profiles requires a high-resolution
solar reference spectrum to derive the OMI slit functions that are used to convolve simulated
radiances into an OMI spectral resolution. Therefore, the accuracy of the solar reference
spectrum directly impacts on the quality of the ozone profile retrievals from the optimal
estimation solution to the best fit between the measured and simulated OMI radiances.
The OMI slit functions vary mainly with the wavelength and cross-track pixel position [1];
the slit functions also suffer from instrument degradation over time [4]. Note that the
wavelength dependence of the OMI slit functions is negligible within each UV band
according to Bak et al. [4]. In this experiment, the OMI solar irradiances were averaged for
July 2006 to remove short-term noise and then the slit functions and wavelength shifts were
derived for the UV1 and UV2 bands, respectively. In Figure 2a, the slit width ω derived
here was converted to 2

√
lnω, representing the FWHM. The slit widths are broader in UV1

than in UV2. The FWHM differes by ~0.02 nm in the UV1 range and ~0.002 nm in the UV2
range due to different solar reference spectra. Figure 2b compares the magnitude of the
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spectral shifts required to match the OMI irradiances with the different high-resolution
solar reference spectra convolved to the OMI resolution. The shifts of the UV1 irradiance
are at the level of 1.0 ×10−3 when using SAO2010 and the TSIS-1 HSRS but are consistently
biased over the cross-track pixels by ~6.0 ×10−3 when using KNMI2008. For the UV2
range, the shifts are at the level of 1.0 ×10−3, except when the OMI spectra are fitted to the
KNMI2008 reference spectrum (∆λ = 2.09× 10−3). As noticed, the cross-track patterns of
the fitted shifts are very similar in both UV1 and UV2 and, hence, the different magnitudes
of the shifts could be attributed to the systematic differences in the wavelength accuracy
among the three solar spectra. Figure 2c evaluates the root mean square (RMS) of the fitting

residuals: RMS =
√

1
N ∑N

1 ((Im − Is)/Im)2 × 100 (%) for the measured Im and simulated Is

irradiance spectra, which could be representative of the qualities for the derived slit and
wavelength calibration parameters. The average RMS values are 1.90% in UV1 and 1.36%
in UV2 when applying the current standard dataset, SAO2010. The RMS values in the UV1
and UV2 bands are significantly reduced to 1.37% and 0.69%, respectively, by switching
to the new solar reference dataset, TSIS-1 HSRS. The RMS values for KNMI2008 in the
UV1 band are closer to those of TSIS-1 HSRS and slightly better than those of SAO2010.
However, in the UV2 band, the RMS values for KNMI2008 are still significantly worse than
those of the TSIS-1 HSRS.

Figure 2. Impact of using different solar reference datasets on the spectral fitting of OMI irradiances
with respect to (a) FWHMs fitted as Gaussian functions and (b) wavelength shifts as well as (c) RMS
of fitting residuals. This experiment was performed for the monthly mean irradiances of daily
OMI observations (July 2006) as a function of the cross-track positions over the UV1 (left) and UV2
(right) bands, respectively. The legend represents the average values of the fitting variables over the
cross-track positions.

In the rest of this section, the impact on the ozone profile retrievals using one orbit
measurement from 1 July 2006 is discussed. Figure 3 compares the RMS of the fitting
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residuals between the measured and simulated radiance spectra, which should typically be
minimized for better ozone profile retrievals. The best radiance fitting results are found
generally when the TSIS-1 HSRS is applied. In UV1, the fitting RMS values are larger
by 2% when using SAO2010 and comparable with those using KNMI. In UV2, the fitting
RMS values are relatively larger by up 5% for SAO2010 and relatively larger by 5–15%
for KNMI2008. Overall, the impact on the ozone spectral fitting is much larger in UV2
than in UV1 in spite of the larger impact of different solar reference spectra on the derived
slit widths in UV1. That is because the convolution errors could be less important in the
spectrally broad Hartley band (UV1) compared with the highly structured Huggins band
(UV2) [4]. In Figure 4, the impact on the retrieved ozone is compared for the stratospheric
and tropospheric ozone columns, respectively. Note that the atmospheric ozone was
retrieved at 24 layers from the surface to 65 km and then integrated based on the thermal
tropopause. The OMI UV1 channel contains most of the information for the stratospheric
ozone whereas the tropospheric ozone information comes from the UV2 measurements.
The sensitivity of the stratospheric ozone retrievals to different solar reference datasets is
relatively weak within 0.2% due to switching from SAO2010 to the TSIS-1 HSRS. On the
other hand, the tropospheric ozone retrievals are more sensitive with biases of ~2% due to
using SAO2010 instead of the TSIS-1 HSRS. Furthermore, the impacts of using KNMI2008
on the ozone column retrievals are much larger; the biases increases up to ~5% and ~1%
over the troposphere and stratosphere, respectively. Figure 5 is similar to Figure 4b but
for individual layer ozone columns. Compared with using the TSIS-1 HSRS, the retrieved
ozone is positively biased in the upper troposphere due to using the existing solar reference
spectra but negatively biased in the lower troposphere. The impact on the individual
layers is much larger than the integrated column ozone in the troposphere. For example,
the retrieved ozone is perturbed from −5% at the surface layer to 7% at the tropopause
layer when changing the current input (SAO2010) to the TSIS-1 HSRS whereas the ozone
retrievals above 50 hPa are almost unperturbed.

Figure 3. Impact of using different solar reference datasets on the RMS (%) of the spectral fitting
residuals resulting from an orbit of retrieval at cross-track position 15 (nadir) on 1 July 2006 (orbit
number: 10427). In the left panel, the fitting RMS values are plotted over the (a) UV1 and (b) UV2
ranges, respectively, as a function of the latitude with their differences relative to the TSIS-1 HSRS in
the right panels.
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Figure 4. Same as Figure 3 but for vertically integrated ozone columns over the (a) stratosphere and
(b) troposphere, respectively.

Figure 5. The relative difference in the individual layer ozone columns when switching from SAO2010
or KNMI2008 to the TSIS-1 HSRS. Note that the ozone profiles were retrieved from one orbit mea-
surement used in Figures 3 and 4.

4. Summary

We evaluated a new solar irradiance reference spectrum to investigate improvements
in ozone profile retrievals using UV spectral information from OMI backscattered mea-
surements. The OMI algorithm has utilized the SAO2010 reference spectrum derived from
balloon measurements (AFGL) and ground-based FTS (KPNO2005) measurements [10]. A
different solar reference spectrum, KNMI2008, has been applied to many atmospheric trace
gas retrievals, especially from the OMI and its successors. It was composed from the AFGL
and KPNO1995 by applying the spectral ratio method for the adjustment of high-resolution
solar data to the irradiance scale of a more accurate but a lower spectral resolution spectrum
based on SUSIM observations. The new dataset (TSIS-1 HSRS) was taken from utilizing the
ground-based QASUMEFTS spectrum in the UV range from 305.5 nm to 373.6 nm and ex-
tended down to 202 nm and up to 2730 nm with other high-resolution datasets [14]. It was
developed with a modified spectral ratio method being used to scale the high-resolution
datasets to the lower resolution TSIS-1 SIM and Compact SIM (CSIM) datasets. The TSIS-1
HSRS takes advantage of the improvements in the radiometric accuracy (0.2–0.4%) of the
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TSIS-1 SIM measurements, which had a higher accuracy across the full spectrum than any
previously reported solar reference spectra.

We evaluated the radiometric scales of solar reference spectra against those of TSIS-1
SIM solar irradiance measurements. Compared with the TSIS-1 SIM spectrum, SAO2010
revealed an average difference of 13.39% due to the radiometric uncertainties of the under-
lying AFGL spectrum (λ < 305 nm). However, the TSIS-1 HSRS and KNMI2008 showed a
closer agreement to the TSIS-1 SIM at the levels of 0.09% and 2.66%, respectively. In the
UV2 range, the radiometric scales were well-matched within ~± 1% of the TSIS-1 SIM
baseline, especially for the TSIS-1 HSRS (bias = −0.03% on average) except for SAO2010
below 330 nm (bias from −2 to 5%). The assumed solar reference spectrum directly im-
pacted on the slit function characterization and wavelength assignment from the OMI
irradiances. We found that applying the TSIS-1 HSRS resulted in the best fitting accuracies
(i.e., lowest fitting residual); ~0.69% on average in the UV2 range and 1.37% in the UV1
range. Particularly in UV2, the fitting accuracies were approximately a factor of two better
with the TSIS-1 HSRS than when using KNMI2008 and SAO2010 (~1.3%).

In extracting the ozone information from the OMI radiances, applying KNMI2008
resulted in the largest fitting residual in the UV2 range. The ozone profile retrievals were
perturbed by up to 20% in the troposphere when shifting the solar reference from KNMI2008
to the TSIS-1 HSRS. In comparison between the TSIS-1 HSRS and SAO2010, the intergrade
column ozone matched within ~2% in the troposphere but the difference increased up to
5–7% for the individual layer column ozone. On the other hand, the impact on the strato-
sphere ozone column or ozone profile was negligible. The fitting residuals were reduced by
up to ~5% in the UV2 range as well as ~2% in the UV1 range. Overall, the ozone retrievals
are sensitive to the solar reference input in the troposphere due to the highly structured
Huggins band (UV2), where convolution errors greatly affect the radiative transfer calcula-
tions, compared with the stratosphere where the spectrally broad Hartley band is applied
for the ozone retrievals. In conclusion, the improved solar reference spectrum led to quan-
tifiable improvements for use in the analysis of atmospheric UV spectra (270–330 nm) and,
therefore, the radiometric accuracy of the TSIS-1 HSRS is acceptable as a new benchmark
for developing a high-resolution solar spectrum. Based on this conclusion, we decided to
change the standard input of the high-resolution solar reference spectrum from SAO2010 to
the TSIS-1 HSRS for use in the Smithsonian Astrophysical Observatory (SAO) ozone profile
algorithm-processing OMI [24] and other missions [3,25,26]. The investigation of using
the TSIS-1 HSRS in retrieving other SAO trace gases based on the basic optical absorption
spectroscopy approach [27–29] is ongoing to see if the new solar reference can help with
slit functions and wavelength shifts as well as the solar-I0 effect and Ring effect.
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