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Abstract

Compact spatial heterodyne spectroscopy (SHS) is useful for atmospheric remote sensing,
but repeated interferogram acquisition alone does not guarantee stable recovered spectral
intensity. An intensity-preserving framework based on self-calibrated quality-gated robust
fusion (SC-QGRF) was evaluated for multi-frame SHS spectral recovery. Frame weights are
derived from image and spectral quality descriptors while avoiding framewise spectral nor-
malization. Test spectral measurements were carried out using potassium and xenon lamps,
which served as controlled laboratory cases for line spectrum and broadband spectrum
recovery, respectively. Random Single, Image Average, Spectrum Mean, Spectrum Median,
and the proposed strategy were compared under a common recovery and evaluation setting.
Complete frame and exposure response analyses retained the main spectral profiles and
showed no evident exposure-dependent intensity bias in this laboratory setting. Repeated
subsampling provided the main stability evidence. SC-QGRF achieved the lowest variabil-
ity in all four core metrics: coefficient of variation (CV) of K-AreaRatio = 0.0445%, CV of
the full width at half maximum of the second K peak (K-FWHM2) = 0.0395%, CV of Xe-
BandIntegral = 1.1770%, and standard deviation (STD) of Xe-SpectralCentroid = 0.0786 nm.
The method can be used as a spectral quality control and fusion step for repeated SHS
observations toward atmospheric remote sensing, while gas cell and field measurements
remain necessary for retrieval-level validation.

Keywords: spatial heterodyne spectroscopy; atmospheric remote sensing; spectral recovery;
intensity preservation; robust fusion; spectral quality control

1. Introduction
Atmospheric remote sensing relies on recovered spectra with stable intensity, not

only on profiles that can be visually recognized. In trace-gas retrieval and broadband
radiance analysis, weak absorption features, band-integrated quantities, spectral centroid
positions, and exposure-dependent responses may enter calibration checks and retrieval
preprocessing. Greenhouse gas retrieval studies have linked uncertainty to instrument
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terms, radiometric gain, spectral calibration, surface reflectance, and forward model in-
puts [1,2]. Work on MethaneAIR, TROPOMI, and broader satellite methane observation
products also indicates that stable spectral information and controlled preprocessing are
needed before retrieval-level use [3–6].

Repeated acquisition can improve measurement reliability for compact satellite,
ground-based, or unmanned platforms. Its value, however, is conditional on the stability of
the recovered spectral quantities. Satellite methane emission studies and validation studies
support this requirement in both satellite and ground-based observation settings [7–9].
Recent work on plume detection and methane emission monitoring makes the same point:
repeated observations remain useful only to the extent that the spectral quantities are
traceable [10,11]. Long-term satellite imagery studies of atmospheric cloud properties
further show that remote sensing records are useful only when the observation products
are consistently processed and interpretable [12].

SHS provides a compact route for atmospheric spectral observation. It encodes wave-
length information in the spatial frequency of a stationary two-dimensional interferogram
and avoids macroscopic optical path scanning. The Greenhouse Gases Monitoring Instru-
ment on GaoFen 5 satellite II is a recent SHS example for greenhouse gas monitoring, and
its on orbit spectral calibration work shows that wavelength offset correction is needed
before quantitative use [13,14]. For SHS and related greenhouse gas spectrometers, studies
have examined phase distortion, instrumental line-shape characterization, and wavelength
calibration error analysis [15–17]. Satellite missions such as GaoFen 5/GaoFen 5B, GOSAT,
Copernicus/Sentinel platforms, and Landsat differ in observation objectives, instrument
concepts, and data products. The present study is therefore limited to intensity- preserv-
ing SHS spectral recovery preprocessing and does not attempt a cross-mission retrieval
performance comparison.

SHS has also been used or investigated in atmospheric nitrogen dioxide observation,
compact space spectrograph modelling, and visible gas sensing [18–20]. Work on high
dynamic range imaging, signal-to-noise ratio, SHS development, and instrumental func-
tion characterization suggests that recovered spectral quality is shaped by both optical
configuration and post-acquisition processing [21–24]. The original SHS concept remains
the interferometric basis of these later implementations [25].

For SHS instruments, the interferogram is an intermediate record. Later analysis
uses a one-dimensional recovered spectrum and metrics such as line area, full width at
half maximum (FWHM), band-integrated intensity, and spectral centroid. Local dark re-
gions, bright-tail anomalies, weak saturation, detector response variation, frame dimension
anomalies, and fringe modulation changes may appear after Fourier domain recovery as
spectral intensity fluctuation, line-shape variation, or centroid shift. This issue matters
for atmospheric optical instruments, since instrumental line-shape degradation, satellite
instrument characteristics, and reference spectrometer stability can affect retrieval-level
analysis and validation [26–28].

Intensity preservation is therefore a separate constraint. Framewise min–max scaling,
peak normalization, or area normalization may improve visual overlap, but they disturb the
physical intensity relationship among repeated spectra. They can also hide real exposure-
dependent response differences. An atmospheric SHS processing chain should reduce
unreliable frame contributions while leaving the recovered intensity scale unchanged.

Most SHS and greenhouse gas instrument studies have focused on optical design, cali-
bration, phase correction, instrumental line shape, signal-to-noise modelling, dynamic range
extension, and spectral reconstruction. Repeated frame fusion has received less attention,
particularly when frame quality varies and recovered spectral intensity must be preserved.
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To isolate the effect of the fusion rule, four representative baselines were considered
under a common recovery operator: selecting a single frame, averaging interferograms
before recovery, averaging recovered spectra, and taking the pointwise spectral median.
These baselines were not intended to cover all SHS processing methods. Instead, they
provide transparent reference strategies for testing how repeated frame processing affects
intensity-preserving spectral recovery. Single-frame selection, image averaging, and spec-
tral domain averaging or median fusion each provide a simple reference strategy, but they
do not jointly consider image domain defects, spectral consistency, and frame-level contri-
bution traceability. This limitation motivates the use of a quality-guided fusion strategy
that reduces unreliable frame contributions while preserving the recovered intensity scale.

Single-frame selection is the most direct strategy because it leaves the detector scale
intensity of one interferogram unchanged; however, it makes the recovered spectrum
dependent on a single acquisition and does not use the redundancy provided by repeated
measurements. Image averaging can reduce uncorrelated image noise before Fourier do-
main recovery, but it combines fringe records before Fourier centering, sideband selection,
and projection. For SHS and related spectral systems, preprocessing operations applied
before spectral recovery can affect the information carried by the interferogram or spec-
trum [19,29]. When frame-to-frame background variation, local defects, fringe contrast
changes, or weak phase differences are present, interferogram domain averaging may alter
the effective modulation entering spectral recovery.

Spectral-mean fusion avoids interferogram domain averaging because each frame
is recovered before fusion, but all recovered spectra are assigned equal confidence. This
makes the result sensitive to frames affected by image defects or spectral inconsistency.
Pointwise spectral median fusion is more resistant to isolated spectral outliers, but it
does not use image domain-quality evidence and does not provide explicit frame-level
contribution weights. These limitations are consistent with common issues in spectral
and hyperspectral data handling, where preprocessing and outlier treatment can influence
quantitative spectral metrics [30].

For this reason, an intensity-preserving evaluation framework was developed using
SC-QGRF as the quality-guided fusion strategy for multi-frame SHS spectral recovery
toward atmospheric remote sensing. Frame weights are estimated from image defect de-
scriptors and spectral consistency descriptors using within-group robust statistics. Median-
based robust deviation measures and Huber-type residual weighting provide the statistical
basis for reducing abnormal frame contributions, while an effective frame constraint pre-
vents the weighted fusion from collapsing into an implicit single-frame selection [31,32].
This design does not require an external ground-truth spectrum for every acquisition group
and preserves the recovered intensity scale during fusion.

Potassium and xenon lamp measurements are used as laboratory validation data rather
than atmospheric constituents. In this laboratory validation setting, they provide controlled
line spectrum and broadband spectrum cases for evaluating spectral recovery stability
before gas cell or field atmospheric measurements. Five strategies are compared under
the same wavelength axis, recovery operator, projection setting, and metric definitions.
The evaluation includes complete frame spectral recovery, exposure response, repeated
subsampling stability, and frame weight redistribution.

2. Materials and Methods
2.1. Laboratory SHS System and Validation Data

The validation data were acquired using a laboratory spatial heterodyne spectrometer
for controlled spectral recovery tests. Figure 1a shows the optical configuration. The
incident beam was collimated, split into two interferometric arms, diffracted by two fixed
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tilted gratings, recombined, and recorded as a two-dimensional interferogram by a scientific
sCMOS detector. Spectral information was therefore encoded in the spatial frequency
content of a stationary interferogram, without mechanical optical path scanning. Table 1
lists the main acquisition and recovery parameters.

Figure 1. Laboratory SHS system and acquisition scenes. (a) Optical layout of the spatial heterodyne
spectrometer. L1–L3 are lenses, BS is the beam splitter, FFT indicates Fourier transform spectral
recovery, and the interferogram is recorded by an sCMOS detector. (b) Potassium and xenon lamp
measurements used as controlled line spectrum and broadband spectrum validation cases before gas
cell or field atmospheric measurements.

Table 1. Main acquisition and spectral recovery parameters.

Parameter Value

Grating groove density 600 lines/mm
Detector pco.panda 4.2 sCMOS

Image size 2048 × 2048 pixels
Pixel size 6.5 µm × 6.5 µm

Raw data format 16 bit ASC
Potassium exposure series 20–220 ms, step 20 ms

Xenon exposure series 5–80 ms, step 5 ms
Reference wavelength λ0 = 756.65172413 nm

Spectral sampling interval ∆λ = 0.029 nm/channel

Two lamp sources were used to provide controlled spectral conditions. The potassium
lamp was used as an emission-line source for testing narrow feature recovery, including
weak peak stability and line-shape-related metrics. It was not used as a reflective target,
and no potassium reflectance was measured or analyzed. The xenon lamp provided a
broadband case for evaluating band-integrated intensity and spectral centroid stability.
In this setting, the lamp spectra were not treated as atmospheric constituents. They were
used to test line and broadband SHS spectral recovery stability before gas cell or field
atmospheric measurements.
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During each exposure series, the lamp condition, optical alignment, and acquisition
geometry were kept unchanged. The potassium exposure time ranged from 20 ms to
220 ms with a step of 20 ms, and the xenon exposure time ranged from 5 ms to 80 ms with
a step of 5 ms. For each exposure time, 50 signal interferograms and 50 dark frames were
acquired. A pixelwise median dark frame was constructed from the 50 dark frames at the
same exposure time, and this exposure-matched median dark frame was subtracted from
the corresponding signal interferograms.

Before spectral recovery, all signal frames were checked by a frame size audit. Frames
whose dimensions did not match the valid acquisition size were excluded from recovery,
fusion, and metric calculation. The analysis used valid interferograms with a size of
2048 × 2048 pixels, and each exposure group contained 50 valid signal frames after the
audit. After dark subtraction, negative pixel values were set to zero before spectral recovery.
This operation was applied uniformly to all frames and all processing strategies.

No method-dependent clipping, rescaling, min–max normalization, peak normaliza-
tion, area normalization, or framewise spectral normalization was used for quantitative
analysis. The recovered spectra were kept on a common detector intensity scale after
dark correction. DC or near DC cropping and display contrast adjustment were used
only for visualization; quantitative metrics were calculated from the full recovered spec-
tra. Conditional on this data processing setting, the exposure response discussed below
refers to the consistency of recovered spectral metrics across exposure time, not to absolute
radiometric calibration.

2.2. Processing Framework

Figure 2 gives the processing framework used throughout the analysis. After frame
size audit and exposure-matched dark correction, valid interferograms were grouped by
source type and exposure time. In this framework, preprocessing refers to frame size
audit, exposure-matched median dark frame subtraction, negative value clipping after dark
correction, and source/exposure grouping. These steps were completed before method
comparison, and the same preprocessed valid frame pool was supplied to all five strategies.
Each exposure group was treated as a common valid frame pool. The same pool was then
used for Random Single, Image Average, Spectrum Mean, Spectrum Median, and SC-QGRF,
so that all five strategies were compared under the same source and exposure condition.

Figure 2. Processing framework for complete frame and repeated subsampling analyses.

Two analysis paths were built from this pool. Complete frame analysis used all valid
frames in an exposure group to obtain full group spectra and exposure response results.
For SC-QGRF, this path also provided frame weight diagnostics. Repeated subsampling
analysis used selected frame subsets from the same pool to test sensitivity to frame subset
perturbation. Within a given subsampling trial, all five strategies received the same selected
subset. Conditional on the fixed wavelength axis, recovery operator, projection setting, and
metric definitions, differences among the strategies mainly reflected the fusion strategy
rather than changes in preprocessing, spectral recovery, or metric calculation.
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2.3. Intensity-Preserving Recovery and Fusion Strategies

For each exposure group or repeated subsampling trial, the current frame index set
was written as Ω = {1, 2, . . . , N}, where N denotes the number of frames used in that run.
The dark corrected interferogram of frame i was denoted by Ii(x,y). All five strategies were
built on the same recovery operator R(·), so the comparison was tied to the fusion rule
rather than to a change in spectral reconstruction.

In this work, R(·) represents a fixed Fourier domain recovery operator. Each dark
corrected interferogram was first converted to a double precision array. It was then trans-
formed into the Fourier domain, centered, and projected from the right half positive
frequency side along the detector vertical direction to form a one-dimensional spectral
sequence. The same Fourier centering, positive side selection, projection direction, and
channel indexing were used for every frame, exposure group, and strategy. The analysis
was performed on the native detector pixel grid; no pixel snapping, sub pixel registration,
or interpolation-based image alignment was applied before spectral recovery. Conditional
on this fixed recovery setting, the single frame spectrum was defined as

Si(λ) = R
[

Ii(x,y)

]
, i ∈ Ω (1)

The wavelength axis was generated from the instrument parameters listed in Table 1:

λ(k) = λ0 + k∆λ, k = 0, 1, . . . , K − 1 (2)

where λ0 is the reference wavelength, ∆λ is the spectral sampling interval, k is the spectral
channel index, and K is the number of recovered spectral channels.

Quantitative spectra were retained on the common detector intensity scale after dark
correction. Framewise min–max scaling, peak normalization, area normalization, and
spectral normalization were not applied. DC or near DC cropping and display contrast
adjustment were reserved for visualization only; the full recovered spectra were used for
metric extraction.

Four baseline strategies were evaluated under the same input set Ω. For Random
Single, one frame r was selected from the current input set, and its recovered spectrum was
used without spectral domain fusion:

SRS(λ) = Sr(λ), r ∈ Ω (3)

For Image Average, dark corrected interferograms were averaged before spectral
recovery:

Iavg(x,y) =
1
N ∑

i∈Ω
Ii(x,y) (4)

SIA(λ) = R
[

Iavg(x,y)

]
(5)

For Spectrum Mean, each frame was recovered independently before averaging in the
spectral domain:

SSM(λ) =
1
N ∑

i∈Ω
Si(λ) (6)

For Spectrum Median, the median was calculated pointwise across the independently
recovered spectra:

SSMed(λ) = mediani∈Ω{Si(λ)} (7)

Image Average and Spectrum Mean were kept as separate strategies because the two
operations are not interchangeable. Image Average enters R(·) after interferogram domain
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averaging, where frame-to-frame fringe variation may change the effective modulation.
Spectrum Mean combines spectra only after each frame has already been recovered. To the
extent that frame defects or fringe contrast changes affect the interferogram before Fourier
recovery, these two strategies may respond differently.

For SC-QGRF, fusion was performed in the spectral domain with final normalized
frame weights:

SSC−QGRF(λ) = ∑
i∈Ω

wiSi(λ), ∑
i∈Ω

wi = 1 (8)

Here, wi is the final frame weight defined in Section 2.5. With the same input set,
wavelength axis, recovery operator, projection setting, and metric definitions, the differ-
ences among the five strategies mainly reflect their fusion rules rather than changes in
preprocessing, spectral recovery, or metric calculation.

2.4. Repeated Subsampling Protocol

Repeated subsampling was used to examine how each strategy responded to changes
in the available frame subset under the same exposure condition. For each potassium and
xenon exposure group, 30 trials were carried out. In each trial, 30 frames were drawn
without replacement from the 50 valid frames in that exposure group. The subset size and
number of trials were determined from the 50 frame valid pool in each exposure group. A
30-frame subset retained most frames while still perturbing the frame composition, and
30 repeated trials provided repeated subset variations for comparing the five strategies
under the same sampling protocol. The subsampling index tables were generated before
the method comparison and were kept fixed for all five strategies. In a given trial, Random
Single, Image Average, Spectrum Mean, Spectrum Median, and SC-QGRF received the
same selected subset. Random Single used one frame selected from that subset as the trial
output, whereas the other four strategies used all 30 frames.

Each trial produced one recovered spectrum and one set of spectral metrics for each
strategy. These trial level metrics were used to evaluate repeatability under frame subset
perturbation. Because no external ground-truth spectrum was available for each individual
interferogram, frame-level absolute accuracy was not calculated. Instead, repeated sub-
sampling was used to evaluate the stability of recovered spectral metrics under changes in
frame composition. For intensity-related metrics, the coefficient of variation was calculated
within each exposure group. For wavelength- or position-related metrics, the standard
deviation was calculated within each exposure group. The within-exposure statistics were
then summarized across exposure groups for each method and metric, so that deterministic
exposure-dependent intensity changes were not mixed with variability caused by frame
subset changes. This protocol follows a resampling-based stability assessment logic, but
uses subsampling without replacement rather than bootstrap resampling.

2.5. Self-Calibrated Quality-Gated Robust Fusion

Figure 3 outlines the SC-QGRF workflow. The method links four steps: single frame
spectral recovery, image and spectral quality modelling, quality-guided robust weighting,
and final spectral fusion with metric extraction. Its purpose is to estimate frame weights
from observable image and spectral evidence while keeping the fused result supported by
multiple frames.

Sre f (λ) = mediani∈Ω{Si(λ)} (9)

This median spectrum was used only to describe within-group spectral consistency. It
was not treated as an external ground-truth spectrum, and it was not used to define the
final evaluation metrics.
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For each frame, image and spectral information were combined into the feature vector

fi =
[

f UT
i , f LT

i , f LA
i , f SD

i , f ID
i

]
(10)

where UT, LT, and LA denote upper tail anomaly, lower tail anomaly, and local anomaly.
The upper tail descriptor targets bright outliers or weak saturation. The lower tail descriptor
reflects abnormally dark pixels or local signal loss, and was used to account for local dark
regions in the recorded interferograms. The local anomaly descriptor measures small-
scale departures from the local median filtered background. Therefore, local dark regions
were analyzed as image domain-quality deviations before spectral recovery, rather than as
manually segmented regions or independent spectral features. Frames containing stronger
local dark anomalies received larger robust standardized scores and consequently lower
fusion weights in the SC-QGRF procedure. These descriptors characterize detector plane
quality variations only; geospatial or scene-level spatial errors were not estimated because
the laboratory data did not contain spatially resolved atmospheric scenes.

Figure 3. Workflow of the proposed SC-QGRF method.

The three image descriptors were calculated as

f UT
i =

[
P99.9(Ii)

− P99(Ii)

]
[IQR(Ii) + ε]

(11a)

f LT
i =

[
P1(Ii)

− P0.1(Ii)

]
[IQR(Ii) + ε]

(11b)

f LA
i =

P99(|Ii−Mi |)
[IQR(Ii) + ε]

(11c)

where Pq(·) is the qth percentile, IQR(·) is the interquartile range, Mi is the local median
filtered image of Ii, and ε prevents division by zero. The median filter setting was fixed
before method comparison and remained unchanged for all frames, exposure groups, and
lamp sources.
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Spectral quality was described by profile consistency and intensity consistency relative
to Sre f (λ):

f SD
i = 1 − corr

[
Si(λ), Sre f (λ)

]
(12a)

f ID
i =

∣∣∣Ai − median(m∈Ω)(Am)

∣∣∣[
median(m∈Ω)(Am) + ε

] (12b)

For potassium spectra, Ai was the sum of the two baseline-corrected peak areas
defined in Section 2.6. For xenon spectra, Ai was the band-integrated intensity over the
evaluation interval defined in Section 2.6. The correlation in Equation (12a) was calculated
over the source-dependent spectral interval used for metric extraction, not over display-
cropped spectra.

All five descriptors were defined in the same direction: larger values indicate stronger
anomaly or larger spectral inconsistency. Each descriptor was therefore converted into a
one-sided robust standardized score:

z+ij = max

0,

[
fij − median(m∈Ω)( fmj)

]
[
1.4826MAD

(
f j
)
+ ε

]
 (13)

where MAD(·) is the median absolute deviation of the jth descriptor within the current
exposure group. The factor 1.4826 is the standard consistency factor that scales MAD to a
standard deviation equivalent estimate under a normal distribution. It was used here only
for robust standardization of the quality descriptors.

The contribution of each feature channel was estimated from its within-group variability:

vj =
IQR

(
f j
)[

mediani∈Ω| fij | + ε
] , αj =

vj

∑l vl
(14)

The adaptive weights αj represent the relative variability of the quality descriptors
within the current group. They were not optimized using the final spectral metrics. The
composite anomaly score for frame i was then given by

Di =

[
∑

j
α2

j(z+ij )

] 1
2

(15)

The anomaly scores were mapped to initial frame weights through a softmax function:

w0
i =

exp
(
−Di

τ

)
∑m∈Ω exp

(
−Dm

τ

) (16)

where τ controls weight concentration. Smaller τ produces a more concentrated weight
distribution, while larger τ makes the weights closer to equal weighting. To limit implicit
best-frame selection, the effective frame number was constrained as

Ne f f =
1

∑i∈Ω
(
w0

i
)2 ,

Ne f f

N
≥ ρ, ρ = 0.5 (17)
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Here, Ne f f denotes the equivalent number of equally weighted frames implied by the
normalized weights; it is not restricted to integer values. If the constraint was not satisfied,
τ was increased and the initial weights were recomputed. The same effective frame ratio
threshold and update rule were used for all exposure groups and both lamp sources.

After initial weighting, a provisional fused spectrum was obtained:

Sprov(λ) = ∑
i∈Ω

w0
i Si(λ) (18)

The relative residual of each single frame spectrum was calculated as

ri =

∣∣∣|Si(λ) − Sprov(λ)|
∣∣∣
2[∣∣∣|Sprov(λ)|

∣∣∣
2
+ ε

] (19)

The residual norm was evaluated over the same source-dependent spectral interval
used for spectral consistency assessment. A Huber-type residual factor was then applied to
reduce the contribution of spectra that remained inconsistent after initial quality weighting:

hi = min
(

1,
c

ri + ε

)
(20)

where hi is the residual correction factor and c is the residual cutoff constant. The cutoff
setting was fixed before method comparison and was not tuned separately for a specific
exposure group or lamp source. The final normalized frame weight was calculated as

wi =
w0

i hi

∑m∈Ω w0
mhm

(21)

The final SC-QGRF spectrum was then calculated using Equation (8). In this frame-
work, image defects, spectral inconsistency, adaptive feature weighting, residual correction,
and the effective frame constraint jointly determine the frame weights. The descriptor
definitions, robust standardization rule, effective frame ratio threshold, temperature update
rule, and residual correction setting were kept fixed across the experiment. SC-QGRF was
used as a spectral quality control and fusion step for repeated SHS observations. It re-
duces unreliable frame contributions while preserving multi-frame support, but it does not
replace radiometric calibration, wavelength calibration, or atmospheric forward modelling.

2.6. Spectral Metrics and Stability Evaluation

Spectral metrics were computed from the full recovered spectra, not from spectra
cropped for display. All spectral parameters were extracted using the same wavelength
axis, analysis intervals, baseline correction rule, and metric definitions for all methods. This
setting ensured consistent parameter comparison across methods, but did not constitute
absolute wavelength or radiometric calibration. In this laboratory setting, potassium and
xenon provided two controlled validation cases: line spectra for potassium and broadband
spectra for xenon. They were not interpreted as atmospheric absorption spectra. For
potassium spectra, two fixed line windows were centered at 766.48991 nm and 769.89645 nm,
with a half width of ±0.8 nm. After local baseline subtraction, the baseline- corrected
positive spectrum was defined as

Sc(λ) = max[S(λ)− B(λ), 0] (22)
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where B(λ) denotes the local baseline estimated within the corresponding analysis window,
and Sc(λ) is the positive baseline-corrected spectrum used for subsequent area, FWHM,
and centroid calculations.

The area of the pth potassium peak was calculated by numerical integration:

Ap = trapzλ∈Λp Sc(λ), p = 1, 2 (23)

where Λp is the analysis window of the pth peak. The operator trapz denotes numerical
integration over discrete wavelength samples using the trapezoidal rule. The potassium
area ratio was defined as

AreaRatio =
A2

A1
(24)

The full width at half maximum of the second potassium peak (FWHM2) was obtained
from the second baseline-corrected potassium peak at the half maximum level. Peak
separation was calculated from the detected positions of the two potassium peaks.

For xenon spectra, metric extraction used the fixed interval of 760–785 nm. The same
baseline-corrected positive-spectrum definition was applied to the broadband case. Band-
integrated intensity was calculated as

BI = trapzλ∈[760,785]Sc(λ) (25)

and spectral centroid was calculated as

SC =
trapzλ∈[760,785]λSc(λ)

trapzλ∈[760,785]Sc(λ)
(26)

For repeated subsampling, metrics summarized by CV were calculated within each ex-
posure group, whereas wavelength or position-related metrics were summarized by standard
deviation. Trial-level box plots used within-exposure relative deviations for intensity metrics
and absolute deviations from the within-exposure median for position metrics. These statis-
tics describe within-exposure repeatability and frame subset stability, rather than absolute
frame-level accuracy against an external reference spectrum. The coefficient of variation (CV)
was calculated as the ratio between the standard deviation (STD) and the mean value of the
repeated subsampling metric within the same exposure group.

CV = 100% × STD(x)
Mean(x)

(27)

For exposure response analysis, a linear model was fitted between exposure time
and the selected recovered intensity metric. The fitting quality was reported using the
coefficient of determination R2, normalized root mean square error (nRMSE), and mean
absolute relative error (MARE).

3. Results and Discussion
The results are presented in two evidence categories. Qualitative results are used to

examine spectral profile preservation in representative complete frame cases, whereas quan-
titative and statistical results are used to evaluate exposure response, repeated subsampling
stability, and frame weight redistribution.

3.1. Qualitative Complete Frame Spectral Recovery

Before examining exposure response and frame subset stability, the complete frame
analysis was used to check whether the main spectral profiles were preserved. Figure 4
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presents representative results for the controlled potassium and xenon validation cases. In
the potassium 120 ms group, all five strategies retained the main doublet structure, and
the weaker long-wavelength peak was still visible in the enlarged region. In the xenon
50 ms group, the broadband profile and a representative local peak were also preserved.
Spectrum Mean, Spectrum Median, and SC-QGRF remained close in peak position and
overall profile. Under the complete frame condition, this agreement indicates that the
quality-guided weighting in SC-QGRF did not introduce visible spectral distortion.

2xJO" ·······Ronclom,ingle 

-lmage•nrage 

JxJO'' ::::::::::::::::::::::� D 
-SC-QCRF 

77IJ 775 
Wavckngth(nm) 

Figure 4. Complete frame spectral recovery for the controlled line and broadband validation cases.
Spectra are shown on the recovered intensity scale without framewise normalization. (a) Potassium
lamp spectra at 120 ms exposure with an enlarged view of the weak peak region. (b) Xenon lamp
spectra at 50 ms exposure with an enlarged view of a representative local spectral peak.
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Method-dependent differences were also present. Image Average produced lower
recovered intensity for both sources. This behavior is consistent with a possible reduction
in effective fringe modulation when interferograms are averaged before spectral recovery,
particularly when frame-to-frame fringe contrast, background, or local defect differences
are present. Random Single showed stronger local fluctuation and higher background in the
enlarged regions, consistent with its reliance on one selected frame. For atmospheric SHS
workflows, avoiding artificial profile distortion is relevant to later weak feature extraction,
band-integrated analysis, and retrieval preprocessing. The complete frame result therefore
serves as a spectral preservation check; exposure response and frame subset sensitivity are
examined separately in Sections 3.2 and 3.3.

3.2. Quantitative Exposure-Dependent Spectral Response

The exposure response test examined whether each fusion strategy preserved the
relationship between exposure time and recovered intensity metrics. Complete frame
results from all exposure levels were used. K-Peak2Area was selected to represent the
weak potassium line response, and Xe-BandIntegral was used for the integrated broadband
response. For each method and metric, a linear model was fitted between exposure time
and the recovered intensity metric; R2, nRMSE, and MARE were used to evaluate the fit. In
this setting, the test describes the consistency of recovered spectral metrics across exposure
time. It should not be interpreted as absolute radiometric calibration.

The fitted responses in Table 2 show clear exposure dependence for all five strategies.
For K-Peak2Area, all R2 values exceeded 0.9997. For Xe-BandIntegral, all R2 values exceeded
0.998. The fitting errors did not give a uniform method ranking. Image Average produced the
lowest fitting errors for the potassium weak peak response, whereas Random Single gave the
lowest fitting errors for Xe-BandIntegral in this complete frame exposure test. Linearity and
retained intensity magnitude should be considered separately, since Image Average showed
low fitting error while giving lower recovered intensity in Figure 4. Within the present
laboratory exposure series, SC-QGRF stayed in the same high-linearity range as the baseline
strategies and did not show evident exposure-dependent intensity bias.

Table 2. Linear fitting results for exposure-dependent recovered intensity metrics.

Method
K-Peak2Area Xe-BandIntegral

R2 nRMSE (%) MARE (%) R2 nRMSE (%) MARE (%)

Random Single 0.999745 0.503 1.510 0.999656 0.569 1.080
Image Average 0.999885 0.338 0.748 0.999312 0.823 1.290
Spectrum Mean 0.999758 0.491 1.492 0.998631 1.149 5.017

Spectrum Median 0.999758 0.491 1.485 0.998906 1.028 4.313
SC-QGRF 0.999771 0.477 1.416 0.998354 1.256 5.438

3.3. Statistical Repeated Subsampling Stability

Repeated subsampling served as the main stability test in this work. Within each trial,
the same selected frame subset was supplied to all five strategies, so the distributions in
Figure 5 mainly reflect differences in fusion behavior under frame subset perturbation. The
box plots pool trial-level results from all exposure groups after within-exposure centering.
Metrics summarized by CV are shown as within-exposure relative deviations, whereas
Xe-SpectralCentroid is shown as an absolute deviation from the within-exposure median.
Random Single produced wider distributions and more outliers, consistent with its depen-
dence on one selected frame. Multi-frame strategies reduced the dispersion to different
extents. Among them, SC-QGRF gave the most compact or near-most compact distributions
across the four displayed metrics.
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Figure 5. Repeated subsampling stability of core spectral metrics for the controlled line and broadband
validation cases. The box plots pool trial-level results from all exposure groups. (a) Potassium
AreaRatio relative deviation. (b) Potassium FWHM2 relative deviation. (c) Xenon BandIntegral
relative deviation. (d) Xenon SpectralCentroid absolute deviation.

The quantitative summary in Table 3 gives the main evidence for reduced sensitivity
to frame subset variation. Under the present repeated subsampling protocol, SC-QGRF
achieved the lowest variability in all four core summary metrics: K-AreaRatio CV = 0.0445%,
K-FWHM2 CV = 0.0395%, Xe-BandIntegral CV = 1.1770%, and Xe-SpectralCentroid
STD = 0.0786 nm. These results are consistent with the intended role of SC-QGRF, namely
reducing the influence of low-quality or inconsistent frames without collapsing to a single
selected frame. Image Average also showed relatively low dispersion in some potassium
metrics, but Figure 4 showed that it gave lower recovered intensity under the complete
frame condition. The repeated subsampling result should therefore be interpreted together
with the complete frame spectral recovery result. In this laboratory validation setting,
SC-QGRF provided a more balanced outcome: it reduced frame subset sensitivity while
retaining spectral profiles close to the spectral domain fusion baselines. However, lower
subsampling variability should not be interpreted as retrieval-level validation by itself.
Quantitative atmospheric retrieval also depends on calibrated Level-1 spectra, radiometric
and wavelength calibration, instrumental line-shape characterization, surface reflectance
treatment, forward modelling, and uncertainty analysis [1,2,25,26]. Thus, the present result
supports the spectral stability role of SC-QGRF, while gas cell and field validation are still
required to evaluate retrieval-level improvement.
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Table 3. Repeated subsampling variability of the five strategies.

Method
K Xe

AreaRatio CV (%) FWHM2 CV (%) BandIntegral CV (%) SpectralCentroid STD (nm)

Random Single 0.3371 0.3337 4.6262 0.2499
Image Average 0.0502 0.0425 1.5366 0.1033
Spectrum Mean 0.0821 0.0576 1.9855 0.1105

Spectrum Median 0.1263 0.0989 2.0633 0.1498
SC-QGRF 0.0445 0.0395 1.1770 0.0786

3.4. Frame Weight Redistribution Analysis

Frame weight redistribution was examined to trace how SC-QGRF assigned frame con-
tributions after quality modelling and residual correction. Table 4 reports two representative
complete frame cases: potassium at 120 ms and xenon at 50 ms. In both cases, the final weights
were non-uniform, indicating that frame-level quality differences affected the assigned contri-
butions. The distribution, however, did not collapse toward a single dominant frame. The

effective frame numbers were 29.27 and 26.42, with corresponding
Ne f f

N ratios of 0.585 and
0.528. The maximum final weights were 0.0455 and 0.0515, equal to 2.275 and 2.575 times the
equal weight baseline. In these representative cases, the weight statistics are consistent with
quality-guided redistribution while maintaining multi-frame support.

Table 4. Frame weight statistics for representative complete frame SC-QGRF cases.

Source Exposure N Equal Weight Neff Neff /N Max Final Weight Max/Equal Ratio

K 120 ms 50 0.02 29.27 0.585 0.0455 2.275
Xe 50 ms 50 0.02 26.42 0.528 0.0515 2.575

A separate xenon 45 ms complete frame group is used in Figure 6 to show the frame-
wise weight update. Initial and final weights varied across frames, and frames with larger
final weights are marked only for visualization. The final weights remained distributed
over multiple frames rather than being reduced to an unreported single-frame selection.
For atmospheric SHS workflows, such frame-level traceability is useful because quality
control should not silently turn repeated measurements into a single selected-frame output.
The weight redistribution analysis therefore supports the interpretability of SC-QGRF; the
main stability evidence remains the repeated subsampling result in Section 3.3.

Figure 6. Frame weight redistribution for the representative xenon 45 ms complete frame group.
Initial and final weights, the equal weight baseline, and the top 10% final weight frames are shown;
dashed arrows indicate the weight update for each frame.
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4. Conclusions
This work presented an intensity-preserving framework for multi-frame SHS spectral

recovery, using SC-QGRF as the quality-guided fusion strategy. Potassium and xenon lamp
measurements served as controlled laboratory cases for line spectrum and broadband spec-
trum conditions. They were not treated as atmospheric constituents. Random Single, Image
Average, Spectrum Mean, Spectrum Median, and the proposed strategy were compared
under a common recovery and evaluation setting.

The complete frame analysis retained the main potassium doublet, the weaker potas-
sium peak, and the xenon broadband profile for the spectral domain fusion strategies
and the proposed strategy. Within the present laboratory exposure series, the method
stayed in the same high-linearity range as the baseline strategies and showed no evident
exposure-dependent intensity bias. The repeated subsampling test provided the main sta-
bility evidence. Under this protocol, SC-QGRF gave the lowest variability among the tested
strategies in all four core metrics: K-AreaRatio CV = 0.0445%, K-FWHM2 CV = 0.0395%,
Xe-BandIntegral CV = 1.1770%, and Xe-SpectralCentroid STD = 0.0786 nm. Frame weight
analysis also indicated non collapsed multi-frame contribution, supporting the interpretabil-
ity of the weighting process rather than an implicit best-frame selection.

For atmospheric SHS workflows, the proposed strategy can be used as a spectral quality
control and fusion step before retrieval. It reduces the contribution of unreliable or inconsistent
frames while preserving the recovered intensity scale and keeping the fused result supported by
multiple frames. The present evidence should therefore be interpreted as spectral-level stability
improvement, rather than as direct proof of improved trace-gas retrieval accuracy, concentration
estimation, or retrieval uncertainty. The method does not replace radiometric calibration,
wavelength calibration, instrumental line-shape characterization, spatial error assessment, or
atmospheric forward modelling. The current validation remains limited to two controlled lamp
sources obtained from a single laboratory SHS setup; it does not include gas cell absorption tests,
field atmospheric observations, independent instruments, public SHS datasets, machine learning
benchmarks, processing time assessment, or systematic sensitivity analysis of key weighting
parameters. Future work should extend the validation from controlled lamp measurements
to gas cell experiments with known path length and gas concentration, and then to field
measurements. In these retrieval-level tests, external uncertainties such as calibration errors,
instrumental line-shape variation, spatial registration or mapping errors, surface effects, and
environmental variability should be included in the uncertainty analysis. Further work should
also evaluate broader SHS datasets, parameter sensitivity, computational performance, and
possible comparisons with learning-based denoising or fusion methods.
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