Letter to the Editor - “MAESTRO instrument operation and performance over two
decades in orbit” by Jiansheng Zou et al.

We thank the two reviewers, Dr. Damadeo and Dr. Dekemper, for their comments. The

reviewers’ comments are given below with our responses provided in light blue

indented text. Below is a summary of our responses with the details attached.

Responses to Dr. Damadeo’s comments:
e The difference between UV and Visible-NIR slit horizontal extent is explained in
the revised manuscript along with the impact on the UV and Visible-NIR O3 data
quality.

Responses to Dr. Dekemper’'s comments:

e Intheintroduction part, two sentences are inserted to summarize the MAESTRO
v4.5 data quality and outstanding problems.

e Sect. 3.1 is re-written. In addition, the unit “tics” is replaced with milliseconds,
pixel grouping is more clearly explained, and new plots are provided.

e Sun tracker mirror displacements during the sun-scans are inserted in Fig. 4.

e The statement about the incomplete UV slit coverage on the solar disk in Sect.
3.2 is re-phrased.

e InSect. 3.5.1 the apparent satellite attitude change (as represented by the
orientation angle drift of the sun image ellipse) is re-phrased.

In addition, some minor clarifications were made throughout the text as noted in the
marked-up copy of the manuscript.



Response to Referee 1 - “MAESTRO instrument operation and performance over two
decades in orbit” by Jiansheng Zou et al.

We thank Dr. Damadeo for his comments, which are given below with our responses
provided in light blue indented text.

This paper discusses the MAESTRO instrument onboard the SCISAT satellite (alongside
the ACE-FTS instrument). Given the over 20 year long operational duration of the
mission, there are a number of already published papers that detail various aspects of
the instrument's operation, technical challenges, and corrections over the years. This
paper summarizes these works and discusses updates as part of the most recently
released v4.5 of the data product. The focus herein is not the impact on the data
products, but rather a discussion of the nuances of some of the technical challenges
faced over the years regarding the instrument and how those have been characterized
and addressed. While | do have some questions regarding why some methods were
chosen and perhaps some recommendations, this paper simply details what was done
for an already released version of data. As such, those questions do not need to be
addressed here and are better suited for offline conversations. Overall, the paper is
well written and | do not see any need for modification.

Some general questions or points for the authors to consider (again, not necessary to
add to the paper):

1) I would like to remind the authors that the blanket statement that solar occultation is
"self-calibrating" is not necessarily true. Yes, the overall methodology is less sensitive to
changes in instrument performance over orbit-to-orbit, month-to-month, and year-to-
year, but not during the course of an occultation itself. It appears that there are several
potential transients in the observation, particularly from thermal impacts and pointing
knowledge/stability.

Agreed. The term “self-calibration” is used here in a general sense without
detailed explanation you've brought up; however, in practice, changes in the
thermal environment during an occultation are still accounted for. Each
spectrum collected during an occultation is individually calibrated for its
wavelength assignment, which varies with temperature. This is done by fitting
the spectrum to a high-order polynomial of the solar spectrum derived from the
high sun measurement taken during the same occultation.

Given the current measurement geometry, MAESTRO still faces challenges in
correcting shifts in the slit positions projected onto the Sun, particularly at low



altitudes. Although Sections 3.2 and 3.3 discuss these issues, no correction
method has yet been established.

2) It appears that the horizontal extent of the UV and Visible-NIR slits are different. Why
was the instrument manufactured this way?

This misalignment originated during ground testing. During testing the UV
detector was found to have an electronic malfunction, necessitating its
replacement, after which the pointing adjustment was partially redone. The
cross-slit direction was properly controlled, and the lateral direction was
assumed to remain aligned; however, the entire slit evidently shifted by about a
quarter of a degree in the lateral direction—a displacement that was not
detected when the re-positioned detector was realigned.

3) I would imagine the fact that the UV slit does not fully envelope the Sun to be
particularly problematic regarding how the retrieval algorithm works and the impact on
the accuracy and precision of the data products in the presence of a highly refracted
Sun and/or pointing jitter.

The UV slit does not fully cover the solar disk, which introduces errors that are
difficult to quantify. However, MAESTRO provides both UV and Visible-NIR O3
measurements for the same atmospheric conditions, allowing the two products
to be cross-validated. Comparisons with independent satellite measurements
show that the Visible-NIR O3 data exhibit better overall quality than the UV O3
data (Jeffery et al., 2024).

4) Looking at figures 15 and 16, I'm not convinced that the UV measurements are
"recovering". It's more likely you're seeing something spurious happen.

Regarding the degradation of the UV spectrometer, there is some speculation
about the underlying cause. Because the spectral intensities at overlapping UV
and Visible wavelengths (e.g., around 530 nm) exhibit similar attenuation, the
issue is likely located outside the MAESTRO instrument itself. One possible
scenario is that cutting oil used during the manufacture of the satellite base
plate may have deposited on the main pointing mirror. The FTS instrument also
shows spurious absorption features in the infrared, which supports this
interpretation. Over time, the supply of this contaminant would diminish, and
the material may either evaporate under solar radiation or undergo chemical
transformation.

To assess whether the recent increase in UV sensitivity represents a true
recovery or a spurious effect, we examined the UV NO, and O3 data quality. We



found that the data products generated after 2024 are reasonably robust, and
these have therefore been released for public access.

5) | really don't understand the approach of trying to figure out the time shift and FOV
offset between MAESTRO and ACE-FTS simultaneously. While it makes sense that the
MAESTRO FOVs may have moved during launch, it's highly unlikely there was any
sufficient mechanical impulse to shift them again post-launch. You should be able to
nail down that overall move by analyzing exoatmospheric measurements over the
lifetime of the mission. If they do continue to move, then you have an even bigger
problem on your hands. After that, it is really strange that a timing offset between the
two instruments would have a time-of-day dependence. The most reasonable way to
assess it if it were static would be to look at altitude registration offsets (between the
two instruments) in successive sunrises and sunsets. Again, if it's changing that often
and that rapidly between those measurements, you have a bigger problem on your
hands and | would have to question the validity of the entire data set.

Determinations of the pre-launch and post-launch slit positions were carried out
independently, using different methods. The two approaches did not yield
identical estimates, but the results were close. We examined the long-term exo-
atmospheric spectral data and found that they are dominated by natural
variations—daily, beta-angle, and annual cycles—as well as gradual long-term
changes due to system degradation. No sudden changes or anomalies were
detected. The exo-atmospheric spectra therefore appear stable, and so do the
corresponding slit positions projected on the Sun.

The paper shows that the differences between the ACE-FTS and MAESTRO fields
of view can be reduced to time shifts between the two instruments. Analysis of
the data products (e.g., time-shift histograms) indicates that these time shifts are
approximately constant, with variations likely resulting from effects of the
differing vertical resolutions of the two instruments. This is notable because the
fitting scheme—matching MAESTRO O3 slant columns to those retrieved by the
ACE-FTS for each occultation—was initially motivated by a time-of-day
dependence observed in earlier versions; however, this dependency could have
been influenced by the smaller dataset available earlier in the mission. With
continued operation, and hence a larger dataset, a more statistically robust set
of time shifts could be determined, as done in the most recent version of the
MAESTRO dataset (v4.5). In the paper, we did not discuss these details, and more
thorough work on this issue may be needed to definitively close the book on this
issue.



Initially, there was concern that the ability to make an independent
measurement of these species could be compromised because of the
correlation introduced between the two instruments. However, there are more
than 50 ozone measurements and only one degree of freedom associated with
the applied time shift used to generate the needed correlation for producing a
reliable profile. For the UV retrievals, the time shift derived from O3 slant-column
fitting also yields good NO, retrievals, further demonstrating the feasibility of

the method.



Response to Referee 2 — “MAESTRO instrument operation and performance over two decades in
orbit” by Jiansheng Zou et al.

We thank Dr. Dekemper for his comments, which are given below with our responses provided in
light blue indented text.

General review

This paper explains the difficulties encountered since the beginning of operations of
the ACE-MAESTRO solar occultation UV-VIS-NIR spectrometer. As highlighted in the
manuscript, MAESTRO was the only satellite instrument of its kind between 2006 and
2017. Therefore, any effort to improve the mission’s geophysical products should be
supported. High-quality O3 and aerosol profiles retrieved from MAESTRO'’s solar
occultation measurements would help fill the significant gap in the SAGE time series. A
merged, multi-decadal solar occultation dataset would be a valuable tool for the
atmospheric science community.

In this context, this work will be particularly useful to researchers outside the core
MAESTRO team, as it describes several challenges encountered by the instrument
during its lifetime and the in-depth analyses conducted to characterize key acquisition
parameters, such as the spectrometer’s actual pointing on the solar disk. Any effort to
improve understanding of the L1 product (the spectral atmospheric transmittance
profiles) will enhance the mission’s scientific return. | recommend publishing the
manuscript after addressing the minor comments below.

Specific comments:

At the end of the first paragraph of the introduction, it is stated that a paper by Jeffery
et al. 2025 concluded to a "good agreement" between "measurement products" from
"other instruments"... Even if the cited publication can definitely be consulted by the
interested readers, | would prefer that a highlight of the conclusions by Jeffery et al. is
given. This would allow to immediately capture the stakes of the work. Two sentences
might suffice to point out where problems remain, and from there, explain how the
submitted report contributes to improving the situation.

Agreed. Two sentences have been added to summarize the results and specify the issues
addressed in this study. Revised text is given below (replaces lines 39-40 in preprint).

“The latest MAESTRO measurement products have been compared against other
instruments in Jeffery et al. (2025), showing good agreement above 20 km for Visible-
NIR Os3 data (2.5-7.6% within 20—50 km), slightly poorer agreement for UV O3 data
(2.8-7.6% within 20—45 km), and marginal agreement for UV NO2 data (<27.2% within



2040 km), with larger discrepancies below 20 km. In this study we seek to understand
the instrument-related differences between UV and Visible-NIR measurements and the
altitude dependence of the measured spectral data.”

Section 3.1 discusses the "action tables," which, as | understand, are sequences of
acquisition settings designed to maintain high-quality radiometric measurements from
the bright high Sun to the dim low Sun. However, this discussion occupies too much
space in the manuscript. The situation is clear: the "A" set of action tables was poorly
calibrated, and the "B" set corrected this. Combining Figures 2 and 3 (panels (a) and (b)
only) would allow readers to quickly assess the improvements introduced by the "B"
set. | recommend using a logarithmic scale on the left y-axis to better visualize the
altitude range of the acquisitions.

Section 3.1 has been reformulated and shortened. Figures 2 and 3 (panels a and b) have
been combined for easier comparison. The altitude y-axis is shown on a logarithmic
scale. See the revised section below (replaces lines 114-200 in preprint).

3.1 Development of MAESTRO measurement schemes - action tables

MAESTRO’s method to capture signals over the extreme dynamic range is described
in McElroy et al. (2007) and Nowlan et al. (2007). Crucially, two parameters control the
detector readout throughout a measurement sequence: the integration time, i.e., the
exposure time of the detector to sunlight and the “grouping” of the 1024 detector pixels.
Each group comprises 2" pixels (n=0-10). Each group is reset simultaneously, and the
groups are reset in sequence (all pixels having the same integration time). At the highest
intensity, a group is 1 pixel, reset with the shortest integration time (0.148 ms for UV and
0.308 ms for Visible-NIR, as determined by the controller cycle time), and the 1024-pixel
array is read out sequentially. At the lowest signal levels with the longest integration
time, a single group is the entire 1024-pixel array, and it is reset simultaneously. Between
these two extremes, by changing pixel groups (detector modes) and the integration time,
the signal-to-noise ratio is optimized throughout the occultation. It takes <330 ms to
complete a full spectral measurement for all altitudes (McElroy et al., 2007).

MAESTRO uses 19 different combinations of pixel groups and integration times
during an occultation measurement, named “action tables”, along with their repetition
times to collect 80 spectra for atmospheric (0—100 km) and exo-atmospheric
measurements (100—150 km and above), for sunrise or the reverse for sunset. It also
collects 80 dark-count spectra by taking measurements on the orbit dark side using the
same occultation action tables used to measure a zero-irradiance point. Special action
tables, such as sun-scans, were created for specific events and tests.

Action tables must account for changes in the observation beta angle, which ranges
between 0° and 60°, by specifying measurement durations for the occultations. This can
vary from 63 to about 190 seconds. To account for this, the beta angle range is
subdivided and the action table timings for the beta angle sub-ranges are generated from
the zero-angle table by extending the time intervals between spectral measurements. The



detector modes and integration times for each spectral measurement are kept fixed. The
duration of these intervals is based on the centre of the beta angle sub-ranges. Finer sub-
ranges lead to more representative measurement durations.

Two sets of action tables were developed for the mission:

Set “A” was defined over five beta-angle sub-ranges with bounds at 0°, 20°, 30°, 45°,
55°, and 60° and used from February 2004 to August 2005. Figures 2a/b show an
example of a spectral measurement time sequence from the UV (Fig. 2a) and Visible-NIR
(Fig. 2b) spectrometers for observation ss8342 (an observation is catalogued by sunset
(ss) or sunrise (sr) and the orbit number) on 1 March 2005 with beta angle 38°. Here, 80
data points of integrated spectrum intensities measured during the sunset occultation are
plotted (with a guideline), covering an altitude range from approximately 150 km to near
0 km. The altitude information is taken from the ACE-FTS tangent height data, which are
time-tagged (see Sect. 3.7 for a discussion on time-tagging) and cover a range of ~10-
120 km. The integration time and the number of repetitions for each row of the action
table are shown in the legends of Fig. 2a/b. The integration time for the UV channel
varies from 0.148 ms at the high sun to 150.473 ms at the near-zero tangent height, and
for the Visible-NIR channel, 0.308 ms to 2.483 ms. The first 20 exo-atmospheric spectra
are averaged for the high-sun reference. Between about 50 and 30 km, 8 spectra are
recorded; between 30 and 15 km, 15; and below 15 km, 27. Due to the geometric
weighting of absorption in the tangent layer relative to that of the layer above in the
spherical atmosphere (McElroy et al., 2007), the vertical resolution of the retrieved
profiles is about ~1 km, roughly matching the vertical sampling in the troposphere and
stratosphere. Set “A” of action tables was found to have an overly high density of data
points recorded at low altitudes (below 15 km), as illustrated in Figs. 2a/b, and there are
notable mismatches between the measurement time and the variable occultation time
within each beta angle sub-range.

Set, “B,” was developed with more data points at higher altitudes (above 15 km),
fewer at lower altitudes (below 15 km), and with more beta angle sub-ranges covering
nine intervals with bounds at 0°, 10°, 25°, 34°, 42.5°, 48.5°, 53.2°, 56.7°, 58.2°, and
59.4°and used from August 2005 to now. In addition, a separate scheme of 20 exo-
atmospheric spectral measurements above 150 km was produced and included in the “B”
tables. Figures 2c/d show an example of a spectral measurement time sequence for
observation ss11053 on 1 September 2005 with a beta angle of 38° using “B” tables. One
upper limit occultation measurement is taken at 150 km, and most measurement points
are now located within the ozone layer. From 50 km to 25 km, there are 34 points; from
25 km to 20 km, 10; from 20 km to 15 km, 7; and below 15 km, 21. On average, there are
1.5 measurements per 1 km. In Figs. 2c/d, very small spectral intensities at very low
altitudes, well below the lowest ACE-FTS measurement altitude, are cut off. Compared
to table “A” (Figs. 2a/b) with a similar beta angle, the occultation measurement time for
table B (Figs. 2¢/d) is longer by about 5 seconds. Hence, the measurements using “B”
span a wider altitude range than “A”. Figure 3a/b shows the 80 ss11053 spectra (after
dark-count calibration) for the UV and Visible-NIR channels. It demonstrates the ability
to capture signals across at least three orders of magnitude.
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Figure 2 MAESTRO spectral measurements during sunset occultations. Top panels (a,
b): Occultation ss8342 on 1 March 2005, with a 30 km altitude tangent point at
01:38:54z, located at 80.004° N, 161.137° W, and a beta angle of 38.099°, using an
action table from set “A” applicable to the beta angle range of 30-45°. Panel a (top left):
Integrated UV spectrum intensity vs. time, with the colour code specified in the legend
above the panel, and the tangent height vs. time curve (black) obtained from ACE-FTS
data. MAESTRO and ACE-FTS times are aligned as described in Sect. 3.7. Left y-axis:

altitude; right y-axis: integrated spectrum intensity. The coloured text lists the 19 rows of

the action table set “A”, each marked by a colour code, with the number of repetitions in
parentheses and integration time in milliseconds (ms). Vertical lines denote the start time
of each row. Panel b (top right): Same as panel a, but for the Visible-NIR channel.
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Bottom panels (c, d): Occultation ss11053 on 1 September 2005, with a 30 km tangent
point at 00:47:12z, 79.265° S, 152.432° W, and with a beta angle of -38.037°, using an

action table from set “B” applicable to the beta angle range of 34-42.5°. Otherwise, the
same layout and conventions as the top panels.
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Figure 3 The 80 UV (left) and Visible-NIR (right) spectra produced for occultation
ss11053 using action table “B” with the same colour code indicated in Figs. 2¢ and 2d.

What the manuscript does not clearly explain is the "tic" and "pixel grouping" concepts.
| could not fully grasp whether the detector pixels are exposed to sunlight for only 0.2
gs, with the exposure repeated up to 1,024 times, or if other exposure durations can
be commanded. | also recommend converting exposure times to "seconds" or
"milliseconds" instead of "tics," as currently done in lines 157-158. Finally, in the
caption of Figure 2, could you clarify whether the geodetic coordinates refer to the
tangent point or the spacecraft's location?

As given above, Section 3.1 has been reformulated, with emphasis on the concept of
grouping the 1024 detector pixels. The unit “tic” has been removed and replaced with
milliseconds. In addition, the geolocation shown in Figure 2 now explicitly refers to the
tangent point at an altitude of 30 km.

Section 3.2 and 3.3 tackle one of the most difficult aspects of the mission: the
determination of the pointing of the spectrometer, and how it compares with ACE-FTS.
The topic is complex but the authors have succeeded in showing the large efforts put
into getting the pointing right (or at least understood). In particular, this is a pretty neat
example of the synergistic use of the three payloads on the Scisat satellite. My main
remarks concern the figures. First, I'm questioning the interest for the readers to have
the x-axes of Fig 4 expressing scanning time. | would have expected the axis to show
the commanded pitch or yaw angles offset. That would allow to reconnect with the
physical angular dimensions of the solar disk and the slit acceptance angles. Second,
the discussion on the differences of co-alignement of the fields of view of the MAESTRO



channels and ACE-FTS is difficult to follow. While the supporting figure 6 is quite clear,
the statement that it is "indicating that as the satellite moves in elevation during an
atmospheric scan, errors will arise in the normalized spectra” is unclear. Could you
explain what is meant by the satellite elevation move ?

Figure 4 has been modified to include additional top x-axes indicating the sun tracker
mirror displacements, in degrees, for the elevation and azimuth scanning directions. See
revised figure below.
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Figure 4: From top to bottom, the integrated intensities from the MAESTRO UV (black)
and Visible-NIR (blue) spectra recorded during the sun-scans. The top x-axes correspond
to the sun tracker mirror displacements, in degrees, scanning in the elevation (EL)



direction (a), in the elevation direction with positive (b) and negative (c) azimuth (Az.)
offsets, and in the azimuth direction (d). The maximum intensities during the elevation
scans are marked with an “x” for UV and a circle for Visible-NIR. Half-maximum
intensities during the azimuth scans are marked with squares. The vertical arrows indicate
upward and downward elevation scans, while the horizontal arrows indicate azimuth
scans to the left and right.

The statement has been revised to emphasize the difference between the UV and Visible-
NIR slits and the impact on the retrieved data, as below from Sect. 3.2 (lines 280-282 in
preprint):

“It is also shifted in azimuth (to the right in Fig. 6) so that the slit does not encompass the
Sun, resulting from an inaccurate alignment of the UV detector array that was not
detected during ground testing. This misalignment is likely one reason why the
MAESTRO UV Os data are slightly poorer than the Visible-NIR O3 data (Jeffery et al.,
2025), as the incoming irradiance does not originate from a fully complete source.”.

Section 3.5.1 analyzes the impact of the star tracker failure on the satellite’s attitude.
The evidence presented in Figure 13 convincingly shows that the failure did not
significantly affect the spacecraft’s attitude control during solar occultations. However,
the final sentences of the last paragraph in this section are confusing: if the primary
effect on the L1 data is the change in the orientation of the slits during the solar
occultation, why isn't this addressed as a standalone point in the paper? Additionally,
the use of "high" and "low altitudes" in line 439 is unclear. Could you clarify this?

The final sentences in Section 3.5.1 have been modified. A clear change in the
orientational angle with altitude is observed (e.g., from 30 to 10 km, as shown in Fig. 13).
However, it remains uncertain whether this variation is physical and would therefore
affect the level 1 transmittance calculations, or whether it arises from known Imager
artifacts. See the revised sentence from Sect. 3.5.1 below (lines 437-440 in preprint).

“Therefore, the difference in rotation between the two periods is much less than other
factors; instead, the dominant feature is the drift with altitude (e.g., from 30 to 10 km as
shown in Fig. 13), and the effect of the failure on rotation is minimal. This apparent
rotational drift in the satellite attitude may contribute to errors in the transmittance
calculations, however, it may instead be related to a known Imager artifact (Gilbert et al.,
2007), which a future study will assess.”



