Reviewer 1:

In this article Goldberg et al. present an analysis of how the tropospheric vertical
column density (VCD) and surface concentrations of nitrogen dioxide (NO2) depend
on cloud coverage. The analysis is carried out over the contiguous U.S. based on
measurements from the satellite instruments TROPOMI and TEMPO, in situ
measurements at the surface, and simulation data from the chemistry and transport
(CT) model WRF-Chem. The influence of cloud cover on these different type of
measurements and simulations is often given little attention, at least in the satellite
community, where rejection of cloud-contaminated data is mostly the norm. The
article deals with an important topic, fits well into the scope of ACP, and presents
interesting results. | recommend publication after the following points have been
addressed.

Thank you for your comments and suggestions. They have significantly improved the
manuscript. Our responses with the revisions are below in red. Text revisions are
italicized.

Major points
| only have two major points of criticism regarding the content of the paper.

1. NOy biases of in situ measurements with molybdenum cartridges 91 % of the
instruments in the EPA AQS dataset use molybdenum cartridges, and previous
studies have found that their cross-sensitivity to NOy can be very large. Authors like
Poraicu et al. (2022) and Kuhn et al. (2024) have reported overestimations in the
approximate range of +20 % to +100 % based on model simulations. Examples of
empirical studies addressing said issue include Lamsal et al. (2008) and Villena et al.
(2012). The authors should consider

e Referencing some of this literature to give the reader an impression of how
“far off” these measurements potentially are.

Thank you for this good suggestion. In the Methods Section, we now add additional
text and reference the Lamsal et al. (2008), Poraicu et al. (2022), and Kuhn et al. (2024)
studies:

“Lamsal et al. 2008 suggested a correction factor, Equation 1, for converting midday
chemiluminescence NO," measurements to NO; using modelled information of PAN and
HNO:s.



[NO,1* = Fiy X [NO,] where Fiyp = [NOZ]+0'95[€1€g]r0'35[HN03] (1)
2

Typically correction factors are in the range of ~1.0 for fresh urban plumes and can be as
large as ~3.0 for rural areas during summer, with averages typically in the 1 - 1.5 range
for moderate and very polluted regimes, and are important to use for model versus
monitor intercomparisons (Lamsal et al., 2008; Poraicu et al., 2023; Kuhn et al., 2024).”

In this section we also modified the phrase “a small amount” to “some” to better imply
that the interference can be substantial in some unique circumstances of
summertime photochemically-aged rural air.

e Discussing the influence of these cross-sensitivities on the presented results
(e.g. in sect. 3.2). The relevant NOy species (PAN, HNO3, etc.) are photo-
oxidants, i.e. their concentration (and thus, the “falsely measured” NOZ2)
decreases under cloud cover. In other words, cloudy scenes are not only
expected to have higher NO2 concentrations, but also less measurement bias
due to NOy. The authors must quantify this effect when comparing in situ
measurements with/ without clouds. This could, for example, be attempted
through the WRF-Chem simulation data, which lets the authors estimate the
contribution of “false” NO2 using the correction term given by Lamsal et al.
(2008).

Thank for you this good suggestion. We have now added a new Figure (Figure 6¢) and
substantial new analyses in response to this request. We have now calculated NO>*
from WRF-Chem to intercompare with the EPA monitors. The normalized mean
change using NO2>* from WRF-Chem is less than the NMC using only NO2 (+42.1% vs.
58.7%) and in closer agreement with the NO2 from the EPA monitoring network.
Below is the newly added text and Figure:

“91% of monitors in the EPA monitoring network measure using the chemiluminescence
method, NO;", which quantifies NO; in addition to some fraction of HNOs. The latter is
problematic because the NO2 + OH = HNOs reaction is often the terminal sink for NO;
during daytime and if HNOs is additionally being measured then this would appear to
buffer photolytically driven changes. We further conducted a sensitivity test in WRF-Chem
and found that the NMC is only +42.1% down from 58.7% when a chemiluminescence
correction factor from Equation 1 is used (Figure 6c¢), indicating that some of the perceived
differences between WRF-Chem and EPA monitors could be due to monitor interferences
from PAN and HNOs.”
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Figure 6. Scatterplots intercomparing annualized surface NO; at 13:30 local time during
cloudy days vs. no cloud days. (Left) EPA AQS data which is a repeat of Figure 3c. (Center)
WRF-Chem collocated with the AQS monitoring sites and using the WRF-Chem cloud filter
in lieu of the TROPOMI cloud filter. (Right) WRF-Chem collocated with the AQS monitoring
sites, comparing NOz* instead of NO..

e In this context, the entry “V2.4 no chemiluminescence” in Table 1 should also
be discussed more directly.

Since we now added a new analysis that is more comparable between monitors and
WRF-Chem, we feel that the new analysis is better to reference because the sample
size of “no chemiluminescence” monitors is small, and these monitors are often only
sited in urban areas.

2. Air mass factors in the satellite retrievals A good explanation of the air mass
factor (AMF) can be found in the TROPOMI PUM (see Eskes et al., 2022). Section 2.2
mentions the AMF, but does not go into the details, which are essential for the
retrieved NO2 VCD under cloudy conditions. In particular:

e Line 138: approximately 15 % of these -34.8 % low bias are related to the NO2
profile shapes used to compute the AMF, see e.g. Tack et al. (2021), Judd et al.
(2020), Griffin et al. (2019). TROPOMI uses NO2 profiles from the TM5 model
which has a horizontal resolution of 1° x 1° (i.e. much lower than the actual
measurement resolution).

We have now added a sentence to clarify that some of this bias is due to the
operational AMF:

“Some of this low bias is due to the operational AMF which uses a 1° x 1° model to assume
vertical shape profiles; when vertical shape profiles from a regional model are instead



used, the bias decreases to between -1% and -23% (Nawaz et al., 2024, Judd et al., 2020,
Tack et al., 2021).”

e Section 3.3: The AMF essentially “fills up” missing sensitivity with information
from the TM5 model. In other words, if the reported NO2 VCD changes in the
presence of clouds (as shown in Fig. 5), this is does not necessarily reflect a
change of actual NO2 columns as a physical consequence of the clouds - It
might just as well be caused by differences between the TM5 model (which
then impacts the retrieved NO2 VCD more) and the real world. This aspect
should be explained more clearly, and the conclusions in sect. 4 should be
adjusted.

We apologize for not providing enough detail in this section. We are in full
agreement. We have now clarified that it is the “model” assumptions in the air mass
factor driving this. We have clarified the explanation in this section:

“In Figure 5, we demonstrate that the vertical column NO: spatial patterns in the presence
of clouds are much different in magnitude than the slant column NO; whereas the vertical
column NO: spatial patterns in the absence of clouds are similar to the slant column NO>.
This is primarily driven by the assumed vertical shape profiles in the model. During
measurements when the crf >0.5 as compared to measurements when crf <0.5, the model
is “filling in” the missing NOz and causing small air mass factors as shown.”

e Section 3.5: This comparison is only justified if both TEMPO and TROPOMI use
the same AMFs recipe (i.e. the same NO2 a priori profiles, etc.). Is this the case?

TEMPO and TROPOMI are using different AMFs for this analysis. Below (at the *), we
discuss how TEMPO and TROPOMI VCDs change with a regional model to calculate
the AMF, but this type of analysis is beyond the scope of this manuscript. We find
that using a 4 x 4 km? regional model to recalculate the AMF has some effects on
both TEMPO and TROPOMI in the midday, but it is not dramatic.

However, we acknowledge that in the initial manuscript we could have better
matched the temporal timeframe and cloud filters better between TROPOMI and
TEMPO. In a major update, we now use the same timeframe, the same cloud filter
for TROPOMI, and an updated EPA AQS dataset. Despite this being a major change,
this ended up having only a minimal effect on the Figure. The TROPOMI value
changed 0.6% due to changing the cloud filter + timeframe + EPA AQS dataset. The
TEMPO values changed 0.5 - 2% due to changing the EPA AQS dataset. The “old” and
new” figures are below.
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New Figure 8.

*In ongoing and unpublished work, for a small Texas, USA domain in September
2023, we find that using a 4 x 4 km? regional model to recalculate the AMF has some
effects on both TEMPO and TROPOMI in the midday, but it is not dramatic. TEMPO
and TROPOMI do indeed have better agreement when the same a priori vertical
profiles are used. However and unfortunately, it is inappropriate to include these
results in this paper because this timeframe (1 month) is shorter and different than
the timeframe presented in the manuscript (1 year). Recalculating the AMF for
TROPOMI and especially TEMPO for 1 year would be a large undertaking and well

beyond the scope of this manuscript.
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Figure for private use only. Difference between TEMPO NO2 and TROPOMI NO: at
the TROPOMI local overpass time (19:302). (Left) Using the operational AMFs for both
retrievals. (Right) Using a regional model (CAMx) derived AMF for both retrievals.

Minor points
Line. 17: Specify that you use WRF-Chem and ERA5 model data.
Added as requested.

Line. 26-27: This sounds as if the authors provided some form of bias-correction
method or formula, which is not the case.

Removed “and introduces some corrections to account for these biases”

Line. 49-50: There are numerous more articles on the topic, see e.g. the many
references given in Sun et al. (2024). Although there is no necessity to list dozens of
reference, the authors might consider referencing: « Cao et al. (2023) and
Ghahremanloo et al. (2021), who focus specifically on the U.S. « Kuhn et al. (2024),
who address the prediction of surface NO2 with explicit consideration of the
molybdenum chemiluminescence biases (see major point above)

Thank you for these additional references. Added Cao (2023), Ghahremanloo et al.
(2021) and Ghahremanloo et al. (2023). Kuhn et al. (2024) is be cited when referencing
chemiluminescence biases.



Line. 53: better: “up to 5.5 km x 3.5 km”

Modified as requested.

Line. 77: better: “irradiation” instead of “strength of sunlight”
Modified as requested.

Line. 72-87: The photolysis of NO2 into NO + O should be mentioned somewhere in
this paragraph, as this is the main (non-terminal) NO2 sink associated with the high
photolytic reactivity of NO2.

Modified to:

“strong irradiation creates the OH radical which can react with NO; to create HNOz - a
major terminal sink of NO; - and also accelerates the photolysis of NO2 into NO and O(P)
leading to an accumulation of Oz in the presence of VOCs; without VOCs, NO2 cycles more
rapidly to NO. Warm temperatures increase biogenic VOC emissions and VOC can react
with NO2 directly to create organic nitrates (e.g., peroxyacetyl nitrates and alkyl nitrates)
(Zare et al., 2018) which act as a temporary sink of NO2.”

Line. 92: specify “models”
Modified as requested.

Line. 93: this study does not focus only on the surface “bias”, but also column
densities

Added the word “column”.

Line. 95-98: | think the two points given here do not summarize the findings of this
article well, because they do not (explicitly) mention the findings associated with
TROPOMI and WRF-Chem.

TROPOMI, TEMPO, and WRF-Chem are now explicitly mentioned in this section.

Line. 124: column densities represent the vertically integrated concentration (not
molecules per unit area).

Modified as suggested.

Line. 336-341: another option for the verification of reasonable jNO2 values would
be to compare simulated NO2/NO ratios to the corresponding in situ observations.



Thank you for this good suggestion, but we have decided not to pursue this for two
complementary reasons. First, the chemiluminescence explanation brought up by
you seems to be a better explainer of the causes of the bias differences between the
monitors and WRF-Chem. Second, it appears that WRF-Chem is simulating
reasonable jNO2 through our initial analysis, so we do not feel it is necessary to add
an additional verification metric.
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Reviewer 2;

The manuscript by Goldberg et al. title “NO2 concentration differences
under clear versus cloudy skies and implications for applications of satellite
measurements” analyses the differences seen in cloudy versus clear-sky days (using
surface in situ, model results and satellite observations) and discusses how these
differences may affect satellite observations of nitrogen dioxide columns that are
only used under clear sky conditions. The analysis shows that the differences found
during clear and cloudy sky conditions need to be taken into consideration when
interpreting satellite remote sensing data, as surface data and model results suggest
higher surface and column NO2 under cloudy conditions.

| have suggestions to improve this manuscript, which are detailed below. Overall, |
think this is a very good fit for publication in Atmospheric Chemistry and Physics after
some revisions. It spans multiple disciplines, including satellite remote sensing, air
quality, and modelling, making it highly relevant to ACP’s readership. | recommend
accepting the manuscript after these revisions are made.

Thank you for your comments and suggestions. They have significantly improved the
manuscript. Our responses with the revisions are below in red. Text revisions are
italicized.

General suggestions

In Section 3.5: For TEMPO a much more rigorous cloud fraction is used which will
skew the results. For TROPOMI a cloud fraction of 0.5 is used why use 0.15 for
TEMPO? A significant issue is that TEMPO's cloud fraction is biased high, there are
very few cases where the cloud fraction is that low, a lot of good quality points over
clear-sky conditions are filtered when using a cloud fraction cut-off of 0.15. When the
coincident cloud fractions from TEMPO and TROPOMI are compared, TEMPO clear-
sky is anything below 0.2 (and by clear sky meaning cldF=0 in TROPOMI). | don’t think
it's fair to compare TROPOMI and TEMPO NO2 that way (as in Fig. 8). Further filters
for TEMPO should also include an SZA cut-off (SZA >70 should be filtered) and only
snow-free should be used, to have a similar and comparable quality flag as TROPOMI.

Thank you for this good suggestion. We agree that in the initial manuscript we could
have better matched the cloud filters and temporal timeframe between TROPOMI
and TEMPO. We have decided to match the TROPOMI cloud filter to TEMPO as
opposed to the other way around since data processing for TROPOMI is easier (25x
smaller file sizes per day).



Regarding temporal timeframe, for Figure 8 only, we are now using TROPOMI data
during the same August 2023 - June 2024 timeframe as TEMPO.

Regarding the TROPOMI filter for Figure 8 only, we have strengthened the cloud filter
to <0.15 during the August 2023 - June 2024 timeframe to match TEMPO. While we
agree that there is a high bias in the TEMPO cloud filter, the Users’ Guide says it is
“biased high by a few percent”, which does not give us enough information to warrant
using a different cloud filter for TROPOMI than TEMPO.

Regarding the TEMPO filter, we continue with the cloud fraction of <0.15 and ga value
= 0 as recommended by the Users' Guide. A ga_value=0 already screens out large
solar zenith angles.

Last but not least, since the original manuscript submission, EPA AQS has additional
ground-level NO2 data in the Q2 (April - June) 2024 timeframe which had been
previously missing. These data are now incorporated into the analysis.

With all these changes combined: using the same timeframe, the same cloud filter
for TROPOMI, and a complete EPA AQS dataset, this ended up having only a minimal
effect on the Figure. The TROPOMI value changed 0.6% due to changing the cloud
filter + timeframe + EPA AQS dataset. The TEMPO values changed 0.5 - 2% due to
changing the EPA AQS dataset. The “old” and new” figures are below.

New Figure 8.
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We agree that the difference between TEMPO and TROPOMI are due to how each
instrument defines a cloud. While this difference may shrink with future updates to
both cloud schemes, it is likely some amount of difference will remain in perpetuity
due to inherent differences in instrument characteristics. We have now added the
following to the text:

“Differences between TEMPO and TROPOMI are expected because the cloud algorithms
and instrument characteristics are different, even though the timeframe and cloud filter
threshold used for this analysis are the same.”

It would be helpful to include a map of how many days are filtered for TEMPO (per
hour?) similar as in Figure 1, and include TROPOMI for the same time period. This
could be included in the main text or the supplement. This should also make it clear
what is an appropriate filter is for TEMPO when comparing it to TROPOMI.

Thank you for this good suggestion. We have provided Figure S1 to partially answer
this question and have now expanded it to additional hours to better match TEMPO
(previously 8 AM, 1 PM, and 5 PM; now all individual hours between 8 AM - 4 PM).
This figure uses WRF clouds to demonstrate what fraction of days TEMPO “should”
be measuring if TEMPO had minimal cloud biases, a regular measurement pattern,
and took measurements during 2019.

The reason we cannot create a similar figure for TEMPO is three-fold: 1) TEMPO has
anirregular measurement pattern: sometimes missing full hours or days, sometimes
acquiring more than one measurement per hour, sometimes missing data because
spectra is saturated or the solar zenith angle is too large, etc. Accounting for all of
this requires a detailed look at the data that is time-consuming. With TROPOMI's
predictable daily pattern this is much easier to account for. 2) The TEMPO dataset is
~25x larger than TROPOMI; the processing to create the TROPOMI image took 1 day
of computation time, for TEMPO it would take almost 1 month. 3) The cloud patterns
during the TEMPO timeframe (Aug 2023 - beyond) are different than 2019, so we do
not have anything to intercompare with (TROPOMI, WRF, and ERAS are all processed
for 2019 in the paper) without significant extra work.

Minor suggestions
Line 53: 5.5x7 km2 before August 2019
Modified.

Line 74: is this in North America (and/or US) or globally?



Clarified that this is referring to statistics in the U.S. Figure 2 shows this.

Line 94: 2019 is a critical year to use for this kind of analysis as the TROPOMI
resolution switched from 5.5x7 km2 to 5.5x3.5km2. Could this impact any of the
results? It would be good to include a couple of sentences addressing this or at least
highlighting this, e.g. the clear versus cloudy pixels could change as with a smaller
pixel size more pixels are potentially better quality, also the NO2 columns likely
increase in urban areas with the smaller pixel size as they are observing a smaller
area.

Thank you for this good suggestion. We found the Krijger et al., 2007 study to be
particularly helpful here. When changing pixel size from 25 km? to 19 km? it is likely
increased the fraction of pixel availability by 1 - 2% (Krijger et al., 2007 Figure 1). We
have now added text to the Discussion:

“In some ways, the chosen year 2019 was an ideal year to conduct the analysis because it
preceded the 2020 global pandemic and its nonlinear and lingering effects on air
pollution. But in other ways, this year was less ideal because TROPOMI pixel sizes changed
in August 2019 from 7 x 3.5 km? (~25 km?) to 5.5 x 3.5 km? (~19 km?). The fraction of clear-
sky pixels likely increased by 1 - 2% after August 2019 as smaller pixel sizes can better
“see around” clouds (Krijger et al., 2007). This probably did not meaningfully affect our
analysis but is nonetheless a caveat of using 2019 data.”

Line 128/129: Include more discussion on the impact of the cloud fraction on the AMF
(or the VCDs) it contributes significantly to the final AMF. A cloudy and a clear sky
AMF is calculated then the cloud fraction is used to weight these AMFs to get the final
AMF. The cloudy AMF is typically smaller leading to higher values of the VCD (VCD =
SCD/AMF). See e.g. McLinden et al., 2016; Liu et al., 2021; Nowlan et al., 2025 for
more details.

We apologize for not providing enough detail in this section. We are in full agreement
with you. We have now clarified that it is the “model” assumptions in the air mass
factor driving this. We have clarified the explanation in this section:

“In Figure 5, we demonstrate that the vertical column NO: spatial patterns in the presence
of clouds are much different in magnitude than the slant column NO2 whereas the vertical
column NO:2 spatial patterns in the absence of clouds are similar to the slant column NO:..
This is primarily driven by the assumed vertical shape profiles in the model. During
measurements when the crf >0.5 as compared to measurements when crf <0.5, the model
is “filling in” the missing NOz and causing small air mass factors as shown.”



Line 157/158: from Mexico City to the Canadian Oil Sands
Added. Also added the latitude range which is ~17N to ~58N. Added:
“extending from Mexico City (~17°N) to the Canadian Oil Sands (~58°N)”

Line 192: there are other reasons other than clouds for low quality (like snow as
mentioned), why not just use the cloud fraction to define clear-sky/cloudy-days? The
higher values further north or over the mountains as seen using the TROPOMI ga
filter could be due to snow rather than clouds.

We ultimately decided to use a ga_value > 0.75 in lieu only a cloud fraction filter
because of its agreement with ERA5 and WRF clouds, with the latter being our best
estimate of “true” clouds. Figure 1 (left panel below) shows that using a ga_value >
0.75 threshold matches the observed cloud fractions from ERA5 and modeled cloud
fractions from WRF well.

If we use only a cloud fraction filter, then we see worse agreement with ERA5 and
WREF (see figure below). It likely that the ga_value calculation is further capturing
“true” clouds that the cloud fraction filter alone is not capturing.
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Figure for private use only. Percentage of clear-sky days over the contiguous U.S.
during 2019 from the TROPOMI NO; V2.4 product using a ga_value > 0.75, ERAS re-
analysis, and WRF-Chem. (Left) Normalized frequency diagram of the binned
percentage of clear sky days for the three products. (Right) Same, but now showing
TROPOMI cloud fraction < 0.5.



Snow covered pixels are not a cause for this discrepancy between using a ga_value
threshold and cloud fraction filter. First, according to the Users' Guide cloud-free
snow-covered scenes typically have a ga_value > 0.75. Second, when we analyzed the
data ourselves, we find a very small amount of data over the continental US - mostly
over very mountainous regions and Canada - are affected by low quality retrievals
due to snow alone (see below).

[ D % of pixels qa<0.75, cloud-free and snow
0 4 8 12 16 20

Figure for private use only. Percentage of days with cloud-free snow-covered data
filtered out using a qa_value > 0.75

Line 244: The reference in the text to Table 1 is very brief, more details should be
included. Here information on chemiluminescence instruments is included, which is
quite an important consideration and should be mentioned and discussed more in
the text. The no chemilumeneces instruments show a similar slope as the baseline
which is encouraging and shows that the increase is not due to increased NOz. It is
very encouraging to see that.

Thank you for this good suggestion. We have now added a new Figure (Figure 6¢) and
substantial new analyses in response to this request. We have now calculated NO*
from WRF-Chem to intercompare with the EPA monitors. The normalized mean
change using NO2* from WRF-Chem is less than the NMC change using only NO2
(+42.1% vs. 58.7%) and in closer agreement with the NO, from the EPA monitoring
network. The NO; did have an effect, but was not fully responsible for the difference.
Below is the newly added text and Figure:

“91% of monitors in the EPA monitoring network measure using the chemiluminescent
method, NO;", which quantifies NO; in addition to some fraction of HNOs. The latter is



problematic because the NO> + OH = HNOs reaction is often the terminal sink for NO>
during daytime and if HNOs is additionally being measured then this would appear to
buffer photolytically driven changes. We further conducted a sensitivity test in WRF-Chem
and found that the NMC is only +42.1% when a chemiluminescence correction factor from
Equation 1 is used (Figure 6¢), indicating that some of the perceived differences between
WRF-Chem and EPA monitors could be due to monitor interferences from PAN and HNOs.”
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EPA surface Network: Surface NO,; 1 PM at EPA monitoring locations at EPA monitoring locations
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Figure 6. Scatterplots intercomparing annualized surface NO; at 13:30 local time during
cloudy days vs. no cloud days. (Left) EPA AQS data which is a repeat of Figure 3c. (Center)
WRF-Chem collocated with the AQS monitoring sites, and using the WRF-Chem cloud filter
in lieu of the TROPOMI cloud filter. (Right) WRF-Chem collocated with the AQS monitoring
sites, comparing NOz* instead of NO..

Since we now added a new analysis that is more comparable between monitors and
WRF-Chem, we feel that the new analysis is better to reference because the sample
size of “no chemiluminescence” monitors is small and these monitors are often only
sited in urban areas.

What is baseline v2.4 and v2.3.1 there is no explanation of what it means.

These are in reference to the TROPOMI algorithm versions. These acronyms have
now been clarified in the Methods Section text and are now consistent throughout
the text:

“For our analysis we use the TROPOMI NO; version 2.4 (V2.4) re-processed algorithm
during Jan 1, 2019 - Dec 31, 2019. We also conducted a sensitivity study using the version
2.3.1(V2.3.1) algorithm.”

How about adding a figure like Figure 5 but for TEMPO and different hours of the day
(maybe morning afternoon and evening), either in the main manuscript or in the
appendix



Thank you for this good suggestion, but since TEMPO data is 25x larger than
TROPOMI this would be computationally expensive. While we have processed a full
year of TEMPO data using a cloud fraction of <0.15 and ga=0, we did not retain data
when cloud fractions > 0.15. Reprocessing this dataset would take multiple weeks of
computational and personal effort.

Figure S1: why switch to 0.3 as a cut-off when most of the paper used 0.5, Figure 2
(in the main manuscript) also uses 0.5, could all 24 h be included or at least show a
few more

Thank you for catching this typo in the figure caption. The figure itself shows the
correct filter which was indeed 0.5.

We have now also included all individual hours between 8 AM - 4 PM) in the figure
(previously only 9:30 AM, 1:30 PM, 4:30 PM).
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Figure S1. Percentage of days over the contiguous U.S. during 2019 with cloud
fractions less than 0.5 as simulated by WRF-Chem at individual hours of 8 AM through
4 PM local solar time.
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