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We would like to thank Dr. Remer for the careful revision and thoughtful suggestions.
The replies to the questions, comments and suggestions are in blue color and the provided
figures and references are displayed at the end of the current document. The figures

presented here have been used to improve the manuscript's new version.

The authors present an observational analysis of intraseasonal and interannual
characteristics of regional fire counts, smoke aerosol optical depth (AOD) and its radiative
consequences for the South American dry season. The focus is on the unusual severity of
the regional smoke pall in 2020 and the apparent significant increase of fire activity in a
specific biome, the Pantanal. The authors cite news reports and agency news releases that
capture the public’s fascination with the event. Thus, the authors begin the study already
with a qualitative understanding and expectation of results. However, there are questions
that can only be answered with quantitative analysis.

®How much of the smoke anomaly is due to anomalous fires in the Pantanal and how
much is due to other factors?

R: Indeed, this is an important question. However, we are aware that to respond
accordingly, it would be needed more than observational analysis. Certainly a
modeling experiment would be required, either to explain the contribution of Pantanal
anomalous fires to any anomaly in the regional smoke loading or to explain the role
of other factors. Since an integrated observational-modeling study is out of the scope
of the current manuscript, we tried to improve the manuscript by moving further in
the discussion based on observational analysis and considering the valuable
suggestion provided by both reviewers. While we did not provide a quantitative
response to the posed question, we hope that with the new analysis and expected
improvement we were able to add value to the manuscript discussion and analysis.
Certainly, a modeling study guided by this relevant question raised by the reviewer is
being considered as a continuity of this study.



At this point, as mentioned by the reviewer, clarity on the use of the term smoke
anomaly is important, not just to specify when we are talking about the Smoke Over
Pantanal (SOP) or about the Regional Smoke Plume (RSP), but also to be sure that
indeed a smoke anomaly was the case (at least a significant one). After further
analysis, adding to the comparison previous years marked by a strong regional
smoke plume (ex. 2004, 2005, 2007, 2010), from the perspective of the regional
smoke plumes, and considering the last two decades, 2020 did not stand as one of
the topmost polluted years. The years 2004, 2007, 2010, 2017 presented stronger
regional plumes (Figure 1). So, this is an important aspect that we decided to clarify
in this revised version, so we can be as clear as possible about aspects of 2020
biomass burning season (BB) which could be considered as substantially different
from previous years (anomalies). Regarding the regional smoke plume loading, if
compared with the cited years (2004, 2005, 2007, 2010) and the climatology of the
RSP, that was not the case, and neither was the fire count over the biomes Amazonia
and Cerrado, as will be shown. Pantanal 2020 BB season was indeed the one that
presented relevant deviations from historical features* (at least within the period
analyzed by this manuscript (Figure 2) and according to INPE longest time series of
fire count, which started in 1980's (Marengo et al, 2021). However, while the fire
count in Pantanal in September 2020 was unprecedented within the monitored
period, AOD was not. Only October 2020 presented AOD levels not seen in previous
Octobers within the timeframe analyzed.

®f due to other factors, how much is due to enhanced fire activity in other biomes and
how much due to anomalous meteorology?

R: This question somehow is related to the previous one, and to provide a
quantitative response it would also require some sort of modeling analysis. While we
did not go in that direction, we've tried to include more observational analysis that
could help to improve our consideration in this regard. Anomalous climate conditions
have been recognized to play a role in fire activity in 2020, the years of 2019 and
2020 were characterized by the worst drought in 50 years in Pantanal (Marengo et al.
2021). The drought scenario was not restricted to the Pantanal domain, and yet the
biome was the one that experienced a record of fire count. Amazonia and Cerrado
biomes, traditional sources of smoke towards Pantanal (especially Amazonia), did not
experience a similar level of enhancement in fire activity, in 2020.

Figure 3 shows that typically mean AOD over Pantanal strongly responds to the mean
AOD over Amazonia, and it used to be similar or a fraction of mean AOD over
Amazonia. In 2020 that was not the case, when the mean AOD value over Pantanal
substantially surplused that over the Amazon, during both September and October.
This aspect along with the enhancement of fire activity within the Pantanal domain
were those that can be highlighted as significant or unprecedented when compared
with the previous analyzed years and that can be assumed as anomalies.

Bs the smoke anomalous only in terms of aerosol loading, or have intrinsic optical
properties changed?

R: It is difficult to answer this question focusing on Pantanal, since there was not
an operational AERONET station or other measurements of aerosol intrinsic
properties within Pantanal in 2020 (as far as we are aware). However, it is
possible to do some evaluation analyzing AERONET stations distributed across
the regional smoke domain to get some insight on this matter, which we did, and
is presented below. Focusing on the closest AERONET site to the Pantanal border,
the Cuiaba site, we did not find a significant statistical difference between
monthly mean SSA in 2020 and previous years (Figure 4). The same was
observed for the other sites of AERONET analyzed.



mWhat effect does the anomalous smoke have on the radiative balance and what
consequences does this have?

As discussed before, no statistically significant difference was observed in the
data from the AERONET sites, either in the radiative balance. When analyzing
the regional effect of the smoke layer on the radiative balance from CERES,
2007 presented the strongest attenuation of downward solar irradiance
reaching the surface, much higher that 2020 regional smoke plume.

BHow anomalous is this activity, not only in recent memory, but over scales spanning
generations?

R: There was no need to go further into the past to show that, from a regional
perspective and when compared with the mean scenario (within the period
2003-2020), 2020 biomass burning season could not be identified as an exceptional
anomalous year, either based on fire count or smoke loading. As illustrated in Figure
1, the years 2004, 2007 and 2010 were more polluted and presented higher fire
counts (Figure 2), regionally speaking (Amazonia+Cerrado+Pantanal).

However, when focusing specifically on the Pantanal domain, there are two
informations that exceptionally differ from typical values (considering the period
2003-2020): the fire count observed in September and the mean AOD over the
Pantanal biome during October (Figure 2). The high fire count over Pantanal in
September 2020 has not been seen in previous years. As illustrated by the numbers
cited before, in 2020, the fire count over Pantanal was 3.6 times higher than the
mean climatological value.

®Vhat caused the anomalous fire activity in the Pantanal?

R: Fire activity in Brazil biomes historically has a strong relationship with mankind
intervention and there is a vast literature supporting this. Therefore, 2020 fire activity
in Pantanal and the exceptional anomalous fire activity observed had, as usual, the
mankind component. However, recent researches support that mankind traditional
intervention was propelled by two distinct aspects:

a) A fire-prone environment (climate extreme, Marengo et al. 2021, Libonati et al.,
2020). According to Marengo et al. (2021), the years of 2019 and 2020 were
characterized by the worst drought in 50 years in Pantanal. The accumulated
precipitation during the wet season of these years was between 50 and 60% less
than normal.

b) An unfavorable governance (poor management and lax laws). According to
Libonati et al. (2020), a combination of climate extremes, poor management and
lax laws was behind Pantanal anomalous fire activity. Outdated environmental
regulations, slashing of resources for environmental protection and climate
actions in recent years certainly contributed to build-up the mentioned
unfavorable governance.

One must also point out that the two concurrent aspects were not exclusive to Pantanal in
2020, and yet the fire count figures across Cerrado and Amazonia were not exceptionally far
from those of recent years. Therefore, there are still open questions about the specific
behavior of mankind intervention in Pantanal in 2020, a lack of studies of human causes and
responses to fires in the Pantanal has been recognized as a challenge to a full
comprehension of what happened (Libonati et al., 2020).

The authors present analysis that address most of these bullet points. There's a significant



paper in this work, but I have to say that they don't pull the analysis together in a way
that clearly provides the answers. Because of that I will recommend Major Revisions.

I have no need to remain anonymous. This is Lorraine Remer writing.
Thank you very much Dr. Remer, for your time and careful review! We really appreciated
that!

Points to address are as follows:

mVhat is meant by smoke anomaly in this study? (a) Is it the overall smoke loading
over the entire continent? (b) Is it just the smoke over the Pantanal? (c) Is it the
smoke over the population centers of the Brazilian southeastern coast? At times, while
reading, I had the feeling that the authors meant it to be (a), and then (b) and then
(c). All of these are interesting, but the authors need to clarify when they are
considering each one.

Let's assume that the main point is (b) because that is what Figure 6 addresses, although
Figure 7 is more tuned to (a). Then I'm going to ask, "Why?”. Why do we care specifically
about how much smoke is over the Pantanal? It is a very small area from the regional
perspective. I would think the question of “how much do Pantanal fires contribute to the
regional big picture” to be the more interesting question rather than, “is the smoke above
the Pantanal due to local or transported smoke”. I mean, both questions are interesting,
but the big picture is the bigger picture. If the authors find smoke and its consequences
directly over the Pantanal to be the primary question to address, then they need to
introduce the reason for this in the introduction... “The Pantanal represents a unique
island of biodiversity in the region and smoke hanging over this area for up to six weeks
has the potential for diminishing surface shortwave flux, stopping photosynthesis,
interfering with primary productivity that has consequences as it cascades up the
ecosystem.” Or something like that. I know that that this is touched on here and there,
but the paper needs to be structured in a way that makes this the primary focus.

If the authors are indeed looking more at the big regional picture (a) then there needs to
be analysis presented * XX% of regional smoke is produced by the Patanal, representing
only yy% of the regional surface area.”

Or something like this. Or the authors could go in both directions. The paper is short. It
could support two specific sections, one addressing (a) and one addressing (b). I don’t
need it to do both. I just need some clarity and focus communicated.

R: Although one could focus on one or another item, and indeed we are slightly tuned to
Pantanal, the current version helps us to understand the need and importance of
contextualizing both: (a) the 2020 overall smoke loading over the continent. (b) the 2020
smoke over the Pantanal. Thus, we show that regionally 2020 was not a particular year
from the perspective of the plume dimension, loading and optical properties, and we
explore what happened to Pantanal in 2020. In this sense, the focus on Pantanal
presented more interesting results and analysis. And we adjusted the manuscript to
highlight the importance of Pantanal (locally and regionally) to support our focus and to
show how protected areas (as indigenous and reserves) were atypically burned in the
biome in 2020, as shown in Figure 3 and further discussion ahead.

2. Is there any insight gained from direct scatter plots of smoke vs. fire counts, and
SW flux vs. AOD? Scatter plots of monthly means, for example, taking the points shown
in Figure 2 and just throwing them into scatter plots. 4 month x 6 years. That's a 24 point
scatter plot. The more fire counts, the more AOD, right? But if the Pantanal is more
affected by advection than by local fires, there won’t be much correlation. And maybe
2020 stands out, as an outlier. I don’t know. It’s just that right now the only thing
I gain from Figure 2 is that 2020 is weird for both fire counts and smoke in the



Pantanal, but that smoke weirdness lags fire weirdness by one month. There are
a lot of words describing this figure, but few of those words point to the focus of
the study.

R: The scatter plots of smoke vs fire counts over Pantanal and of smoke over Amazonia
vs smoke over Pantanal indeed provided interesting insights (Figure 3). Smoke vs fire
counts over Pantanal shows that, in general, the higher the fire count is, the higher the
AOD, but there are several exceptions (ex. August 2020). The scatter plot smoke over
Amazonia vs smoke over Pantanal shows that the smoke over Pantanal has a stronger
relationship with smoke over Amazon than with fire counts within the biome, suggesting
that AOD over Pantanal is more affected by advection than by local fires. However, 2020
does stand out as an outlier. Typically, mean AOD over Pantanal domain is similar or a
fraction of that over Amazonia domain. That was not the case for September and October
of 2020, when mean AOD over Pantanal was much higher than over Amazonia, an
indication that local smoke played an atypical role to the smoke level over Pantanal.

Regarding the one month lag between fire counts and AOD values, we added an analysis
of fire count distribution on top of the vegetation index (EVI) within the Pantanal domain
to help clarify a hypothesis that these observational data can point out (Figure 3). From
plots (a), August was characterized by high fire count, but relatively low AOD, while
October by relatively low fire count and high AOD. The high AOD over Pantanal in
October, despite the reduction in fire count, hardly is explained by advection from
Amazonia. As can be seen in the plot (b), there was a reduction in smoke loading over
Amazonia during October, and the regional map of AOD for October (Figure 1) shows that
there was a spot of high AOD centered and over the Pantanal domain. Therefore, a
possible explanation for the lag between fire count and AOD from August to
September/October could be the nature of the material being burned within Pantanal. As
the maps show, during August a reduced number of fires was within conservation and
Indigenous areas (where higher biomass density is present). However, from September
on, there was a significant increase of fire number within these areas, which could explain
the larger aerosol emissions and, consequently, the increase in AOD.

3. Figure 3 is interesting because of the SSA, but the question I need answered is
too hard to find in these plots. Is the SSA different in 2020 or not? Will radiative effects
only be controlled by loading, or do changing optical properties play a role? Any thought
of trying some 24-point scatter plots here also?

R: In order to answer the question, we replaced Figure 3 of the manuscript first version
to a new one( Figure 5 of the current doc), following the reviewer's suggestion.
Instantaneous aerosol radiative forcing estimates from AERONET were plotted versus
AOD at 550 nm, color coded by single scattering albedo (SSA) values, with data from
July to October of the years 2003 to 2020. Data from 2020 are highlighted with red
symbols. It is possible to observe that not only AOD but also SSA affect the downward
solar irradiance at the surface and that no difference can be noticed in 2020 data. To
complement the information, boxplot of SSA at 440 nm for different sites and years are
now presented in Figure 4. From the boxplots, we conclude that SSA values from 2020
were similar to previous years.

4, I thought Figure 4 was the most informative of the basic plots. Here you see the
difference from year-to-year much better than in Figures 2 and 3. In 2020, the Pantanal
stands out quite a bit darker than its immediate surroundings. This is the first place that I
considered that local smoke might dominate AOD over the Pantanal. The authors also
rightly point out the difference in flow between 2017 and 2020 that explains why the
population centers of the southeastern coast were spared in 2017.

R: Despite the recognition of the informative value of this plot, following the new
arrangement aiming to better contextualize the 2020 regional smoke plume and the
smoke loading over Pantanal, the previous plot (Figure 4 of the first version submitted



and mention in the reviewer question) was replaced by a similar analysis (Figure 1 of the
current doc) focusing on the intercomparison of 2020 regional smoke with the most
polluted years (2004, 2005, 2007 and 2010) within the timeframe analyzed (2003-2020).
The intercomparison now also includes maps from the month of October to highlight the
high level of smoke restricted to the Pantanal domain and surroundings, which is
evaluated as the most significant deviation from the historical perspective here analyzed
(2003-2020), and in the context of Pantanal biome(Figure 2). In September 2020, despite
the exceptional fire count level, the smoke loading over the Pantanal biome was not
unprecedented. September of 2007 and 2010, for instance, presented AOD over Pantanal
much higher than September 2020.

Related to the flow of the regional smoke plume towards the population centers of the
southeastern coast, the new plot evidenced that this has also been seen in the past. For
example, in 2004 and 2005 the monthly flow patterns were also towards the highly
populated centers in the southeast of Brazil(Figure 1).

5. Figure 5. Have the authors considered an anomaly plot instead of absolute
irradiance? Interannual differences are hard to see now.

R: Following the reviewer's suggestion, absolute irradiance was replaced by anomaly
considering the period from 2003 to 2020 as reference to define the month climatology
(Figure 6). However, as described and justified in the reply to reviewer query number 4,
the focus has been changed to the intercomparison between 2020 and the most polluted
regional smoke plume (2004, 2005, 2007 and 2010) in the decades. We expect that now
it is much clearer to highlight the effect of 2020 regional smoke plume on surface solar
radiation (SSR), how it stands when compared with the top polluted biomass burning
season in the timeframe analyzed (2003-2020). September of 2020 anomalies in SSR
are comparable to some of the most polluted years, but September 2007 presented the
highest anomalies. Considering the atypical amount of smoke over Pantanal during
october of 2020, we decided to include october in the comparison.

Figure 6. Another good plot. It was very important to do the longer time series. Knowing
that 2020 still had unprecedented fire counts in smoke, we see that the anomaly isn’t
that much greater than in the 2000s. People’s memories are short. They forget how bad
things were in the previous generation. Although, I didn't see anything interesting in the
SW flux plot and I recommend dropping it. Also, shouldn’t there be fire counts that go
back another decade? It's not necessary, but it would be interesting. Fire counts were
intense in the late 1980s and 1990s.

R: Pantanal 2020 BB season was indeed the one presenting relevant deviations from
historical features, at least within the analyzed period in this manuscript (Figure 2) and
according to INPE longest time series of fire count, which started in 1980’s, as pointed
out by Marengo et al. (2021). We also decided to include the same time series plots for
Amazonia and Cerrado biomes. So one can have a better overview of the comparison
between the biomes.

6. Figure 7. I like this one also. This is a very nice summary of the entire situation
over time.

R: Thank you, we kept this summary.

7. Figure 8. I couldn’t understand this at all. I couldn’t find in it the things
mentioned in the text. Maybe it is just me.

R: This plot aimed to explore the role of circulation interannual variability, via wind



components. However, given that it did not present clear information, and considering
that more new plots were added to the analysis, we understand that this plot may be
excluded to make space for further discussion required by the new added plots.

8. The three biomes, Amazonia, Cerrado and Patanal are mentioned very early in
the introduction, before the map, sort of with the expectation that the reader already
knows what they are. I suggest describing each one, as soon as they are mentioned.
One thing that I struggled with is the relative sizes of these biomes. Patanal is so tiny.
Why does anybody care? Also, Caatinga, Pampas, Mata Atlantica are mentioned with
the expectation that the reader knows what these are, and we don't.

R: The description and location of the biomes are reorganized, including Caatinga,
Pampas and Mata Atlantica, so the reader is better contextualized. A nhew map was
developed (Figure 7) to clearly depict these biomes. Indeed, Pantanal size is much
smaller than the other biomes, however it's unique biodiversity and its role to the
regional hydrological cycle are of great relevance.

9. Lines 85-90. We need more information on the surface irradiance. What is meant
by cloud free in terms of footprint size? What is used for aerosol model to make the
calculations? If there were to be a change in SSA, would the irradiances that are analyzed
reflect that information?

R: Clouds and aerosol properties are obtained from MODIS with 10km nadir resolution
and then projected (with the corresponding weights) into CERES SSF Level 2 footprint of
20 km (point-spread-functions are used to convolve higher resolution data into CERES
20km optical footprint). Finally, to obtain the SSF Level 3 product, the results are
interpolated into 19x1° latitude/longitude grid size. In this work a cloud-free scene is
considered a scene that has aerosol retrievals on a given grid cell. According to CERES
SSF 1 degree documentation, clear-sky parameters are only computed if cloud fraction is
less than 0.1% in a given footprint.

(https://ceres.larc.nasa.gov/documents/DPC/DPC_current/pdfs/DPC_SSF1deg-Day_R5V1.
pdf).

The aerosol model used in CERES surface irradiance calculations is very briefly described
in Kratz, 2020. It uses near-real time daily AODs from the Model for Atmospheric
Transport and Chemistry (MATCH). The Optical Properties of Aerosols and Clouds (OPAC)
Global Aerosol Data Set (GADS) was used to obtain the intrinsic aerosol properties, such
as single scattering albedo and asymmetry parameter (Hess et al., 1998).

10. Line 92. What is meant by Aqua bouncing?

R: We believe there was a mistranslation here. What actually happened was a problem with
the data formatter for the solid state recorder aboard the Aqua satellite that resulted in a
data acquisition gap from August 16 through September 2, 2020 for MODIS Aqua products.
This information has been corrected in the text and the references on this issue were
included.

Refs.: https://Ipdaac.usgs.gov/news/agua-satellite-anomaly/

=PM_MYD 20229 NRT&caseLocatlon cases data

11. Lines 244-247. These are some of the most important statements in the
manuscript. Somehow the paper should be structured to get there. Also, this is where I
started wondering about a scatter plot.


https://lpdaac.usgs.gov/news/aqua-satellite-anomaly/
https://landweb.modaps.eosdis.nasa.gov/cgi-bin/NRT/displayCase.cgi?esdt=MYD&caseNum=PM_MYD_20229_NRT&caseLocation=cases_data
https://landweb.modaps.eosdis.nasa.gov/cgi-bin/NRT/displayCase.cgi?esdt=MYD&caseNum=PM_MYD_20229_NRT&caseLocation=cases_data

R: We added new plots and performed a reorganization in the discussions to accomplish
this.

12. Lines 252-253. Suddenly the authors start using the word “emissions”. There are
no emissions analyzed. The authors are working with fire counts, which are not the same
as emissions. Then they state that the contribution of emissions from the Pantanal rivals
that from Amazonia and Cerrado. In absolute terms Figure 2 shows that the total fire
counts from the Pantanal never reaches the total numbers of the other biomes (because
of its small area). Where else do the authors find evidence to support that statement?

R: The reviewer is right, the word emissions should not be used here, and there is no
evidence to suggest that emission from Pantanal’s rivals that of Amazonia and Cerrado in
2020. What can be suggested or inferred, based on fire counts, is that the relative
contribution of Pantanal’s emission to the regional smoke plume in 2020 was higher than
the other analyzed years, given that the high amount of smoke over the biome in 2020
was associated with an explosion in local fire, especially during September and October.

13. I also note that a lot of statements found in Section 3.3 should really go into
the Conclusions, especially Lines 244 and beyond.

R: The indicated statements were moved to the Conclusions.

14. The Conclusions are mostly strong and well-stated. There’s one sentence in the
Conclusions that was not supported in the body of the manuscript. “For Pantanal, 2020
was a very particular year, not exactly due to the aerosol loading over the biome, since in
September of 2007 the biome experienced a higher monthly mean AOD, but due to the
contribution of the local fire emission to the regional smoke plume. *

R: With the new analysis performed based on scatter plots of fire count vs smoke over
Pantanal and AOD_Amazonia vs AOD_Pantanal (Figure 3), we understood that now we
are able to support this adjusted sentence: "“For Pantanal, 2020 was a very particular
year, not exactly due to the aerosol loading over the biome, since in September of
2007 the biome experienced a higher monthly mean AOD, but due to the contribution of
local fire emission to the local smoke plume, which surpassed advection from Amazonia
biomass burning areas".

There is no analysis that states that the Pantanal contributes XX% of the smoke in the
regional smoke plume. Even after all of this analysis, this statement is still based on
qualitative discussion. What has this study contributed to supporting this statement that
the NYT, BBC and Le Monde have not?

R: Yes, that's right, current analysis is not able to quantify Pantanal contributions to the
regional smoke plume. With new observational plots and analysis we hope that the
manuscript is providing a better and more consistent discussion.

15. Finally, and the most frustrating... Why did the Pantanal burn in 2020? What is
fundamentally different about this year that fire erupted in a way unseen for over a
decade? Drought? Human intervention or non-intervention? Why? While the paper can be
published without answering this question, it is the question in the reader’s mind as they
read through the analysis. Why the fire eruption in the Pantanal in 2020? There’s an
elephant in the room that nobody is mentioning. A paragraph in the Conclusions with
some educated hypotheses in a Discussion format would be satisfying.

R: As discussed above, the most reliable hypothesis about 2020’s Pantanal fires is that it
was due to a combination of a drought-prone environment and lack of effective public
policies to protect the environment against man-made fires. Actually, unfortunately there



was a huge throwback on the steps previously taken regarding environmental laws,
additionally resources for environmental protection and climate actions have been slashed.
During the last years, particularly after the 2018 elections, Brazilian authorities have
adopted against-the-environment and pro-agricultural-livestock-expansion speeches. Under
the new government, Brazil’'s main environmental enforcement agency, Ibama, is weakened
and it reduced the number of fines for those involved with deforestation. In this context,
indigenous and conservation areas have become exposed targets for those aiming to expand
illegally agricultural land.



Figure 1: Regional Smoke Plume (a) September ; (b)October
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Fire count and AOD@550 nm interannual variability (a) Pantanal

Figure 2
(b) Amazonia
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Figure 4: Interannual variability of mean Single Scattering Albedo (SSA)

during biomass burning season (Aug-Sept-Oct) from AERONET stations

(Please, refer to Figure 7 to see the site geographical distribution).
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Figure 5 - Aerosol direct instantaneous Radiative forcing as function of AOD
at 550 nm at AERONET sites highlighting 2020 (red) against historical value
(2003 - 2019)
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Figure 6 - Surface Solar Radiance anomaly: (a) September; b) October
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Figure 7 - New map representing Brazil’'s biomes and AERONET sites.
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