Interactive comment on “Spatial and seasonal variations of aerosols over China from two decades of multi-satellite
observations. Part I: ATSR (1995–2011) and MODIS C6.1 (2000–2017)”
by Larisa Sogacheva et al.
Anonymous Referee #3
5

Received and published: 20 April 2018

We thank the Referee for careful consideration of the manuscript and the positive recommendation. Below we copy the referee’s
comments in Italics and responses are given below each concern.
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The authors analyzed the AOD obtained from ATSR dual view observation jointly with MODIS DTDB results over China for the
period since 1995. With such a long time series AOD data from two satellite sensors, the seasonal and inter-annual as well as
spatial variation of 2 dataset are compared in details. The results would be useful for researchers who are interesting in the
historical aerosol information over East Asia region and thus it is worth the publication. The reviewer’s concerns are mainly as
below:

15
(1) Over Sichuan basin, its higher AOD has been recognized for a long time. Several ground-based measurement studies also partly
confirmed this high AOD region. From Fig.7, this feature is a major characteristic for MODIS results, while it is not clear for ATSR
results. Are there validations or explanation on this underestimation?
Response: Indeed the AOD over Sichuan Province is high! Both in the ATSR and the MODIS retrieval Sichuan AOD is higher than
20

its surroundings. However, ATSR AOD is a bit underestimated and the MODIS AOD is a bit overestimated (as shown in Fig. 4 and
also discussed in the text above Fig.7). For the comparison in Fig. 7 we used the same colorscale which shows the MODIS AOD
over Sichuan more clear than that from ATSR. By lack of AERONET data we cannot do validation specific for this area. Fig. 10
also shows the high AOD over Sichuan, with similar values for each season, and similar to that over NCP, except for the summer
AOD which over NCP is higher than in other seasons.

25
(2) Over Inner-Mongolia, there are large areas of desert and arid regions, about 1/3 of Takla- makan desert in size. It’s somewhat
strange why ATSR results show nearly none of higher AOD values over this region. In comparison, MODIS results are probably
more reasonable. Noticeably, in Fig 3(a), the “red” color region (difference large than ∼0.2) is also around this area.

Response: Fig. 3 shows a comparison between MODIS C6.1 and C6, and because we don’t have detailed information on the
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differences between these two MODIS collections from the peer-reviewed literature, we cannot comment on this. The difference
between ATSR and MODIS is shown in Figs 7 and 10, and indeed ATSR does not show the high AOD over the deserts, which we
ascribe to the failure of the dual view algorithm to adequately retrieve AOD over bright surface (see, e.g. the text above Fig 7, and
references cited there).
1

(3) As shown in Fig 9, the difference between two dataset depends on geolocations and seasons (Fig.11). Then, how does these two
dataset (MODIS & ATSR) could be merged or used together in a continuous basis for a future analyses of long period variation,
e.g. 1995-present, as suggested by authors in the summary part.
Response: In the last sentence we indicate that the combination of the ATSR and MODIS time series will be discussed in the
5

companion paper, i.e. Part II. Hence this will not be further discussed in the present paper. Part II is available as a discussion paper
in ACP, see https://doi.org/10.5194/acp-2018-288.
During the revision, some of the figures and related discussion have been taken away and other figures are added, as suggested by
Referee #2.
In the revised version of the manuscript, Fig. 3 (as submitted to ACPD) goes as Fig.6.
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Figure 7 and the related discussion have been taken away.
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We thank the reviewer Dr. A. M. Sayer for his positive statement and constructive comments. We much appreciate his
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thoughts and suggestions that reflected in the improvement of this MS. Detailed answers are below. We copy the
referee’s comments in Italics and responses are given below each concern.
Summary:
I am writing this review under my own name (Andrew Sayer) as I have previously dis- cussed this research with the authors, and
am on the team responsible for the MODIS aerosol data products being used in the study. I also reviewed the paper de Leeuw et al
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(2018), which is in some sense a predecessor to this study, and have been invited to review the follow up Part II to this paper also
by Sogacheva et al and also currently in ACPD. I feel I am able to provide an impartial review, but am signing the review in the
interests of transparency.
The goal of this paper is to look at spatial and temporal (seasonal/interannual) variations of AOD over China. This is accomplished
mainly by using two satellite data sets: the ADV algorithm applied to the combined ATSR2/AATSR record (1995-2012), and the
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combined Deep Blue/Dark Target algorithms applied to the MODIS Terra record (2000 onwards) from the latest Collection 6.1.
CALIOP data are also used briefly to look at seasonality of desert dust. AERONET data are also used for validate the MODIS and
ATSR retrievals where possible – the available sites are largely confined to eastern China. This paper sets up the later analysis in
Part II, which is more focused on combining the time series to look at trends, although there’s a bit of overlap in that trends (or at
least ‘tendencies’ in the authors’ terminology) are discussed in this paper as well. As a result I felt it best to review this Part I first.
2

Aerosol remote sensing over China can be more difficult than over many other parts of the world, there are less publicly- available
validation data than some other areas, and there are suggestions from the literature that historical trends in AOD in some areas
may be changing (i.e. they’re not linear and start/end dates of analyses are important). So the research question behind the authors’
series of papers is relevant. There is overlap between this paper and de Leeuw et al (2018) but the analysis here is expanded and
5

updated, and I think there is sufficient new stuff here that the overlap does not preclude publication.
My overall recommendation is for major revisions and re-review. Overall it is a good paper but I think there’s a gap in establishing
the reliability of the ATSR2 portion of the record, and the premise of the analysis rests of being able to treat ATSR2 and AATSR as
one consistent long-term record. This has not really been assessed by the paper. In my specific comments below I have a few
suggestions how that could be done.
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The comparison between ATSR-2 and AATSR is included as a separate Section. The results of the comparison, to our
opinion, prove the possibility to combine the AOD retrieved from two instruments into one data set without the offset
corrections. Details are below.
The quality of language is overall good and any issues can probably be dealt with by Copernicus’ copy-editing and typesetting
process. Therefore my review mainly concentrates on technical abstracts. Here, PXLY refers to page X, line Y.
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Specific comments:
Abstract: I would condense this into one paragraph if possible and shorten it to high- light the main findings. For example I’d delete
the paragraph comparing validation statistics for MODIS C6 and C6.1 as probably not the most important thing (see also later
comments on that). I’d also consider shortening or removing the final paragraphs about AOD tendencies over the period, since
that’s the focus of part II. In my mind it is enough here to talk about the overall validation results and spatial/seasonal patterns.
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The sentence on P2L5-6 which briefly summarises the interannual variability is useful.
The Abstract is shortened according to the reviewer suggestions.
P5L9-10: I would assume that “China” here is defined as any 1x1 degree grid cell with retrievals over land which crosses or is
contained by the borders shown in Figure 2. It would be good to make this explicit.
The text is modified as suggested.
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Figure 2: It is hard to see the regional boxes and borders over the top of the AOD map, because there are a lot of colours and some
lines are thin. I suggest plotting the national borders in black rather than blue, to make them stand out, as the blue colour used is
similar to that coded in the colour bar for common values of AOD shown in the map. Subregion boundaries could also do with
having thicker lines and being in a strong contrasting colour. For example although the colour scale tops out at red, red may be a
suitable choice as it doesn’t look like any of the grid cells reach this value. Alternatively (and probably even better), the authors
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could abandon the rainbow colour scale used in this Figure and some others in the paper. Rainbow scales can present difficulties
for colour blind readers, do not always display or print consistently, and draw the eye to specific points in the range while smoothing
variations

in

other

parts.

See

for

example

https://www.climate-lab-book.ac.uk/2014/end-of-the-rainbow/

or

https://eagereyes.org/basics/rainbow-color-map for some good discussion of why this is, and https://personal.sron.nl/∼pault/ for

some good alternative palettes to use.

3

The colorscale used for all AOD maps is reconsidered. The China border is plotted with black colours, as suggested.
The line width for subregions boundaries is adjusted.
Section 3.1: somewhere in here I would cite Sayer et al (JGR 2014) as the reference for the MODIS merged Deep Blue/Dark Target
data set used. This describes the algorithm, shows some examples, and provides validation. The paper is about Collection 6 but the
5

merging logic is unchanged for Collection 6.1 (C61) so it still stands as the best reference. We don’t have a paper specific to C61
at present. This study is cited elsewhere in the manuscript already, but I think it would be good to add it here too.
The citation of the paper by Sayer (JGR, 2014) is added to the current section.
It would be useful to be clear about exactly which products (and which SDS names within them) were used. For example P6L11
says “L3” data – there are several different L3 aggregation time scales and it isn’t clear if the daily product (MOD08_D3) was
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used as a basis and aggregated to a monthly scale, or if the monthly product (MOD08_M3) was used directly. Plus, presumably the
later validation exercise used the L2 product (MOD04_L2).
The text was modified to clarify the product used:
"In short, L3 (averaged on a grid of 1ox1o) monthly AOD data retrieved from ATSR-2 (1995-2002) and AATSR (20022012) (together referred to as ATSR) using ADV version 2.31 (Kolmonen et al., 2016; Sogacheva et al., 2017) and
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MODIS/Terra

AOD

C6.1

merged

DTDB

(L3)

monthly

data

(MOD08_M3,

2000-2017,

https://ladsweb.modaps.eosdis.nasa.gov/ ) were used together to cover the period from 1995-2017."
P6L20-23: Here the authors link to a summary document about C61 about cloud detection. This is not quite satisfactory since that’s
not necessarily a stable url and it isn’t a document with a defined author or contact point. I reached out to the MODIS calibration
and
20

cloud

teams

and

they

suggest

replacing

with

a

citation

to

Moeller

et

al

(SPIE,

2017):

http://spie.org/Publications/Proceedings/Paper/10.1117/12.2274340. That paper contains more examples of the effect of the
crosstalk problem and the Wilson et al (2017) algorithm to fix it on the cloud detection time series. So I’d just cite the Moeller and
Wilson papers here instead of linking to the C61 pdf from the MODIS Atmospheres site.
The reference to Moeller et al (SPIE, 2017) is added. Thanks for the suggestion.
P7L5-6: Here the authors reference by url one of my review comments to de Leeuw et al (2018) on ACP. I don’t necessarily think
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the sentence is needed since the relevant info is more or less shown in their Figure 3. But if the authors want to keep it I would note
that ACPD review comments (to which the figure linked was attached) are citable, and this one was doi:10.5194/acp-2017-838RC1, so that’s a better way than giving the url.
The reference is corrected as a link to doi:10.5194/acp-2017-838-RC1
Section 3, general (and my main substantive comment): One point that is glossed over in the validation and later discussion is the
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fact that almost all the available validation data for ADV here are for the AATSR portion of the record (2002-2012), not the ATSR2 portion (1995-2002). The instrument characteristics are very similar so one would expect similar performance. The main potential
reason for difference would be offsets in the sensors’ absolute calibration, which remains a thorny issue for all satellite AOD data
sets. On the one hand there what the authors can do here is limited, because without validation data covering both the ATSR-2 and
AATSR missions it’s hard to say whether the error characteristics of the two instruments are similar or not, and it is definitely not
4

the authors’ fault that this is not available. But on the other hand, since the point of this paper and Part II is to look at a long time
series, it is unfortunate that the first 5 years of the period (1995-2000) before MODIS, which are one big advantage of the ATSRs
compared to many other sensors, are a period where the data set can’t effectively be validated. This is doubly unfortunate since
trend analyses are particularly sensitive to values at start and end points.
5

I think it would make the authors’ case stronger if they could demonstrate the reliability of the ATSR2 portion of the record in a
more concrete way. From when I used to work on the ATSRs (a different algorithm, ORAC), I recall there is about 1 year of overlap
between ATSR2 and AATSR (during 2002-2003) when the two instruments were flying on the same orbit track spaced something
like 30 minutes apart. Actually I think there is more than 1 year but my memory is that the ERS2 satellite on which ATSR2 flew had
some technical issues with its pointing accuracy after 2003. My point is, I am pretty sure there is 1 year of overlapping data, and
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potentially more, which could be used here.
So one step would be to take this year of overlapping data, and do an analysis of how consistent the ATSR2 and AATSR retrievals
are (in terms of AOD retrieved and also if they make similar choices about when to retrieve, i.e. data coverage). This could be a
few extra figures/tables showing joint scatter density histograms or the monthly means in the various regions of interests and things
like that.
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As a second step, there were a few AERONET sites in China in operation during the ATSR2 period, and during the ATSR2/AATSR
overlap period (2002-2003). There will probably not be too many matches with AERONET during this year, but even if you get only
a dozen or so where you have AERONET, ATSR2, and AATSR all together, that lets you say something about whether the retrieval
errors are similar or not.
A third option is do this sort of 3-way comparison using ATSR2, AATSR, and MODIS Terra, using the 3-way overlapping time
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period, which should get more spatial coverage than AERONET. Even though MODIS can’t be considered a reference truth, one
can still see if the ATSR2 vs. MODIS and AATSR vs. MODIS differences are consistent.
In my view adding analyses along these lines would put the discussions later and in Part II of the manuscript on much firmer ground.
Otherwise the study is assuming that ATSR2 can be used to extend the AATSR record back in time, with consistent error
characteristics, without directly testing that assumption and assessing quantitatively (via these comparisons) the differences and

25

their implications for long-term analyses. This was also missing from de Leeuw et al (2018) so adding here would further help
distinguish this study from that.
One more note on this topic: the stability of the calibration of the ATSR2/AATSR sensors is well established, thanks to on board and
vicarious calibration techniques. It is not that which I am concerned about so much in terms of the combined ATSR2/AATSR record.
Rather, it is small differences in the absolute calibration (on-board only monitors stability i.e. relative calibration and absolute is
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based on pre-launch measurements), and small differences in band spectral response functions, which might lead to offsets in the
retrieved AOD between the sensors, and thus affect apparent AOD trends/tendencies.
We very much appreciate the detailed overview on the ATSR-2 and AATSR technical issues and calibrations.
Comparison between the ATSR-2 and ATSR AOD is done by looking at the L2 pixel-by-pixel difference in AOD over
China and monthly means comparison and validation results over China and globally.
5

P9L3-9: The differences between C6 and C6.1 performance seem to be sufficiently small to me that I don’t think the statement that
MODIS C6.1 is “slightly better” is warranted. My hunch is that the differences are not statistically significant given the limited
sample sizes. If I were writing this I would say that C6.1 has about 5 percent more matchups with AERONET but performance is
about the same. Also, the sentence about bias decreasing “from 0.007 to 0.06” must be incorrect because 0.06 is larger than 0.007.
5

Figure 4 suggests 0.06 for C.61 (and does not show C6) but the Abstract says 0.007 and 0.006. So something is inconsistent here –
I wonder if a decimal place has been added or subtracted in one of the cases. My guess is that it should read 0.07 and 0.06.
The conclusion on the MODIS C6 and C6.1 AOD comparison is modified as you suggested. Numbers for C6 and C6.1
biases are corrected in the Conclusions (not in the Abstract).
Section 3.3, general: I like the various breakdowns and subsets of the data. One other way I have found to be useful is to subset the
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satellite data by some proxy for aerosol “type” using AERONET data. I tend to classify conditions as “background” (AERONET
AOD less than some number like 0.2), “fine-dominated” (AOD larger than 0.2 and AE larger than some value like 1), or “coarsedominated” (AOD larger than 0.2 and AE smaller than 1). Then we can see if biases in the satellite retrievals are associated with
particular aerosol conditions. It might be that dust is fine but smoke is biased, for example. Similar splits can be done with surface
classifications. This may be instructive when later looking at regional comparisons and understanding why the data sets are different
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and which may be more reliable in a given situation. I am not saying this sort of analysis absolutely must be added to the paper, but
it might be useful for some of the later discussions and when attempting to merge the MODIS and ATSR data sets to estimate trends
in Part II.
The validation analysis for different aerosol types, as classified by the AOD and AE from AERONET according your
suggestions, is added.

20

P11L1: Here it says a 90 minute temporal window is used. Previously on P9L4, the text said 1 hour. Which is correct, or were
different thresholds used for the separate analyses? This should be clarified.
For the validation, the time window of 1h between AERONET and ATSR or MODIS was chosen. For the comparison of
the AOD between ATSR and MODIS, the temporal window between those instruments was below 90 min. This is
clarified in the text.

25

P13L3: The authors tend to use the term “bias” when comparing any two data sets in the paper and describing one as lower/higher
than the other. However “bias” is a loaded word with the implication that whatever is described is incorrect by that amount. I
think it is appropriate to use the term “bias” when comparing something to AERONET, since AERONET is taken as our ground
truth. However when comparing the satellite data sets to one another, as at P13L3, it is better to use the word “offset” instead (i.e.
x is offset from y rather than x is biased against y). I think this more precise terminology will help clarify when we are really talking
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about something which might be an error, and when we are talking about something that is a difference but the error is uncertain.
This would also help a reader who is less familiar with the satellite data and might not realise what typical levels of uncertainty in
sun photometer or satellite AOD data sets are.
We fully agree with your suggestion to used “bias” with respect to validation results and used “offset” while comparing
AOD from different satellites. The text is corrected accordingly.
6

Figure 7: I would remove this figure because I do not think that annual maps like this are particularly meaningful. Clouds/snow
show seasonal dependence, affecting coverage. Aerosol loading and type and surface cover show seasonal dependence, affecting
error characteristics. So a set of seasonal maps would be better. These are already provided and discussed later as Figure 10. So I
suggest just deleting Figure 7 and the sentences about it and save that discussion for Figure 10 instead. I don’t think that having
5

both Figure 7 and Figure 10 is necessary, and Figure 10 is the more informative of the two.
Section 4 and Figures 8 and 9 and discussion: To help focus the manuscript, I would also consider removing these figures and
associated discussion (or at least shortening it somewhat). From the outset the goal of this paper is to assess the MODIS and ATSR
records, and Part II is meant to be about the trends. So I would try to stick to this focus to make the paper more readable, and also
avoid readers of Part II either having to refer back to the trend discussion here or having duplicate material if it is reproduced.
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Otherwise the subject matter of the two papers is too mixed and you may as well just combine them into one paper. I feel similarly
about sections 5.2 and 5.3. Reading through Part II, I feel that this material (which is intended to make the point that the two data
sets can be combined, after some correction) feels much more natural if it is moved to an early place in the Part II paper. To me it
is more or less part of the method for Part II, not the analysis of Part I. This will also decrease the need for repetition of content
between the two papers and allow more space for a comparison between ATSR2 and AATSR during their overlapping year(s) of
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2002-2003 as suggested.
Sections 4 and 5.2 are deleted. Figure 8 will be moved to Part II and discussed there.
However, we decided to show the ATSR and MODIS AOD time series for summer (other seasons and year are in
Supplement) and results for AOD tendencies analysis in Section 5 for the overlapping period 2000-2011 only, since this
analysis is relevant for the discussion on the consistency between ATSR and MODIS AOD. We are not looking at the
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whole time series tendencies, which is the topic of Part II.
I don’t think that taking out the interannual variability here would weaken the conclusions or argument for Part I. I understand why
the authors initially put this here and that they want to make the analysis more distinct from de Leeuw et al (2018), but I really think
the interannual stuff belongs in Part II. Another risk is that a reader reads Part II and sees the tendency/trend calculations here
and takes that as the final word, and never goes on to see Part II. So I really feel that switching around this material between the

25

papers is worthwhile for both parts to maintain their focus and readability. If the authors really want to include some interannual
stuff here, that’s fine, but I would keep it brief and only show a few time series to illustrate the overall magnitudes and interannual
variability in ATSR/MODIS without trying to fit linear trends to it. But I don’t think that’s needed and would rather the space was
spent establishing whether ATSR2 and AATSR ADV AOD retrievals can be treated as one seamless AOD record rather than a pair
of records from similar instrument.
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P31L12-14: as mentioned earlier, I’d instead say that the performance of MODIS C6 and C6.1 are pretty much the same except
coverage increased a bit.
Corrected, as suggested by the reviewer.

7
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Abstract.
Aerosol optical depth (AOD) patterns and interannual and seasonal variations over China are discussed based on the AOD retrieved
25

from the Along-Track Scanning Radiometer (ATSR-2, 1995-2002), the Advanced ATSR (AATSR, 2002-2012) (together ATSR)
and the Moderate Resolution Imaging spectrometer (MODIS) aboard the Terra satellite (2000-2017). The AOD products used were
the ATSR Dual View (ADV) v2.31 AOD and MODIS/Terra Collection 6.1 (C6.1) merged dark target (DT) and deep blue (DB)
AOD product. Together these data sets provide an AOD time series for 23 years, from 1995 to 2017.
The difference between the AOD values retrieved from ATSR-2 and AATSR is small, as shown by pixel-by-pixel and monthly
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aggregates comparison as well as validation results. This allows combining ATSR-2 and AATSR AOD time series into one dataset
without offset correction.

8

Differences between the MODIS C6.1 and C6 AOD products with respect to AOD coverage and validation with Aerosol Robotic
Network (AERONET) over China are briefly discussed, showing better validation results for C6.1: the correlation coefficient has
increased from 0.9 in C6 to 0.92 in C6.1; bias has been slightly lowered from 0.007 to 0.006.
ADV and MODIS AOD validation results show similar high correlation with Aerosol Robotic Network (AERONET) AOD (0.88
5

and 0.92, respectively), while the corresponding bias is positive for MODIS (0.06) and negative for ADV (-0.07). Validation of the
AOD products in similar conditions, when ATSR and MODIS/Terra overpasses are within 90 minutes from each other and when
both ADV and MODIS retrieve AOD around AERONET locations, show that ADV performs better than MODIS in autumn, while
MODIS performs slightly better in spring and summer. In winter, both ADV and MODIS underestimate AERONET AOD.
Similar AOD patterns are observed by ADV and MODIS in annual and seasonal aggregates as well as in time series. ADV-MODIS
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difference maps show show that MODIS AOD is generally higher than that from ADV.
Both ADV and MODIS show similar seasonal AOD behavior. The AOD maxima shifts from spring in the south to summer along
the eastern coast further north.
The agreement between sensors in year-to-year AOD changes is quite good. During the period 1995-2006, AOD was increasing in
the SE of China. Between 2006 and 2011, AOD was not changing much, showing minor minima in 2008-2009. From 2011 onward,
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AOD is decreasing in the SE of China.
Both ADV and MODIS show similar seasonal AOD behavior. The spring AOD maxima in the south is shifting from spring to
summer along the eastern coast in the direction to the north.
Similar patterns exist in year-to-year ADV and MODIS annual AOD tendencies in the overlapping period. The agreement between
sensors in year-to-year AOD changes is quite good. However, The large AOD regional differences exist between the ATSR and
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MODIS AODs are quite regions, for both sensors.
Thelarge. The consistency between ATSR and MODIS as regards the AOD tendencies in the overlapping period is rather strong in
summer, autumn and overall for the yearly average, while in winter and spring, when there is a difference in coverage between the
two instruments, the agreement between ATSR and MODISin the AOD tendencies is lower.
AOD tendencies in China during the 1995-2017 will be discussed in more detail in Part II, where a method to combine AOD time
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series from ADV and MODIS is introduced and combined AOD time series are analyzed.

1 Introduction
The concentrations of aerosols in China have been relatively high since over two decades (e.g., Wang et al., 2017; Zhang; Zhang
et al., 2017) and rising as a consequence of economic development, industrialization, urbanization and associated transport and
traffic. OAnother factors exist which cause the affecting interannual and seasonal variations in of the aerosol optical depth (AOD)
30

over China, are, e.g., such as the generation and transport of desert dust (e.g. Proestakis et al., 2018, Wang et al., 2008), seasonal
biomass burning (e.g., Chen J. et al., 2017) as well as meteorological conditions and large-scale circulation (Zhu et al., 2012). Both
direct production of aerosol particles and the emission of aerosol precursor gases, such as SO2, NO2 and volatile organic compounds
9

(VOCs), contribute to the observed aerosol concentrations which manifest themselves as particulate matter (PM) or aerosol optical
depth (AOD) (Bouarar et al., 2017). PM2.5, the dry mass of aerosol particles with an ambient diameter smaller than 2.5 µm, is often
used in air quality and health studies as a measure for aerosol concentrations. PM2.5 is a local quantity that is usually measured near
the surface. In contrast, AOD is the column-integrated extinction coefficient, which is an optical property commonly used in climate
5

studies, and can be measured from satellites or ground-based remote sensing. PM2.5 and AOD, although both used as a measure for
the occurrence of aerosols, are very different aerosol properties which cannot be directly compared.
Spatial variation, seasonal variability and time series have been observed from the analysis of ground-based networks measuring
aerosol optical properties using sun photometers in, e.g., Aerosol Robotic Network (AERONET, Holben et al., 1998), China Aerosol
Remote Sensing Network (CARSNET CARSNET,( Che et al., 2015), Campaign on Atmospheric Aerosol Research network of
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China (CARE-China, Xin et al., 2015) and Sun-sky radiometer Observation NETwork (SONET, Li et al., 2017) or hand-held sun
photometers in the Chinese Sun Hazemeter (CSHNET,; Wang, Y., et al., 2011) networks, CARE-China (Xin et al., 2015) and
SONET (Li et al., 2017). These networks provide point measurements, which are representative for a limited area, and the coverage
across China still leaves large gaps. Satellite observations, although less accurate, fill these gaps and provide a clear picture of spatial
and temporal variations across the whole country.
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In de Leeuw et al. (2018), was shown how the complementary use of three satellite-based radiometers, the Along-Track Scanning
Radiometer ATSR-2 on ERS-2, the Advanced ATSR (AATSR) aboard the environmental satellite Envisat, and the MODerate
resolution Imaging Spectroradiometer (MODIS) on Terra results in two decades (1995-2015) of AOD observations over mainland
China. This information was complemented with observations from the Cloud Aerosol Lidar with Orthogonal Polarization
(CALIOP) between 01/2007 and 12/2015 on the aerosol vertical structure. The satellite data show the high aerosol concentrations
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over distinct regions in China such as the North China Plain (NCP) including the Beijing-Tianjin-Hebei (BTH) area, the Yangtze
River Delta (YRD), the Pearl River Delta (PRD) and Sichuan province/Chongqing, as well as the enhanced AOD over the
Taklamakan desert (TD).
The two-decadal time series show the initial rise of the aerosol burden over China at the end of the 1990s followed by AOD variations
in response to policy measures to improve air quality by the reduction of emissions of both aerosol particles and their precursor
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gases such as SO2 and NO2 (e.g. van der A et al., 2017). After 2011, the AOD appears to decrease toward the end of the study period
used in de Leeuw et al. (2018), i.e. the end of 2015. These observed temporal variations of the AOD have also been reported
elsewhere, including recent analyses indicating the decline since about 2011 (Zhang et al., 2017; Zhao et al., 2017) with some
variation in the reported pivot point. An interesting question whether the recent decrease in AOD is confirmed by extension of the
time series with the most recent data is addressed in the current paper and studied in more detailedetaild in Sogacheva et al. (, 2018),
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submitted to ACPD, hereunder referred as Part II.
Most of the aerosol studies over China are focused on the SE part of the country or on specific regions or cities in SE China.
However, the economic situation and Governmental policy measures to improve air quality by emission reduction obviously
influence the temporal variations of the AOD in each province, since the differences in the emissions between provinces occur also
due to the differences in regional policies on emission control and their implementation time (Jin et al., 2016; van der A et al., 2017).
10

In addition, both meteorological conditions and large-scale circulation will vary from year to year and between different parts of
China during each year. As a result, the aerosol properties and their spatial and temporal variations are expected to be different
across China. As an illustration, Fig. 1 shows the AOD time series retrieved using the ATSR Dual View aerosol retrieval algorithm
(ADV) version 2.31 (Kolmonen et al., 2016; Sogacheva et al., 2017), for the years 1995-2011, for two areas. One area covers
5

mainland China, the other one only south-eastern (SE) China (see Sect. 2 and Fig. 2 for specification of these regions). Clearly, the
AOD over SE China is substantially higher than over mainland China, but also the AOD increases much faster over SE China. Apart
from that, the interannual variations are quite similar, with minima and maxima occurring in the same years but with larger
amplitudes over SE China.

10
Figure 1. Time series of ATSR-retrieved AOD at 550 nm over China for the years 1995-2011. Note that data are missing in the beginning
of the ATSR-2 observation period in 1995 and 1996, and AATSR data start from August 2002.

In this paper, the work presented in de Leeuw et al. (2018) is extended to obtain information on the occurrence of aerosols and their
15

spatial and temporal variation over China with a focus on regional differences in annual and seasonal AOD behaviour for selected
regions. In addition, the study period is extended by including 2016 and 2017 and the most recent update of the MODIS AOD data
set, Collection 6.1 (C6.1), is used instead of C6. The C6.1 AOD validation results, the C6.1 vs C6 comparison, differences between
ADV and MODIS C6.1 annual and seasonal AOD aggregates, as well as in AOD tendencies during the overlapping period (20002011) are discussed. The results from the ADV and MODIS AOD comparison will be utilized in Part II to construct a combined
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long-term AOD time series from ADV and MODIS for the period of 1995-2017. AOD tendencies over the selected regions will be
estimated in Part II for the different periods characterized by changes in air pollution control policies in China (Jin et al., 2016; van
der A et al., 2017).
The structure of this paper is as follows. In Sect. 2, the study area, including the selection of the 10 regions, is described. In Sect.3,
satellite data and AOD validation results are discussedintroduced, with a focus on thethe data coverage (Sect. 3.2), consistency
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between ATSR-2 and AATSR AOD (Sect. 3.3) and MODIS C6.1 and C6 AOD differences over China (Sect. 3.4). ATSR and
11

MODIS validation results are discussed in Sect. 4. In Sect. 4, the interannual variation is discussed based on AOD anomaly maps
for the period 1995-2017 and annual AOD time series from ATSR (1995-2011) and MODIS (2000-2017); AOD tendencies in the
overlapping period (2000-2011) are estimated and discussed. Sect. 5 focuses on the seasonal AOD variations and their differences
for the selected regions across China. In Sect.6, the main results are summarised as conclusions.

5

2. Study area and selection of different regions
The study area, China encompasses, encompasses the same area as in de Leeuw et al. (2018),, i.e. between 18o-54o N and 73o-135o
E, with a focus on mainland China, i.e. the area between 18o-54o N and 73o-135o E defined as 1ºx1º grid cell with retrievals over
land within the Chineseand constrained by the borders indicated by the blue black line shown in Fig. 2. The spatial variations of
the AOD (Fig.2) combined with geographical knowledge (cf. de Leeuw et al., 2018) and general knowledge of the locations of
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highly populated and industrialized urban centers in China was used to select regions with different characteristics for a more
detailed study on the long-term variation of the seasonal and annual AOD. The results are expected to show differences in AOD
across China due to different climate and differences in economic development. Such considerations resulted in the selection of 10
study areas as shown in Fig. 2: seven of them (regions 1-7) in SE China, one covering the Tibetan Plateau (region 8), one over the
Taklamakan desert (region 9) and one over northeastern (NE) China (region 10). SE China defined in this study as the over-land
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area between 20o-41o N and 103o-135o E, includes areas 1-7. It is noted that all areas used in this study only consider the AOD over
mainland China, i.e. AOD over the oceans or islands is not included.

12

5

Figure2. Regions over mainland China selected for further study of seasonal, interannual and long term behaviour of the AOD, overlaid
on the ATSR-retrieved (ADV version 2.31) 12-year aggregated AOD map. Mainland China is indicated with the blackblue line. FThe
figure shows 10 selected regions over China and a larger area over SE China indicated with SE.

Obviously, other choices are possible, such as those made by Luo et al. (2014) or Wang et al. (2017). The regions selected by Luo
et al. (2014) are overall somewhat smaller than those in Fig. 2 and some of them are shifted with respect to the choices made for
this study. However, overall the choices are similar and seem to cover major urban/industrial regions such as BTH, YRD and PRD,
Sichuan/Chongqing as well as cleaner regions in the north (region 10 in Fig. 2) and south-east (region 3). Also regions were chosen
10

to represent the Tibetan Plateau and Taklamakan desert. Wang et al. (2017) selected seven regions in North China (north of 32o N)
13

some of which partly overlap with the regions selected for the current study. Other studies on the seasonal variation over China
were guided by the location of observational sites (e.g. Wang, Y., et al., 2011; Che et al., 2005; Wang, et al., 2015). Another choice
could be by province (e.g., van der A et al., 2017). However, some provinces would cover a mix of high and low AOD regions,
while other provinces would be too small for a statistically meaningful data set.

5

3. Satellite data
3.1 MODIS C6.1 DTDB and ATSR ADV version 2.31.
The data used in this work were discussed in detail in de Leeuw et al. (2018). However, in the current study, the MODIS C6 DTDB
merged AOD AOD product (Sayer et al., 2014) was replaced with the recently released MODIS C6.1. In addition, MODIS/Terra
data for 2016 and 2017 have been included in the analysis to provide the information on the AOD evolution in the most recent years.
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In short, L3 (averaged on a grid of 1ºx1º) monthly AOD data retrieved from ATSR-2 (1995-2002) and AATSR (2002-2012)
(together referred to as ATSR) using ADV version 2.31 (Kolmonen et al., 2016; Sogacheva et al., 2017) and MODIS/Terra AOD
C6.1 merged DTDB (L3) monthly data (MOD08_M3, 2000-2017, https://ladsweb.modaps.eosdis.nasa.gov/ ) were used together to
cover the period from 1995-2017. Validation of the ADV and MODIS AOD products was performed for L2 (averaged on a grid of
0.1ºx0.1º) daily data, retrieved with the same corresponding to each instrument algorithms. Hereunder, the ATSR ADV version 2.31
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AOD product will be referred to as ADV.In short, L3 (averaged on a grid of 1ox1o) AOD data retrieved from ATSR-2 (1995-2002)
and AATSR (2002-2012) (together referred to as ATSR) using ADV version 2.31 (Kolmonen et al., 2016; Sogacheva et al., 2017)
and MODIS/Terra AOD C6.1 merged DTDB (L3) data (2000-2017, https://ladsweb.modaps.eosdis.nasa.gov/ ) were used together
to cover the period from 1995-2017. Hereunder, the ATSR ADV version 2.31 AOD product will be referred to as ADV. The
MODIS/Terra AOD C6.1 merged DTDB AOD product willproduct will be referred to as MODIS.
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In this study, the annually averaged AOD data were obtained by averaging monthly aggregated AOD data in each year. Furthermore,
the seasonal means were obtained as averages of monthly aggregates for winter (DJF, including December, January, and February),
spring (MAM, including March, April, and May), summer (JJA, including June, July, and August) and autumn (SON, including
September, October, and November). Annual and seasonal linear AOD tendencies for both MODIS and ADV AOD for the
overlapping period (2000-2011), when both ATSR and MODIS exist, were estimated using the least-squares linear regression
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method (Chandler and Scott, 2011).
3.2 ADV and MODIS coverage over selected regions
As introduced in de Leeuw et al. (2018), ATSR and MODIS have different temporal and spatial coverage over China. In brief,
MODIS/Terra covers China in 1-2 days, while with ATSR China is covered in 4-5 days.
The ADV data sets for the years 1995, 1996 and 2012 are incomplete. For 1995 and 1996, ADV AOD data are available for the
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second half of each year (June-December and July-December, respectively). However, all available ADV AOD data in 1995 and
1996 are used in the current study to construct the annual aggregates for comparison with other annual aggregates. Obviously, the
14

1995 and 1996 aggregates are not exact and therefore the possible error related to the missing data has been estimated by comparison
of the full-year (January to December) AOD composites with the half-year (July-December) AOD composites for the complete
years (1997-2011). This comparison shows that when the half-year aggregate was used to present the full-year aggregate, the AOD
was underestimated by, on average, –0.036 (with standard deviation of 0.02), or about 15% of the yearly aggregated AOD value. In
5

this study, the aggregated AOD for the years 1995 and 1996 have not been corrected for the missing data and those years are included
in the further analysis as they are. Another point worth mentioning is the white area in the far west of the study area where ATSR2 did not provide data because the data collection was switched off for data transfer to the receiving station over that area. For 2012,
the ADV AOD data are available until the connection with the satellite was lost on the 6th of April.
For MODIS/Terra, the AOD data record starts from the end of February 2000. Thus, the winter season for 2000 is missing.
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To estimate the spatial coverage of AOD, the fraction of the area where AOD is available has been calculated for all seasonal and
annual aggregates for the selected regions (Table S1, Supplement). In spring (MAM), summer (JJA) and autumn (SON), the ADV
coverage reaches 84%, 91% and 91%, while MODIS coverage is 93%, 93% and 97%, respectively, over mainland China.
Throughout the year, both ADV and MODIS coverages are close to 100%, except for region 9, where the ADV coverage is 62%.
For both ADV and MODIS, the Tibetan Plateau (region 8), the Taklamakan desert (region 9) and NE China (region 10) are covered
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less compared with other regions, all over the year.
Over the seasons, the lowest coverage is observed in winter (DJF), when northern and western China are covered with snow. As
most aerosol retrieval algorithms, MODIS and ADV have difficulty retrieving AOD over snow and ice (Hsu et al., 2013; Istomina
et al., 2011; Kolmonen et al. 2016), as well as all year round over bright surfaces such as the Taklamakan desert. On average, in
winter MODIS provides AOD over 70% of mainland China, while ADV AOD is available over 35% of China. For certain years,
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ADV AOD is not available in the winter over regions 9 and 10 and thus not shown in the analysis (Sect. 5). However, since the
annual AOD time series for ADV and MODIS in regions 9 and 10 show similar tendencies (discussed later in Sect. 5.3), we assume
that missing (for some years) ADV AOD in winter does not bias the results considerably.
Thus, besides the difference in the validation results presented and discussed below (Sect.4), which is likely due to the differences
in the ADV and MODIS AOD retrieval approaches and their implementation, the difference in the ATSR and MODIS/Terra spatial
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and temporal coverage might influence the AOD composites. Another exercise might be performed, where AOD aggregates are
built for collocated ADV and MODIS pixels, but this is out of the scope of the current paper, where AOD aggregates for all points
available in the ADV and MODIS standard products are analysed and compared.
3.3 Consistency between ATSR-2 and AATSR AOD data sets.
The ATSR-2 and AATSR instrument characteristics are very similar (ATSR-1/2 User Guide, 1999; AATSR Product Handbook,
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2007). The main potential reason for difference would be offsets of the sensors’ absolute calibration and small differences in band
spectral response functions. Unfortunately, error characteristics of the two instruments are not available. Thus, we compare and
validate the AOD products obtained from ATSR-2 and AATSR with the same retrieval algorithm (ADV V2.31). ATSR-2 was in an
15

orbit ca.30 min later than AATSR, which allows the direct comparison of the retrieved collocated pixels. The number of collocations
is limited by the cloud-free conditions for both overpasses needed for the retrieval.
The AATSR AOD data series starts on the 20th of May 2002. However, several data interruptions in June-July do not allow for the
constructions of monthly aggregates. Thus, the comparison analysis between ATSR-2 and AATSR AOD is performed for August5

December 2002. The period is limited by technical issues with the ATSR-2 pointing accuracy, which started in 2003.
Pixel-by-pixel comparison between the ATSR-2 and AATSR L2 AOD is shown in Fig. 3 with i) a scatter density plot of the
difference between AATSR and ATSR-2 AODs as a function of AATSR and AOD and ii) box plots with statistics related to certain
AOD bins. For AOD<0.5 (78.8% of all retrieved pixels), the offset is close to 0, which means that there is practically no offset
between ATSR-2 and AATSR AOD for low (<0.5) AOD. For AOD between 0.5 and 1.5 (20.6% of all retrieved pixels), the median
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values in chosen bins are slightly below 0, while the mean AATSR AOD is 0.05-0.12 lower than the mean ATSR-2 AOD. For
AOD>1.5, AATSR AOD is considerably higher. However, only 0.6% of the retrieved pixels fit into AOD>1.5 bin.

15
Figure 3. Scatter plot for AATSR AOD and difference in AOD between AATSR and ATSR-2. For AATSR AOD bins, box plots (magenta)
are shown, which includes the following statistics : mean values as ‘+’, median values as ‘-’, lower and upper quartiles (box), 9% and 91%
as lower and upper whiskers. The percentages from all retrieved pixels in three AOD bins (AOD<0.5, 0.5<=AOD<=1.5, AOD>1.5) are
shown in brown.

20
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Monthly AOD aggregates for August-December 2002 for China and globally over land are shown in Fig. 4. The monthly aggregates
over China combined from L3 data show similar values for two ATSR instruments, i.e. there are no systematic difference between
ATSR-2 and AATSR AODs. ATSR-2 AOD is ca 0.035 higher in August and October, while AATSR is higher by a similar amount
in September and by ca 0.02 in November. In December, AOD retrieved with two instruments is similar. In global scale, AOD
5

retrieved from ATSR-2 is somewhat higher (ca. 0.01-0.03) than that from AATSR in all months except October, where the AOD
difference is negligible. Error bars, which for each aggregate show one standard deviation of AOD, closely overlap for all compared
pairs.

10
Figure 4. AOD monthly aggregates for ATSR-2 (purple line) and AATSR (blue line) over China (green dots) and globally over land (red
diamonds). The vertical dashed lines on each marker represent one-sigma standard deviation.

For evaluation of differences between the AOD retrieved from ATSR-2 and AATSR, data from the overlap period (August15

December 2002) over the study were validated using ground-based AOD from AERONET, which for that period are available over
the BTH area from 2002 and over Taiwan where AERONET measurements were started in 1998. The low density of AERONET
stations during that period and the limited number of available collocations (5 for ATSR-2 and 17 for AATSR) does not allow for
statistically significant conclusions on the AOD quality. Thus, we additionally added all locations available globally in AugustDecember 2002 for evaluation exercise. The results in Fig. 5 show the correlation coefficient (R =0.89), and the low bias between
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AERONET and ATSR-2 AOD (Fig.5, left). For AATSR the correlation is also high (0.86), with a small bias (0.01). AOD standard
deviation is 0.008 and 0.005; root-mean square error is 0.12 and 0.13 for ATSR-2 and AATSR, respectively. Thus, the validation
results confirm similar performance of ADV for both sensors.
17

Figure 5. Density scatterplot of ATSR-2 AOD (left) and AATSR AOD (right) versus AOD from AERONET stations globally for the
5

period August-December 2002. The filled circles are the averaged ATSR AOD binned in 0.1 AERONET AOD intervals (0.25 for
AERONET AOD>1.0) and the vertical lines on each circle represent the 1-sigma standard deviation. Statistics in the upper left corner
indicate correlation coefficient R, bias, standard deviation, root-mean-square (rms) error and number of data points (N). The colour bar
on the right indicates the number of data points in each AOD bin.

Thus, the AOD values retrieved from ATSR-2 and AATSR are consistent, as shown by pixel-by-pixel, monthly aggregates and
validation results comparisons and most of differences are within measurement uncertainty (0.03, or 10%) requirement of the
10

Global Climate Observing System (GCOS). This makes it possible to combine ATSR-2 and AATSR AOD into one dataset
without offset correction.

3.2 4 Comparison between MODIS merged DTDB C6.1 and C6 AOD
In MODIS C6.1, the brightness temperatures biases and trending were significantly reduced compared to C6 affecting ice cloud
15

detection over water surfaces (https://modis-atmos.gsfc.nasa.gov/sites/default/files/ModAtmo/C6.1_Calibration_and_Cloud_
Product_Changes_UW_frey_CCM.pdf, last accessed 28.02.2018Moeller et al., 2017). The electronic crosstalk correction discussed
in Wilson et al. (2017) was made which greatly improves the performance of the cloud mask.
The difference between the C6.1 and C6 annual AOD over China averaged for the period 2000-2011 is shown in Fig. 36. This period
was chosen because of the overlap between ATSR and MODIS, which will beis studied in the current manuscript. Over most of
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China, the difference between C6.1 and C6 is very small (within ±0.025), as shown in Fig. 3, except for certain areas (Fig. 6). The
annual aggregated C6.1 AOD over the Tibetan Plateau and over the area north from the Taklamakan desert is 0.1-0.2 lower than for
C6, while over Ningxia province (ca. 35-37°N and 103-107°E) and the Sichuan basin (ca. 28-30°N and 103-107°E) the AOD has
increased by 0.1-0.2. Fig. 3b 6b shows that the AOD differences over the TP and in the north are mostly due to the lower C6.1 AOD
18

in the winter (DJF, about 0.15) and spring (MAM, up to 0.25) and over Ningxia due to the much higher AOD in these seasons in
C6.1. Over the Sichuan basin the C6.1 and C6 AOD is similar in all seasons except in winter when C6.1 is about 0.25 higher. Similar
changes in the AOD between C6.1 and C6 are shown by A. Sayer (https://www.atmos-chem-phys-discuss.net/acp-2017-838/acp2017-838-RC1-supplement.pdfdoi:10.5194/acp-2017-838-RC1) for the period 2000-2008 over China.
5

As regards coverage, over most of mainland China, the differences between C6.1 and C6 are very small, except over the elevated
areas such as the Tibetan Plateau, the Huangiu Gaoyuan Plateau and areas in the NW and NE of China (A. Sayer, personal
communication, 2017). However, the MODIS AOD coverage has increased over other locations has increased in C6.1, which is
concluded from the increasing number of points available for validation, as discussed below in Sect. 3.3.14.

10
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Figure 36. Difference between MODIS C6.1 and C6 DTDB merged AOD over China: annual averages for 2000-2011 (a) and seasonal
averages for the same period (b, where DJF – winter, MAM – spring, JJA – summer and SON - autumn). Areas for which no data are
available are shown in white.
.

5

4.3.3 ADV and MODIS AOD validation
3.34.1 General validation over China and validation results for selected regions.
MODIS C6.1 was validated over Chinaion with AERONET AOD (Fig. 7, right) for the sites available in the study area (Fig. 4,
right) has been performed similar to C6 validation, as described in de Leeuw et al. (2018). Briefly, collocated satellite and
AERONET data are used, i.e. satellite data within a circle with a radius of 0.125o around the AERONET site are averaged and
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compared with the averaged AERONET data measured within ±1 hour of the satellite overpass time (Virtanen et al., 2018). The
amount of validation points in C6.1 has about 5% more matchups with AERONET.is higher than that in C6 (4962 against 4760,
respectively). The correlation coefficient (R) has increased from 0.90 to 0.92 in C6.1. Bias and root-mean-square error (rms) have
decreased from 0.007 to 0.06 and from 0.23 to 0.2, respectively. Thus, in a statistical sense MODIS C6.1 performs slightly better
than C6. For C6.1 the validation results have not changed much, since the amount of AERONET stations is limited over the areas,

15
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where changes in AOD in C6.1 compared to C6 are visible in the yearly and seasonal aggregates (Fig. 6).

Figure 47. Density scatterplot of ATSR ADV v2.31 AOD (left, reproduced from de Leeuw et al., 2018, Figure 7), and MODIS C6.1 DTDB
(right) versus AOD from AERONET stations in mainland China for the years 2002-2011. The filled circles are the averaged ATSR AOD
binned in 0.1 AERONET AOD intervals (0.25 for AERONET AOD>1.0) and the vertical lines on each circle represent the 1-sigma
standard deviation of the averages. Statistics in the upper left corner indicate correlation coefficient R, bias, standard deviation, rootmean-square (rms) error and number of data points (N). The colour bar on the right indicates the number of data points.
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ADV validation results (Fig. 7a, left) are adopted from de Leeuw et al. (2018). THowever, the main difference in validation results
for ADV and MODIS performance, the bias, which is similar in absolute value but opposite in sign (0.06 for MODIS and -0.07 for
ADV), still existshas changed little from C6 to C6.1 (Fig.47). This difference in AOD bias is emphasised here because it explains
the difference offset in AOD between ADV and MODIS, as shown and discussed below, and will be used in Part II to construct the
5

ADV and MODIS combined time series.
We also checked whether AOD validation results differ across China, where aerosol conditions are changing considerably from
region to region, reflecting differences in primary and secondary aerosol sources, population density, industry, etc. Unfortunately,
AERONET stations are sparsely located in China and long-term measurements have been conducted for few locations only (see
Table 1 and Fig. 1 in de Leeuw et al., 2018), mostly in SE China.
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The validation statistics for the selected regions, where AERONET AOD data are available, are shown in Table 1 (note the low
number of validation points N in regions 5, 7, 8 and 10). For both ADV and MODIS, R was rather high (0.84-0.92) for all regions
presented in the analysis, except for region 8, where correlation with AERONET was much lower for both data sets (0.33 and 0.35,
ADV and MODIS respectively). In region 8, which includes the sparsely populated Tibetan Plateau, which is often covered with
snow, AOD is very low and high uncertainties in AOD are expected related to the retrieval algorithms limitations (e.g., Kolmonen
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et al., 2016, Sayer et al., 2014). In region 5, both ADV and MODIS show a strongly negative AOD bias (-0.30 and -0.15,
respectively). A high positive AOD bias (0.16) is obtained observed for MODIS in region 7.
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Table 1. AOD validation results (number of points (N), correlation coefficient (R), bias, standard deviation (σ) and rootmean-square (rms) error) for ADV and MODIS (MOD) obtained for the regions (left column), where AERONET data are
available.

region
China
China, SE
1
2
3
5
7
8
10

N
R
bias
σ
rms
ADV MOD ADV MOD ADV
MOD ADV MOD ADV MOD
1132 4964 0,88 0,92 -0,07 0,06 0,07 0,003 0,24 0,20
1074 4846 0,88 0,92 -0,07 0,06 0,007 0,003 0,25 0,20
475 2928 0,89 0,94 -0,08 0,06 0,014 0,003 0,30 0,20
118
188 0,86 0,84 -0,09 0,00 0,023 0,024 0,26 0,35
343
937 0,84 0,89
0,00 0,07 0,009 0,005 0,16 0,15
15
80 0,90 0,87 -0,30 -0,15 0,049 0,014 0,22 0,19
9
18 0,92 0,92 -0,01 0,16 0,006 0,032 0,17 0,24
21
11 0,37 0,33
0,04 0,02 0,011 0,017 0,05 0,06
11
26 0,88 0,96
0,05 0,04 0,073 0,019 0,32 0,10

AOD was also validated for different aerosol types, classified according to AOD value and Ångström exponent (AE): “background”
(AOD<0.2), “fine-dominated” (AOD>0.2, AE>1) and “coarse-dominated” (AOD>0.2, AE<1) aerosols.
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For “background” aerosols (26% and 17% of validation points are in that class for ADV and MODIS, respectively), the correlation
between MODIS- retrieved and AERONET AOD was poor (R = 0.17), while for ADV the correlation was better (R = 0.59). For
“fine-dominated” (59% and 56% of validation points for ADV and MODIS, respectively) and “coarse-dominated” (15% and 27%
of validation points for ADV and MODIS, respectively) aerosols, the validation statistics for ADV and MODIS are similar. Both
5

products show high (>=0.85) correlation with AERONET. Similar in absolute values but different in sign AOD bias is calculated
for “fine-dominated” (-0.09 and 0.08, for ADV and MODIS, respectively) and for “coarse-dominated” aerosol conditions (-0.11
and 0.10, for ADV and MODIS, respectively).
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Table 2. AOD validation results (number of points (N), correlation coefficient (R), bias, standard deviation (σ) and rootmean-square (rms) error) for ADV and MODIS (MOD) obtained for different aerosol types, classified with AOD and
Ångström exponent (AE).

Aerosol
type
background
finedominated
coarse-dominated

15

Conditions
AOD<0.2
AOD>0.2,
AE>1
AOD>0.2,
AE<1

R
bias
σ
rms
ADV MOD ADV
MOD ADV MOD ADV MOD
0,59 0,17
0,04 0,10 0,006 0,005 0,12 0,12
0,85

0,89

-0,09

0,08 0,014 0,005

0,30

0,24

0,85

0,88

-0,11

0,10 0,032 0,007

0,37

0,22

3.3.24.2 ADV and MODIS collocated points annual and seasonal validation
The validation results presented in Fig. 4 7 show that MODIS AOD is positively biased and, in contrast, ADV is negatively biased.
However, since more validation points are availableexist for MODIS than for ADV (Fig. 7 and Table 1), which is likely explained
by better MODIS coverage (see the discussion on the ADV and MODIS coverage below in Sect.3.42), a direct comparison of the
algorithms performance to show differences in the retrieved AOD cannot be made. Instead, the retrieval performance was evaluated
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using collocated ATSR-MODIS/Terra-AERONET data. IThus, n collocated points validation only those AOD data are were used
for validation, when both MODIS and ADV have achieved a successful retrieval within ±1h over AERONET sites and the difference
between the ADV and MODIS overpasses were within ±90 min while also AERONET data were available was below 90 min. In
total, 255 collocated points have been recognized for the period 2002-2011. To compare the ADV and MODIS performance for the
cases when both ADV and MODIS provide a successful retrieval, we carry out the ADV and MODIS AOD validation for the
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collocated points
Validation of the collocated points was performed for the whole overlapping period (Fig. 58, upper panel) and also for each of the
seasons (Fig. 58, middle panel for ADV and lower panel for MODIS). The scatter plots of the ADV or MODIS AOD versus
AERONET AOD show that for all collocated points (Fig. 58, upper panel) R is similar for ADV and MODIS (0.92 and 0.93,
22

respectively), while bias is negative for ADV (-0.11) and positive for MODIS (0.06). In winter, when the number of collocated
points is low (10), both ADV and MODIS slightly underestimate AOD. In spring, R is lower than for other seasons and is the same
(0.81) for both ADV and MODIS, while bias is 0 for ADV and positive for MODIS (0.11). In summer, R is slightly higher for
MODIS (0.96 against versus 0.94 for ADV). In summer, bBias is similar in absolute value (0.13) but has different sign for ADV
5

(positive) and MODIS (negative) in summer. In autumn, ADV performs slightly better (R is 0.92 and 0.88, bias is -0.02 and 0.05
for ADV and MODIS, respectively). Thus, ins all seasons except winter, positive bias is observed for MODIS, while ADV AOD
has is biased negative compared to AERONET bias in all seasons except spring, when the ADV bias is 0.
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Figure 58. Density scatterplots of collocated ATSR ADV v2.31 AOD and MODIS C6.1 DTDB merged AOD versus AOD from AERONET
stations in China for the years 2002-2011: all points (upper panel) and seasonal statistics (middle panel for ADV and lower panel for
MODIS). The colour bar at the bottom indicates the number of data points.
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We also checked if whether the difference in the ADV and MODIS AOD depends on the difference in overpass time between ATSR
and MODIS/Terra. The validation results for thecomparison of the AOD ADVfor ADV/MODIS/AERONET collocated points are
is shown in as the a scatterplot of MODIS AOD versus ADV AOD in Fig. 69. The color code indicates the difference in the exact
5

overpass time between ADV and MODIS. For all collocated points, MODIS AOD is usually higher, with an offsetbias of 0.2. That
positive difference does not depend on the difference in overpass times between ATSR and MODIS/Terra and thus cannot be
explained by the influence of the possible AOD daily cycle.
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Figure 69. MODIS/Terra C6.1 DTDB merged AOD versus ATSR ADV v2.31 AOD, for collocated ATSR-MODIS/Terra-AERONET
data, as described in the text of Sect. 4.13.3.2. The colours (scale at the right) indicate the difference between the MODIS/Terra and
ATSR overpass times in minutes.

3.4 ADV and MODIS coverage over selected regions
As introduced in de Leeuw et al. (2018), ATSR and MODIS have different temporal and spatial coverage over China. In brief,
MODIS/Terra covers China in 1-2 days, while with ATSR China is covered in 4-5 days.
15

ADV data sets for the years 1995, 1996 and 2012 are incomplete. For 1995 and 1996, ADV AOD data are available for the second
half of each year (June-December and July-December, respectively). However, all available ADV AOD data in 1995 and 1996 are
used in current study to construct the annual aggregates for comparison with other annual aggregates. Obviously, the 1995 and1996
aggregates are not exact and therefore the possible error related to the missing data has been estimated by comparison of the fullyear (January to December) AOD composites with the half-year (July-December) AOD composites for the complete years (1997-
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2011). This comparison shows that when the half-year aggregate was used to present the full-year aggregate, the AOD was
underestimated by, on average, –0.036 (with standard deviation of 0.02), or about 15% of the yearly aggregated AOD value. In this
study, the aggregated AOD for the years 1995 and 1996 have not been corrected for the missing data and those years are included
in the further analysis as they are. Another point worth mentioning is the white area in the far west of the study area (Fig.8) where
ATSR-2 did not provide data because the data collection was switched off for data transfer to the receiving station over that area.
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For 2012, the ADV AOD data are available until the connection with the satellite was lost on the 6th of April
24

For MODIS/Terra, the AOD data record starts from end of February 2000. Thus, the winter season for 2000 is missing.
To estimate the spatial coverage of AOD, the fraction of the area where AOD is available has been calculated for all seasonal and
annual aggregates for the selected regions (Table S1, Supplement). In spring (MAM), summer (JJA) and autumn (SON), the ADV
coverage reaches 84%, 91% and 91%, while MODIS coverage is 93%, 93% and 97%, respectively, over mainland China.
5

Throughout the year, both ADV and MODIS coverages are close to 100%, except for region 9, where the ADV coverage is 62%.
For both ADV and MODIS, the Tibetan Plateau (region 8), the Taklamakan desert (region 9) and NE China (region 10) are covered
less compared with other regions, all over the year.
Over the seasons, the lowest coverage is observed in winter (DJF), when northern and western China are covered with snow. As
most aerosol retrieval algorithms, MODIS and ADV have difficulty retrieving AOD over snow and ice (Hsu et al., 2013; Istomina
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et al., 2011; Kolmonen et al. 2016), as well as all year round over bright surfaces such as the Taklamakan desert. On average, in
winter MODIS provides AOD over 70% of mainland China, while ADV AOD is available over 35% of China. For certain years,
ADV AOD is not available in the winter over regions 9 and 10 and thus not shown in the analysis (Sect. 5). However, since the
annual AOD time series for ADV and MODIS in regions 9 and 10 show similar tendencies (discussed later in Sect. 5.2.3), we
assume that missing (for some years) ADV AOD in winter does not bias the results considerably.
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Thus, besides the difference in the validation results presented and discussed above (Sect.3.3), which is likely due to the differences
in the ADV and MODIS AOD retrieval approaches and their implementation, the difference in the ATSR and MODIS/Terra spatial
and temporal coverage might influence the AOD composites. Another exercise might be performed, where AOD aggregates are
built for collocated ADV and MODIS pixels, but this is out of the scope of the current paper, where AOD aggregates for all points
available in the ADV and MODIS standard products are analysed and compared.

20

4. AOD interannual variations
For the discussion of the spatial distribution of the AOD over China and its temporal evolution we refer to SE China as defined in
Sect. 2, which roughly encompasses the high AOD area east of the Tibetan Plateau (cf. Fig. 2), and SE from the line connecting the
TP with the west of Hebei. The area to the west of that line, roughly the area where the AOD is overall smaller than over SE China,
with exception of the deserts during dust events, is referred to as west China.
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Figure 7 shows the spatial distribution of the ADV and MODIS C6.1 AOD aggregated over the years 2000-2011 across China. For
that period, both ATSR and MODIS/Terra AOD data are available, which allows for a proper inter-comparison of the AOD for this
period. In brief, high AOD with values between 0.5 and 0.9 is observed with ADV over SE China, which is the most densely
populated and industrialized area. The lowest values are observed in sparsely populated areas with low industrial aerosol emissions
over Tibet and Inner Mongolia, where AOD is smaller than 0.1. AODs of about 0.3 are observed over NE China (Fig. 7, left). Over
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west China, the AOD is high over the Taklamakan desert, but over the bright desert surface the ADV does not produce reliable data
(Kolmonen et al., 2016) and thus for such pixels AOD is underestimated or no ATSR values are presented (the white areas in Fig.
7, left). MODIS L3 data (Fig. 7, middle) shows that the 12-year aggregated AOD over this area is in the range 0.4-0.6. It is further
25

noted that the expected high AOD due to dust emitted over the Gobi desert (GD) is not detected in neither ADV nor the MODIS
data. The ADV and MODIS AOD annual aggregates for different areas will be discussed in detail in Section 5.
The ADV-MODIS difference map in Fig. 7 (right), shows that MODIS AOD is generally higher than that from ADV. This was
extensively discussed in de Leeuw et al. (2018), based on comparison of ADV and MODIS C6 DTDB merged AOD data with
5

AERONET. Figure 7 (right) shows that for C6.1 the differences between ADV and MODIS are similar over most of China.
However, over the Tibetan Plateau, where MODIS C6.1 AOD has decreased compared to C6 (Fig.3), the difference between ADV
and MODIS has also decreased.
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Figure 7. Multi-year aggregated AOD for the period 2000-2011 from ATSR ADV v2.31 (left column), MODIS/Terra C6.1 merged DBDT
(middle) and the difference ATSR-MODIS (right). (ADV AOD map is adapted from de Leeuw et al. (2018), Fig. 2).

4.1 Evolution of AOD over China: annual anomaly maps
To study the temporal evolution of the AOD over China, the anomaly maps have been created by subtracting the multi-year
aggregates (2000-2011, i.e. the period when ATSR and MODIS/Terra both provided complete years of data) from the yearly
aggregates. The evolution of the AOD can be followed for different regions, and regions with different evolution of AOD can thus
15

be identified. These series of maps are complementary to time series showing the variation of the AOD averaged over selected
regions, as will be presented and discussed Section 4.2 and in Part II.
Three sets of anomaly maps have been created:
‐

For the pre-EOS (Earth Observing System) period (1995-2000) when only ATSR-2 was available. As discussed above, the
1995 and 1996 aggregates might be underestimated from the true value by about –0.036 (with the standard deviation of
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0.02)
‐

For the ATSR-MODIS/Terra overlaping period 2000-2011: MODIS and ADV yearly anomaly maps (with respect to the
2000-2011 average for each instrument)

‐

For the post-Envisat period, when only MODIS/Terra data was available, i.e. 2012-2017.
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The anomaly maps for ADV and MODIS for the period 1995-2017 are presented in Fig. 8. For the overlapping period, both
instruments show similar patterns of AOD tendencies (see also Fig. 9 and discussion in Sect. 4.2). Thus, the anomaly maps for
MODIS AOD are shown for the overlapping period (Fig.8).
Strong negative anomalies over SE China and in particular over the Himalayas and the north of India and Bangladesh during 19955

2001 show that during that period AOD was lower compared to AOD averaged over 2000-2011. Towards 2006, the AOD anomalies
were becoming less negative: yearly AOD was increasing and difference between yearly AOD and AOD averaged over 2000-2011
was decreasing. Starting from 2006, a positive AOD anomaly, which show that yearly AOD was higher than AOD averaged over
2000-2011, is observed over SE China. Between 2006 and 2011, the positive anomalies were increasing, showing year-to-year
increase of AOD. Starting from 2011, the positive anomaly is decreasing and changing sign to negative, which show that AOD is
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starting to decrease. Starting from 2015 the anomaly is overall negative and increasing gradually towards 2017, which is the last
year in our studies.
However, there is no homogenous AOD increase and the patterns vary over different areas of southeast China. Starting from the
BTH area (region1), the anomalies are strongly negative until 2001 after which the anomalies disappear (with 2004 as an exception)
and turn to positive with a maximum in 2006. Thereafter the AOD anomaly remains positive and at about the same level. In contrast
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to the BTH area, in the southeast of the high AOD study area (region 3) the AOD increase sets in much earlier with a positive
anomaly in 1997 and neutral values until 2000. From 2000, a clear increase is observed in the following years until 2009 when the
AOD anomaly drops to around zero or even negative in 2010. After 2010, positive and negative years alternate. From 2006, the
AOD anomaly in the south is consistently smaller than in the BTH area. In the intermediate area over the YRD (region 2)
encompassing large urban and industrial developments such as Shanghai and Nanjing, the multi-year average appears to be quite
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representative for the AOD with negative anomalies until 2000, after which the anomalies fluctuate around zero with neither very
high nor very low values.
Similar developments are observed over the Sichuan/Chongqing area (region 6) with a strong positive anomaly in 1997 and 1999,
followed by negative anomalies in 2000-2002. After 2002, no significant deviations are observed until 2006 when the AOD exceeds
the multi-year average somewhat and this situation remains, with small fluctuations until 2014 when a strong negative anomaly is
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observed which is stronger and spreads over the wider region of SE China during the next (2015-2017) years.
A “belt” of positive AOD anomaly is observed east from the Taklamakan desert in 2001, which is likely the year of the most
intensive dust transport during the period of interest. The widespread positive anomaly in 1998 and 2003 in the NE of China is
likely the consequence of forest fires over Russia. This is most notable in region 10, but also regions 1 and 5 show the enhanced
AOD in 2003.
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The AOD tendencies across China will be discussed in more detail in Part II in relation to the emission regulation policies in China.
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Figure 8. AOD anomaly maps for the years 1995-2017 calculated for ATSR ADV (1995-1999) and MODIS (2000-2017). Anomalies were
calculated for each year by subtracting the multiyear (2000-2011) average for correspondent instrument from the annual aggregate.

4.2. Long-term annual time series: ATSR (1995-2011) and MODIS (2000-2017)
5

Figure 7 shows the spatial distribution of the multi-year averaged ADV and MODIS AOD for the years 2000-2011. However, this
leaves out the pre-EOS period covered by ATSR-2 and the post-Envisat period covered by MODIS. Furthermore, inter-annual
variations occur, as shown in Fig. 8. These variations will be discussed based on the multi-year annually averaged AOD time series
in Fig. 9, which include the periods 1995-2011 for ADV and 2000-2017 for MODIS, for China, SE China and for each of the 10
28

regions. In this figure, the AOD datasets are divided into three periods, i.e. pre-EOS with only ATSR-2 (1995-2000), post-Envisat
with only MODIS/Terra (2011-2017), and the overlap period (2000-2011, shaded light green) when both algorithms provided valid
AOD retrievals. We choose the overlapping period to see whether both instruments show similar AOD tendencies or whether the
AOD tendencies for ADV and MODIS are different. AOD tendencies for the whole 1995-2017 period are discussed in detail in Part
5

II. Briefly, the time series of the yearly averaged AOD over China (Fig. 9) show a small increase of the AOD over the years 19952011, with a somewhat larger tendency for MODIS than for ATSR, whereas from 2011 the MODIS data show a definite decrease.
This behavior seems to be mainly determined by that in SE China (and regions 1-7 therein) where the AOD is substantially higher,
and tendencies until 2011 have a similar direction but are much stronger, than over the west and north of China (regions 8-10). After
2011, the MODIS AOD shows a distinct decrease.
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For the overlapping period, linear fits were made using a MATLAB tool (https://se.mathworks.com/products/matlab.html and
detailed description of the statistics) to determine the variation of the AOD versus time. AOD tendencies (dAOD) per decade, bias
and slope for the linear regression lines, as well as p-value estimated with the t-test and absolute error for linear fits are presented
in Table 2 (for annual aggregates) and Table S2 (for seasonal aggregates) for all selected regions.
For both China and SE China, the annual (Fig. 9) and seasonal (Figs. S1-S4) time series for ADV and MODIS are very similar,
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albeit with an almost constant offset with MODIS high and ADV low. When looking at the long-term time series of the yearly
averaged AOD for each of the 10 regions, this behavior is replicated, with some anomalous years for each of them. The possible
exception is region 8 (the Tibetan Plateau) where the AOD is very low in comparison with other regions with practically no
interannual variation or long-term tendency.
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Figure 9. Time series of the yearly averaged AOD over China, SE China and each of the 10 selected regions, for ADV (1995-2011, green
circles) and MODIS (2000-2017, red circles). The overlapping period is colored with light green. AOD linear fits for the overlapping
periods are shown for each instrument (green and red dashed lines for ADV and MODIS, respectively). Statistics for linear fits are shown
in Table 2.

For the overlapping period, only region 8 shows a slightly negative yearly AOD tendency and region 10 shows opposite in sign
AOD tendencies for ADV (negative) and MODIS (positive). The strongest yearly AOD positive tendency has been obtained with
both instruments in regions 1-4 in SE China (0.148/0.201, 0.083/0.149, 0.095/0.078, 0.139/0.127 for ADV/MODIS and regions 1,
10

2, 3 and 4 respectively). All those positive tendencies were estimated with the p-values < 0.05 and an absolute error smaller than
7%. For SE China, similar AOD tendencies were estimated with ADV and MODIS (0.082 and 0.096, respectively). For other
30

regions, the AOD tendencies are slightly positive with somewhat higher numbers obtained for MODIS. For the whole country,
indicated as China, both instruments show similar AOD tendencies, with an AOD increase in the overlapping period of 0.013 for
ADV and 0.035 for MODIS. This difference can be explained by the ADV and MODIS validation results, where overall the MODISretrieved AOD is somewhat higher than that retrieved with ADV.
5
Table 2. AOD tendency (dAOD) per decade and statistics for the annually combined AOD time series linear fit (p-value,
bias, slope and absolute error (ae, %)) for the overlapping period (2000-2011) for different regions (r, where region 11 is the
whole mainland China and region 12 is mainland SE China). dAOD is highlighted in bold if the correspondent p-value <0.05.
ADV
region

dAOD

p-value

bias

MODIS
slope

ae, %

/decade

10

dAOD

p-value

bias

slope

ae, %

/decade

China

0,013

China, SE

0,082

0,0222

-15,91

1

0,148

0,0289

-29,17

2

0,083

0,0108

3

0,095

4
5
6

0,4132

-2,43

0,001

6,1

0,035

0,0682

-6,75

0,004

4,9

0,008

6,4

0,096

0,0046

-18,78

0,010

4,5

0,015

9,1

0,201

0,0010

-39,64

0,020

5,6

-16,20

0,008

4,6

0,149

0,0002

-29,13

0,015

3,4

0,0064

-18,69

0,010

6,2

0,078

0,0431

-15,17

0,008

5,9

0,139

0,0074

-27,32

0,014

7,5

0,127

0,0010

-24,82

0,013

4

0,029

0,6810

-5,33

0,003

15,7

0,069

0,1275

-13,45

0,007

8,5

0,070

0,3301

-13,47

0,007

12,5

0,091

0,0258

-17,61

0,009

4,7

7

0,104

0,0637

-20,40

0,010

8,6

0,118

0,0153

-23,00

0,012

6

8

-0,002

0,5667

0,56

0,000

6

-0,006

0,4978

1,32

-0,001

5,6

9

0,058

0,0297

-11,41

0,006

11,6

0,042

0,4006

-8,10

0,004

11

10

-0,035

0,5447

7,30

-0,004

21,5

0,017

0,7160

-3,15

0,002

12,6

5. AOD seasonal variation
The AOD over China varies not only in space but also seasonal variations are observed, as briefly discussed in de Leeuw et al.
(2018) based on MODIS/Terra C6 data. Seasonal AOD maps for ADV and MODIS C6.1, aggregated over the years 2000-2011,
and ADV-MODIS difference maps for each season, are presented in Fig. 10. The spatial distribution of seasonally averaged AOD
is similar to the spatial patterns of the annually averaged AOD. However, Fig. 10 shows some clear differences between ADV and
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MODIS, i.e. the MODIS AOD is often higher than that from ADV and MODIS has better coverage over bright surfaces. The latter
is particularly prominent for the winter season (DJF) when the north and west of China are covered with snow. As mentioned before,
like most radiometers used forof aerosol retrieval algorithms, ADV has difficulty in retrieving AOD over snow and ice, as well as
all year round over bright surfaces such as desert areas. In other seasons than winter, ADV has reasonable coverage over most of
China (see Table S1), except the Taklamakan desert where high dust episodes are missed. It is noted that also MODIS does not

20

provide AOD over snow and ice (Levy et al., 2013; Hsu et al., 2013), but over bright desert surfaces the DB algorithm does provide
AOD (Hsu et al., 2003), which is included in the DBDT product used here. However, as shown in Fig. 10, MODIS also misses AOD
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over the Tibetan Plateau along the southern border of China during all seasons, as well as along the NW border in the winter. North
of ca. 45oN both MODIS and ADV do not provide AOD data in the winter.
As regards the AOD differences between MODIS and ADV, the difference maps in Fig. 10 show that MODIS is much higher
(≥0.25) than ADV over part of SE China in winter and spring, especially over the NCP and the Sichuan basin, as well as over the
5

desert areas west of the Loess Mountains. In summer, these differences are overall much smaller (≤ 0.15-0.2) except over the Sichuan
basin and Taklamakan and Gobi deserts and some smaller areas in SE China. Also just south of the Himalayas the MODIS AOD is
much higher (≥0.25) than that retrieved using ADV. In autumn, the differences between MODIS and ADV are generally small (≤
0.1) except for some regions in the SE of China (e.g. Sichuan, YRD and Hebei), as well as SW of the Himalayas. These observations
on the differences between ADV and MODIS can be partly explained by the validation results presented in Fig. 4 7 and Fig. 58, i.e.
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MODIS is biased high and ADV is biased low by a similar amount. However, these biases do not explain the seasonal variations of
the differences between MODIS and ADV. Likely these are due to retrieval assumptions as regards the aerosol properties and the
surface reflectance. The largest discrepancies are observed to thein the area north of about 27o N and over relatively bright areas in
the deserts as well as over the NCP, which is dryer in winter and spring than during the summer and autumn. AlsoIn addition, these
regions are influenced by the desert dust with relatively large contributions to the AOD in spring as discussed below. ADV does not
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provide a quality retrieval over bright surfaces, but also for the SE China the ADV AOD is substantially lower than that from
MODIS. The substantially lower ADV-retrieved AOD in spring may indicate that the ADV retrieval of dust, which is most
prominent in spring (e.g., Proestakis et al., 2018), needs some improvement. The difference between ADV and MODIS AOD may
further be due to the fact that MODIS provides more results over bright surfaces, where ADV AOD is lower, if retrieved. In contrast,
in summer the differences are much smaller.
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As regards the AOD seasonal variation, the maps in Fig. 10 show similar variations for the ADV and MODIS-retrieved AODs. For
instance, for the PRD the AOD is highest in spring and lower in other seasons whereas over the NCP in the area from BTH to the
YRD the AOD is highest in summer. The ADV and MODIS AOD seasonal aggregates for different areas will be discussed in detail
in Section 5.1.
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Figure 10. Seasonal AOD maps aggregated over the years 2000-2011 (top to bottom: DJF (winter), MAM (spring), JJA (summer) and
SON (autumn)). Left: ATSR ADV v2.31 (adapted from de Leeuw et al., 2018, Fig. 11); middle MODIS/Terra C6.1 merged DBDT; right:
difference maps ADV-MODIS. The AOD and difference scales are plotted at the bottom. Pixels for which no value was retrieved are
plotted in white.

5.1 Seasonal variation by region for the period 2000-2011.
AOD seasonal time series for China, SE China and each of the 10 regions over China, selected as described in Sect. 2, are shown in
Fig. 11, for both ADV and MODIS. The data shown in Fig. 11 are averages over the three months in each season, and over the years
2000-2011, i.e. the overlapping period for ATSR and MODIS/Terra. These time series illustrate the overall behavior, which emerged
10

from the seasonal AOD maps in Fig. 10, i.e. a clear seasonal variation of the AOD over all regions, which is similar for both ADV
34

and MODIS but with MODIS AOD somewhat higher than that from ADV. For all regions, the AOD is lowest in the winter, except
for China and for region 6 (Sichuan/Chongqing), where the minimum occurs in autumn. For all regions, the AOD is highest in
spring, except for regions 1 and 5 where the maximum AOD is observed in the summer. In region 2, the AOD is similar in spring
and summer. The difference in the seasonal variation of the AOD between regions 1 (NCP) and 5 and those further south in region
5

2 (YRD) and region 7 (PRD), which are all very large urban areas with a high population and large industrial development, is likely
due to the different climatological zones. The NCP is situated in a temperate monsoon climate region, the YRD in a subtropical
monsoon climate region and region 7 combines regions with a sub-tropical and a tropical monsoon climate, with strong differences
in rain-season trends, i.e. precipitation and number of rain days (Song et al., 2011; Kourtidis et al., 2015; Stathopoulos et al., 2017).
The East-Asian summer monsoon (EASM) and associated rain patterns over east China (Song et al., 2011) progresses from the
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south in April to the YRD in the early summer and reaches BTH in July. When the monsoon period ends in August, the rain belt
moves back to the south. Precipitation obviously affects the AOD due to wash-out of the aerosol particles, but on the other hand on
warm days with high relative humidity the aerosol particles swell and thus small (<100 nm) aerosol particles grow into the optically
active size range. As a result, the particle size distribution shifts to larger particles and the aerosol scattering and associated AOD
increase (Bian et al., 2014; Zhang et al., 2015). In region 10, in the NE of China with a cooler climate where the EASM does not
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reach, the AOD maximum occurs in spring.
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Figure 11. AOD seasonal time series averaged over the period 2000-2011 for ADV and MODIS (see legend for explanation) for China, SE
China and the 10 regions selected as discussed in Sect. 2. Error bars shown on each seasonal data point are one standard deviation.
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Another factor influencing the seasonal variation of the AOD is the dust emitted from the deserts with the highest intensity in spring
and summer (cf. Proestakis et al., 2018). The largest dust sources in China are the Taklamakan desert and the Gobi (GD) deserts.
Due to differences in topography, elevation, thermal conditions and atmospheric circulation, the GD has a much more important
role than TD in contributing to the dust concentrations in East Asia than the TD (Chen S. et al., 2017). Figure 12, reproduced from
Proestakis et al. (2018) , who describe in detail how these products were obtained, shows seasonal maps of Dust AOD (DAOD) at
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532 nm, based on CALIOP (Cloud Aerosol Lidar with Orthogonal Polarization ; Winker et al., 2009) observations between 01/2007
and 12/2015. These maps clearly illustrate the effect of the dust generated over the TD, with very high DAOD in the spring (up to
about 0.7) and also in the summer, and much lower in the autumn and winter (about 0.2). In contrast, there is no clear dust signal
over the northern part of the Gobi desert where surface dust concentrations are high (cf. Chen S. et al., 2017), neither in the CALIOP
DAOD maps in Fig. 12, nor in the ADV and MODIS AOD maps in Figs. 7 and .10. In these satellite observations the dust appears
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to be confined to south from 40o N.
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Figure 12. Spatial distribution of the seasonal mean dust AOD, as determined from CALIPSO observations, aggregated over the period
January 2007- December 2015. Adopted from Proestakis et al. (2018). Chinese borders indicated by the blue black line.

5
A noticeable feature is the distinct eastward pathway of dust aerosol transport, although the observed features strongly vary with
season. The eastward dust aerosol pathway extends from the Taklamakan Desert over central China (Kuhlmann and Quaas, 2010),
with DAOD values of up to 0.3 in the spring and much smaller in other seasons (0.1), towards the Yellow Sea and the Pacific Ocean
(Uno et al., 2009). This dust aerosol Trans-Pacific belt extends over central China between 30o N and 45o N, contributing with dust
10

aerosols up to 50% to the total aerosol load of the densely populated Beijing, Hebei, Tianjin and Shandong provinces (Proestakis et
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al., 2018). However, very low DAOD values are observed to the south of about 30o N throughout the year, i.e. south of the Yangtze
River basin, indicating the very low dust aerosol transport to the south of the observed dust aerosol Trans-Pacific belt. The YRD is
also the area where the seasonal maximum shifts between spring and summer and North of the YRD are regions 1 and 5 with
summer AOD maxima, as described above. Clearly, in spite of the relatively high DAOD over the TD in the summer and presumed
5

sources over the GD, there appears to be little eastward transport and DAOD is not responsible for the high summer AOD with
DAOD over the NCP of the order of 0.1. Another candidate for causing the high AOD in summer might be agricultural fires during
the summer harvest period in June in the NCP (Zhang et al., 2018) in addition to the mechanism proposed above in reaction to the
migration of the EASM.
5.2 Long-term AOD seasonal variations for ATSR ADV (1995-2011) and MODIS (2000-2017)
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Figure 10 shows the spatial distribution of the multi-year averaged ADV and MODIS seasonal AOD for the years 2000-2011.
However, this leaves out the pre-EOS period covered by ATSR-2 and the post-Envisat period covered by MODIS. Furthermore,
inter-annual variations occur. In Fig. 13, the summer AOD datasets for China, SE China and 10 selected regions are divided into
three periods, i.e. pre-EOS with only ATSR-2 (1995-2000), post-Envisat with only MODIS/Terra (2011-2017), and the overlap
period (2000-2011, shaded light green) when both algorithms provided valid AOD retrievals. Time series for other seasons and
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yearly aggregates are shown in the supplement.
The time series of the summer AOD over China (Fig. 13) show a small increase of the AOD over the years 1995-2011, with a
somewhat larger tendency for MODIS than for ATSR, whereas from 2011 the MODIS data show a definite decrease. This behavior
seems to be mainly determined by the AOD decrease in SE China (and regions 1-7 therein) where the AOD is substantially higher
than in other parts of China, and tendencies until 2011 have a similar direction but are much stronger, than over the west and north
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of China (regions 8-10).
Here we estimate the AOD tendencies during the overlapping period only to establish that ATSR and MODIS time series are similar
and thus can be used to construct a combined long-term time series. AOD tendencies during the 1995-2017 period, as related to the
changes in the emission control policy in China, are presented and discussed in detail in the following Part II.
For the overlapping period, linear fits were made using a MATLAB tool (https://se.mathworks.com/products/matlab.html and
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detailed description of the statistics) to determine the variation of the AOD versus time. AOD tendencies (dAOD) per decade, bias
and slope for the linear regression lines, as well as p-value estimated with the t-test and absolute error for linear fits are presented
in Table S2 (for seasonal aggregates) and Table S3 (for annual aggregates) for all selected regions.
For both China and SE China, the annual (Fig. S4) and seasonal (Figs. S1-S3, Fig.13) time series for ADV and MODIS are very
similar, albeit with an almost constant offset with MODIS high and ADV low. When looking at the long-term time series of the

30

yearly averaged AOD for each of the 10 regions, this behavior is replicated, with some anomalous years for each of them. The
possible exception is region 8 (the Tibetan Plateau) where the AOD is very low in comparison with other regions with practically
no interannual variation or long-term tendency. AOD tendencies during the whole period (1995-2017) will be discussed in Part II.
38
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Figure 13. Time series of the summer-averaged AOD over China, SE China and each of the 10 selected regions, for ADV (1995-2011, green
circles) and MODIS (2000-2017, red circles). The overlapping period is colored with light green. AOD linear fits for the overlapping
periods are shown for each instrument (green and red dashed lines for ADV and MODIS, respectively). Statistics for linear fits are shown
in Table S2.

5.2 Long-term AOD variations and their effects on the AOD seasonality: ATSR ADV (1995-2011) and MODIS (2000-2017)
The AOD seasonal time series presented in Fig. 11 are averages over 11 years, during which changes have occurred under the
10

influence of variable meteorological conditions, and interannual variations in large-scale and synoptic situations, as well as
39

economic development and emission control regulations. Hence, the seasonal AOD variations as shown in Fig. 11 may have been
different in some years and/or may have evolved over the study period. The influence of the temporal variations on the seasonal
bahaviour of the AOD are investigated from the long-term AOD time series for each of the seasons over the selected regions,
presented in Fig. 13 for both ADV and MODIS. For clarity of presentation, the time series for these instruments are plotted
5

separately. The temporal variations in the ADV and MODIS data are generally similar. In the following, we will discuss only some
of the more significant features such as the different temporal evolution between different seasons in regions 1, 7 and 9 and the
change in seasonality in region 2. The ADV and MODIS seasonal AOD tendencies for the overlapping period are discussed below
in Sect. 5.3. The AOD temporal evolution and tendencies for 1995-2017 will be discussed in a companion paper (Part II).
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Figure 13. Time series for seasonally averaged AOD over China, SE China and each of the 10 regions (red numbers or names), for ATSR
(1995-2011, blue lines) and MODIS C6.1 DBDT (2000-2017, purple lines) for winter ( DJF, blue dots), spring (MAM, green dots), summer
(JJA, purple dots), and autumn (SON, yellow dots).

5

The time series in Figure 13 confirm the observations from Figs. 10 and 11 as regards the seasonal behavior with usually a higher
AOD in spring and summer than in autumn and winter. However, these time series also show that the long-term temporal behavior
may vary between seasons. This is clearly illustrated by, e.g., the data for region 1 where a very strong increase is observed in the
summer AOD after 2001, in both the ADV and MODIS data. Before 2001, the summer AOD is higher than in any other season, by
about a factor of 1.5 (MODIS data) to 4 (ADV data) as compared to the winter. This large difference between ADV and MODIS is
41

due to an underestimation by ADV in the winter. After 2001, the summer AOD strongly increases whereas for other seasons the
AOD remains similar or increases by a small fraction (e.g. in the autumn). After 2011 the MODIS data show the strong decrease of
the summer AOD in response to the implementation of emission control policy which appears to most effective for the summer
AOD. The much stronger increase of the AOD in summer than in other seasons is also observed in region 5. Because the AOD in
5

region 1 is higher than anywhere else (see Fig. 10) and because regions 1 and 5 together are quite large, the effect of the high summer
AOD is also reflected in the AOD aggregated over all SE China and even over all China. As expected, over China and SE China
the spring AOD is much closer to that in summer because in all other regions than 1 and 5 the AOD reaches its maximum value in
spring, albeit that this maximum value is smaller than in regions 1 and 5 (cf. Figs. 10 and 11).
Another noticeable separation between the AOD behavior in different seasons is observed for region 7, i.e. in the south of China
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including the provinces Guangxi and Guangdong. Until about 2006, there is little difference between the AOD in different seasons,
with winter and summer on the low side and spring and autumn somewhat higher. However, after 2006, the spring AOD is clearly
higher and increasing until about 2014, while in the other seasons the AOD appears to decrease. This decrease may be due to the
restriction of SO2 emissions resulting in a strong decrease of SO2 concentrations (cf. Koukouli et al., 2016).
A clear separation between seasons is also observed in the MODIS data over region 9 (where ADV does not provide reliable AOD
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and therefore is not discussed). Region 9 includes the Taklamakan desert and as shown in Fig 12, the dust AOD is highest in the
spring, while also in the summer the DAOD is high. In autumn and winter there is very little dust generation and the DAOD are
much lower than in spring and summer. This is also reflected in Fig. 13 and apart from interannual variations, the data also suggest
a decrease in the AOD in summer, with a stronger decrease in AOD in the spring between 2011 and 2017. These long term variations
will be further discussed in Part II.
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An area for which the seasonality shifts between spring and summer is region 2. The region 2 time series in Fig. 13 shows that
indeed the spring and summer AOD are similar, as shown in Fig. 11, with a slightly higher value in spring before 2007, and a clearly
higher value in summer in the years 2008-2012. Hence the seasonal behavior in region 2 would depend on the period considered.
After 2012, there is no clear seasonal behavior for this region.
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5.3 Comparison between ATSR ADV and MODIS seasonal AOD tendencies.
To compare the seasonal year-to-year behavior of the AOD retrieved with ATSR and MODIS, the AOD tendencies for the
overlapping period (2000-2011) have been estimated by fitting the time series with linear regression lines (Figs. S1-S4). The linear
fit for AOD seasonal tendencies for the overlapping period for ADV and MODIS is shown in Fig. 13 and Figs. S1-S4, the
corresponding statistics are summarizedshown in Table S2 and Table S3.
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For the overlapping period, positive AOD tendencies have been observed with both instruments over China for all seasons, except
for spring, when the AOD tendency was close to zero or slightly negative. In winter, the ADV-retrieved AOD shows the a strong
increase (between 1.31 and 1.51 per decade) in regions 4 to 7, which represent the south and east of SE China. Interestingly, along
the east coast, the AOD tendency increasestendency increases in winter from north to south, as shown with ADV. MODIS shows
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a strong (near 0.16) AOD increase in winter in regions 1 and 2. In spring, the AOD tendencies are very low for both instruments,
showing an increase in the MODIS AOD and a decrease for ADV. The highest AOD increase was observed in region 7 for both
ADV and MODIS (0.181 and 0.171 per decade, respectively). In summer, the a strong AOD increase is observed in region 1 for
both ADV and MODIS (0.503 and 0.422 per decade, respectively). The positive AOD tendencies were higher in SE China, reaching
5

0.168 and 0.154 for ADV and MODIS respectively. In autumn, the AOD tendencies were smaller for both ADV and MODIS and
agreed in sign for most of the selected regions, except for region 10. Note that the AOD tendencies were statistically significant for
regions 1, 2, 4 and over SE China for MODIS only.
The AOD tendencies for the overlapping period derived from MODIS are plotted in Fig. 14 versus those derived from ATSR. This
scatterplot includes tendencies for yearly and seasonal AOD aggregates (dots, see legend for colors) for China, SE China and for
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each of the 10 selected regions. The confidence for linear fits (p-value) is indicated by the colored (with respect to p-value for each
instrumentrange) circles around each symbol. The areas where both instruments show similar tendency are colored with light red
(both positive) and light blue (both negative) background. The same plot, but with symbols replaced with region numbers is
presenteds in Fig. 14, right.
Most of the ADV and MODIS AOD tendencies for correspondingded periods are located in the colored (red and blue) areas, which
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confirm that ADV and MODIS show similar in sign AOD tendencies during the overlapping period. The grouping of the tendency
points along the 1:1 line (line is not shown here) shows that in absolute numbers the AOD tendencies derived for ADV and MODIS
are also similar for ADV and MODIS in absolute sense.
However, seasonal differences exist in the agreement between the ADV and MODIS AOD tendencies. The AOD tendencies derived
from the two instruments are in good agreement in summer, autumn and annually (R is 0.87, 0.77, and 0.88, respectively). In winter
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and spring, the correlation coefficient is smaller (0.41).
Thus, the consistency between ATSR and MODIS as regards the AOD tendencies in the overlapping period is rather strong in the
summer, the autumn and for the yearly average, while in the winter and spring, when there is a difference in coverage between the
two instruments (Table S1), the agreement in the AOD tendencies is lower.
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Figure 14. Scatterplot of the 2000-2011 yearly tendencies (left) derived from MODIS C6.1 DBDT vs. those derived from ATSR ADV v2.31,
for China, SE China and 10 selected areas (as specified on the right )for the yearly (black dots) and seasonally averaged AOD (coloured
dots, see legend). Coloured circles indicate if p-value<0.05 for both ADV and MODIS (red), only ADV (blue) and only MODIS (green).
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6. Summary and Conclusions
The current manuscript is the an extension of the study by de Leeuw et al. (2018), where ATSR-retrieved AOD using ADV v2.31
for 1995-2011 and the MODIS/Terra C6 DBDT merged AOD product for 2000-2015 were explored. In the current paper, the
MODIS/Terra C6 DBDT merged AOD product has been replaced with the recently released collection C6.1 and extended to also
include 2016 and 2017. The AOD annual anomaly maps are shown and discussed; the analysis of the seasonal variability has been
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extended to 10 selected regions; the AOD tendencies for the overlapping period (2000-2011) for both ADV and MODIS are
presented and compared.
The main results and following conclusions are summarized below.
- The difference in AOD retrieved from ATSR-2 and AATSR is small, as shown by pixel-by-pixel, monthly means and
validation results comparisons for the period August-December 2002 over China and globally. Most of differences fit to the
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measurement uncertainty requirement of the GCOS (0.03, or 10%). This makes it possible to combine ATSR-2 and AATSR AOD
time series into one dataset without offset correction.
- The comparison with AERONET shows the improvedsimilar performances of C6.1 and C6. Thus, the correlation
coefficient slightly increased from 0.9 in C6 to 0.92 in C6.1; the bias slightly decreased from 0.007 to 0.006. The AOD spatial
coverage in C6.1 changed slightly, i.e.increased by ca. 5% with respect to that in C6. in C6.1 it is somewhat lower over bright
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surfaces and somewhat higher over other areas, as concluded from the increased number of validation points.
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- AOD validation with AERONET shows that the validation results depend on the sampling. If the sampling includes all available
collocations with AERONET (1132 and 4964 points for ADV and MODIS, respectively), the validation statistics are slightly
better for MODIS. The bias in both data sets is similar but with opposite sign (0.06 for MODIS and -0.07 for ADV). However, for
collocated points, when ATSR and MODIS over passes are within +-±90 min and AERONET data exist for validation, the
5

correlation coefficient is closer between ADV and MODIS (0.92 and 0.93, respectively) for all collocated points. However, ADV
performs better than MODIS in autumn, while MODIS performs slightly better in spring and summer. In winter, both ADV and
MODIS underestimated AERONET AOD. For “fine-dominated” and “coarse-dominated” aerosols, validation statistics are
similar for ADV and MODIS. Both products show high (>=0.85) correlation with AERONET. Similar in absolute values but
different in sign AOD bias is calculated for “fine-dominated” (-0.09 and 0.08, for ADV and MODIS, respectively) and for
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“coarse-dominated” (-0.11 and 0.10, for ADV and MODIS, respectively) aerosol conditions.
-The AOD interannual variability over China was presented based on annual anomaly maps (with respect to the 2000-2011
averages). During the period 1995-2006, AOD was increasing in the SE of China, while no significant changes in AOD have been
observed in the west and in the north. Between 2006 and 2011, AOD was not changing much, showing minor minima in 2008-2009.
From 2011 onward, AOD is observed to decrease in the SE of China.
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- Both ADV and MODIS show similar seasonal behavior, with spring AOD maxima in the south and shifting from spring
to summer along the eastern coast in the direction to the north.
- Similar patterns are shown in year-to-year differences for ASTR ADV and MODIS AOD. For the overlapping period,
positive AOD tendencies have been observed with both instruments over China for all seasons, except for spring, when the AOD
tendency was close to zero or slightly negative. More pronounced changes in AOD have been confirmed for SE China. AOD was
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changing faster in spring and autumn, compared to other seasons.
- The consistency between ATSR and MODIS as regards the AOD tendencies in the overlapping period is rather strong in
the summer, the autumn and for the yearly average, while in the winter and spring, when there is a difference in coverage between
the two instruments, the agreement in AOD tendency is lower.
The overall conclusion is that both ATSR ADV and MODIS individually show similar spatial and temporal AOD patterns over
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China. That conclusion is used as a main starting point in Part II, where the combined long-term AOD time series over China and
selected areas will be introduced for the period of 1995-2017. In Part II, AOD tendencies in the combined time series will be
estimated for the periods associated with changes in air pollution control policies in China.

Data availability
The ATSR data used in this manuscript are publicly available (after registration a password will be issued) at: http://www.icare.univ30

lille1.fr/. MODIS data are publicly available at: https://ladsweb.modaps.eosdis.nasa.gov/ AERONET data are available at
AERONET: https://aeronet.gsfc.nasa.gov/
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