reviewer comments

Note: The results of the study have been entirely reprocessed with the last pyaerocom
version and completed observation and model data, leading to possible changes in the
observation and model trends. The values have been changed accordingly in the
manuscript. An error has been detected in the script generating Table 4 which conducted to
false values in the parenthesis starting from the PM, , row. This has been corrected.



Reviewer #1

The paper by Mortier et al. reports the results of an interesting study on regional trends in
aerosols, focussing on properties which are sufficiently observed by global and regional
observational networks. The way the results are presented is appealing, in particular figures
5 and 6. The summary is nicely presented as a series of bullets. The impact of restricted
sampling at the monitoring sites on the trends is well explained. | am in favour of publication,
but have a number of minor comments that should be addressed before publication.

The authors would like to thank the reviewer for his detailed comments, which contributed to
make the manuscript clearer and more intelligible. Below are the answers to the minor
comments made by the reviewer.

Minor comments:

- Abstract: Please include a list of the models included in the study.
- Alist of the models groups used in this study has been added in the abstract:

- Former version: The set of observed regional trends has then been used for
the evaluation of the climate models and their skills in reproducing the aerosol
trends

- Updated version: The set of observed regional trends has then been used
for the evaluation of 11 models (CAMS-reanalysis, 6 AeroCom Phase 3
models, and 4 CMIP6 models) and their skills in reproducing the aerosol
trends

- The introduction is too short to my opinion. There is very little information on previous
aerosol model-model and model-observations intercomparisons. Activities like
AeroCom, CMIP6, should be introduced.

- The introduction has been expanded with references to studies on model-model /
model-obs comparisons. The mentioned activities are also introduced in the revised
introduction. A reference has also been added regarding the large global AOD
increase between 1950 and 1990.

- 189: "Samples are collected every third day". Is this only for the speciated analysis or
also for total PM2.5 and PM10?

- Samples are collected every 3rd day for both speciated and PM2.5 and PM10 filters.
They all follow the same schedule, and some speciated analyses are actually done
on the same filters.

- 1102: "The data have been screened" By the authors, by Aas et al. or by the
instrument teams? Please give some more details: when is a site regionally
representative? Is there a link with the model grid box size? Also for PM the
representativity would be good to discuss (in sec 2.1.2).

- The screening has been done by Aas et al., which included instrument teams from
the different countries. The words ‘regionally representative’ are referring to the fact



that urban sites were not included in this study, as strongly affected by local
emissions. This sentence has been removed as it might be confusing with the
representativity study presented in this paper.

Regarding the PM (sec 2.1.2), the following text has been added:

“The stations are mostly located in remote and rural locations. This ensures a good
representativity of the measurements as some chemical species contributing to PM
observations (i.e., Organic carbon) can present different seasonality and spatial
variability.”

[117: Since Gliss et al. is in preparation, it would be good to provide more details on
the selection/correction procedure.

Gliss et al., is now publically available in ACPD. The reference has been updated in
the manuscript.

Sec 2.2.1. It is a bit strange to call the CAMS reanalysis a "climate model" (line 120).
Maybe it is good to explicitly refer to "climate models, aerosol models and aerosol
reanalyses" in the paper or at least clearly explain the types of models/reanalyses.
Agreed and changed accordingly.

[129: Please place reference to Inness et al between brackets.
Done.

[147: "ESGF nodes". Please explain the acronym and provide a web link or
reference.

An explanation of the acronym has been added as well as a link to the web interface.
(Earth System Grid Federation: https://esgf.linl.gov/)

[154: ".. into one average time series." This may be removed from the sentence to
avoid repetition.
Done.

[155: "not as easy to define when combining the trends for individual sites together."
Why not? Is there a difference between the trend of a sum and the sum of individual
trends?

We acknowledge that the sentence was not clear enough as the main point was
intended to be about the definition of an uncertainty from several individual trends.
We have clarified and have rewritten the part:

- Former version: A first advantage of this method is that a single trend can be
computed in a given region, with an associated significance and uncertainty,
which is not as easy to define when combining the trends for individual sites
together.

- Updated version: One advantage of this method is that a single trend can be
computed in a given region, with an associated significance and uncertainty.
It is difficult, apart from a diversity analysis, to define such an uncertainty
when combining individual trends



The question raised about the difference between the trend of a sum and a sum of
individual trends is relevant though. Differences can actually happen due to the fact
that the observations might start at different times in areas associated with
contrasted absolute levels.
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[156: "with our aggregation method, even a station that has not provided a sufficient
amount of data for computing a trend at its location can still contribute to the
computation of a regional time series." This sounds a bit dangerous. Including
incomplete time series that have an offset with respect to the mean will introduce a
spurious trend. Please provide more discussion on how much this may impact the
trends derived?

The comment is directly connected to the comment below on 1180.

[180: "minimum of 300 valid daily measurements". This is basically one year of data.
Why are the authors not more selective, e.g. allowing only stations with
measurements for 50% of the time? Why this choice?

The authors acknowledge that taking into account incomplete time series could
introduce erroneous trends. This aspect is covered by the representativity study
section (3.3) which compares trends computed from incomplete and complete time
series. However, the derivation of the trends from the observations is mostly used, in
this work, for making a model trends validation dataset, when colocating observation
and model data.

The minimum of 300 valid daily measurements has been chosen in order to remove
temporary AERONET stations (DRAGON campaigns). This is an arbitrary choice that
the authors assume to provide the best compromise, considering the different



regions, and different variables, between availability and robustness. For
comparisons, AOD trends were computed with the 50% time criteria. This resulted in
no available trends in Australia, due to the lack of remaining observations. However,
the AOD trends computed with the 300 daily measurements criteria shows a non
significant decrease of 1.5%/yr which is assumed to be representative of the trend
over the whole period and region, as shown by the representativity study. This
illustrates the fact that in some cases, the partial information provided by the
observations remains valuable.

- 1160: "Seven regions". Please provide the corner locations of the regions, for
instance in a small table. Is there overlap between Asia and NAfrica? Are some
stations used in multiple regions?

- A table with the regions coordinates has been added in supplementary.

- In its former version, an overlap was observed between NAFRICA and ASIA, which
caused the Aeronet Solar_Village station to be considered in both regions. We have
now removed the overlap in the updated version.

- 1182: "three valid points". Please specify more explicitly. Is a valid point a daily mean
observation for one station? Or something else?

e Former version: A minimum of three valid points (daily or monthly depending
on the available resolution) is required per month to be present in the overall
regional time series

e Updated version: A minimum of three valid stations is required to be present
in the overall regional time series to produce a valid point. In other words, if
the available time resolution is daily, at least three stations need to provide
valid data for a certain day in order to produce a valid regional mean for that
day.

- 1201: "Mann-Kendall test ... Theil-Sen". Please provide a reference.
The following references have been added to the manuscript:

e Mann-Kendall: Hamed, Khaled H., and A. Ramachandra Rao. "A modified
Mann-Kendall trend test for autocorrelated data." Journal of hydrology
204.1-4 (1998): 182-196.

e Theil-Sen: Sen, Pranab Kumar (1968), "Estimates of the regression
coefficient based on Kendall's tau", Journal of the American Statistical
Association, 63 (324): 1379-1389, do0i:10.2307/2285891, JSTOR 2285891,
MR 0258201.

- 1208: "residuals". Please provide a definition of the residuals. Is this computed based
on the yearly-mean, regional-mean values?
We have clarified this in the manuscript: Indeed, the residuals are computed based
on the difference between the linear trend and the yearly mean values of the regional
time series.



1228: "model subset of data". What does this mean? Make very clear that this study is
based on model data only.

- Former version: In order to evaluate [...] two sensitivity studies, focusing on
the time sampling and the space sampling, have been conducted using model
subsets of data.

- Updated version: In order to evaluate [...] two sensitivity studies, focusing on
the time sampling and the space sampling, have been conducted using
NorESM2 model data subsets.

1230-236: | read the description of the datasets a few times and still | am not sure |
understand what is done. Please define the "Ref" and "Exp" very explicitly, maybe
even using formula’s.

A sentence has been added before the defintion of the ‘ref’ and ‘exp’ datasets.
The definitions have also been reformulated:
- Former version:
- Time representativity study
- Ref, .. Collocation in space and time
- Exp;ne: Collocation in space using complete time-series
- Space representativity study
- Ref,,.: Collocation in space using complete time-series
(ZEXPjine)
- EXpgace: All grid-points in region using full time-series
- Updated version:
The reference dataset corresponds to the model data co-located to the
available observations while the experiment dataset uses all model points.
- Time representativity study
- Ref,, .. Model data collocated in space and time with available
observations
-  Exp;n... Model data collocated in space with available
observations using the complete model time-series

- Space representativity study

- Ref ... Model data collocated in space with available
observations using using the complete model time-series
(:Exptime)

- Exp...: All of the model grid-points in the region using the

space”

complete model time-series

1238: sigma = 0.5. Why 0.5? It seems sigma has a unit %/year?!

As mentioned 1240, the choice of Sigma=0.5%/yr is an arbitrary choice which results
in a representativity score of 50% when the trends difference (between a reference
and an experiment subsets) is of 0.5%/yr. The unit was indeed forgotten, and has
been added in the manuscript.

Eq.2: I'm struggling with the representativity and the normal distribution. A relative
trend is expressed as %l/year. Therefore this has a dimension. But a normal



distribution takes a dimensionless quantity as argument? Therefore Eq.2 does not
make sense.

The authors agree that this part of the manuscript was misleading and have modified
the manuscript in order to clarify the representativity strategy.

The normal distribution has been used in order to map the trends difference to a
score, expressed in percent, as shown by the following figure.
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The equation 2 was misleading and has been removed since it was not further used
in the manuscript.

Former version: The difference between the relative trends are computed for
each parameter and region. Those differences are then converted into a
score (\unit{\%}) by using a normal distribution f described by a mean y =0
and a standard deviation of o = 0.5. The choice of these parameters leads to
a representativity score of 100% when there is no difference in the trends of a
reference and an 240 experiment dataset, while a difference of 0.5\unit{\%/yr}
would indicate a representativity score of 50%.

Updated version: The difference between the relative trends are computed
for each parameter and region. In order to summarize the representativity,
those differences are then converted into a score (\unit{\%}) by using a
mapping function which has been defined based on a normal distribution. The
choice of the parameters describing this function leads to a representativity
score of 100\% when there is no difference in the trends computed for a
reference and an experiment dataset, while a difference of 0.5\unit{\%/yr}
obtained with these two datasets would indicate a representativity score of
50\%.

Fig. 4: Why is the number of points a coloured region, and not a simple line? Fig. 4:
Which model is used for this?

There was no particular reason for the fact that the points are displayed were colored
regions and not simple lines. The Figure has been re-processed with simple lines in
order to avoid any confusion.

NorESM2 was used for the computation of the representativity study since all the
variables were available with this model. A sentence in the text and the Figure
caption has been added.



I278: Is there an explanation why PM2.5 is a larger fraction of PM10 in Europe
compared to North America?

The following text has been added in the manuscript:

“This difference in the relative proportion of fine particles against coarse particles in
Europe and North America may be due in part to our definition of regions. Putaud et
al. (2010) presented a phenomenology of PM data in Europe showing coarse aerosol
tended to be highest in southern Europe which in our study is part of the North Africa
region. The discrepancy in the relative proportions of coarse and fine aerosol in
Europe and North America may be exacerbated by both a decrease in North America
of the fine particles concentration due to pollution mitigation strategies coupled with
the growth of the coarse mass due to increasing contributions of natural and
agricultural sources, particularly in the western half of the U.S. (Hand et al., 2019a).”

I1305: "Collaud Coen". Provide reference.
Done

1310: "smoother". What does this mean?
The word ‘smoother’ has been replaced by ‘more homogeneous’

I1314: "somewhat higher". Do you mean "somewhat more negative" or "less
negative"?
The authors meant ‘more negative’. This has been replaced in the manuscript.

1321: The difference with Collaud Coen deserves more discussion. Is this trend
significant? Is the difference understood?
The following text has been inserted in the manuscript:

This probably illustrates the difference of methodology which consists of computing
the mean of station trends in one case, and the trend of a regional time series in the
other case, especially when only few measurements are available. However, as
shown by the representativity study (\ref{fig:obs_trends}), the non-significant increase
of +0.0\%/yr found, in this study, with the observations is similar to the trend derived
over the whole region and using complete time series of the NorESM2 model data.

1339: second increase: should this be "decrease"?
Yes indeed, this error has been fixed in the manuscript

1394: "could be caused by increased wet scavenging". How does this match with the
S04 negative trends?
Agreed. The hypothesis has been removed from the manuscript.

1464: The large trend in Arctic? Do the authors have any idea how to explain this?
The following text has been added to the manuscript:

“In addition, one finds large and significantly increasing trends in the high Arctic that
could be explained by a change in the air mass circulation pattern, or by the increase
of open sea, which might contribute to a higher production of sea salt aerosols.”



I1542: "brightening Streets et al. (2006); Norris and Wild (2007)." Please place
references between brackets.

References: Please provide the DOls for all the cited papers.

Olivié, D. et al.: in preparation. Please remove or provide full author list and title. The
same remark holds for a few other preprints/in preparation papers.



Reviewer #2

Received and published: 21 April 2020

The authors derived trends of total aerosol optical depth, small particle optical depth, large
particle optical depth etc. from ground based observations and models. The authors
analyzed these trends separated by regions and from 2000 through 2014. The authors show
that a limited spatial coverage of ground based observations leads to the AOD trend derived
from them not representing the trend over most of the regions except for Europe where
ground based observations are most densely populated. The authors also compared
observed trends with trends derived from models. In addition, using one of CMIP6 models,
the authors show regional trends as well as global trends.

I have two major issues on the current version and one suggestion. Once the paper
emphasizes sampling issues in ground based observations in an application of validating
global models, the topic discussed in the paper is relevant within the scope of ACP. The
authors did a sensitivity study to test how well the trend derived from ground-based
observations represents the trend for the entire region. The result shows that only the AOD
trend derived over Europe and Australia represents the entire region (i.e. f factor discussed
in Section 3.3 is less than 0.5 so that the true trend falls within a 60% confidence interval).
The result of this sensitivity study is only presented as thick black borderlines in Figure 5. In
addition, the result of the sensitivity study is not treated the uncertainty in Figure 6. Because
the sampling uncertainty is a part of the uncertainty in observed trends, the error bar
attached to the observation need to include this sampling error. When the sampling
error is included as the uncertainty, the error bars of the observed trends are much
larger. | suggest including the sampling uncertainty in the error bar. Then significant
modeled trends consistent with observations are those within the error bar.



The second point is related my comment above. The connection between the first
paragraph of the Section 4.3.1 and second paragraph is weak. The first paragraph seem
to conclude that regional trends derived from limited number of ground based observations
can lead a misleading trend. Then why do the authors need to discuss global trends where
ground based observations even represent less? Could you elaborate more the reason for
discussing the global trend without showing any observations to compare (given the point
the authors made in the first paragraph)? One cannot even estimate the uncertainty in the
global trend other than perhaps discussing spreads among the models. But the spread is not
the uncertainty in the modeled trends. Moreover, Section 4.3 focuses on mostly one model
(NorESM2). Furthermore, the authors mention briefly that the ADO trend agrees with the
trend derived from MODIS but the trends derived in this study are from 2000 to 2014 while
the study by Zhang and Reid was published in 2010, i.e. their period is shorter than the
period used in this study. Therefore, | do not think that their result cannot compare with the
trend derived from 2000 to 2014 data.

The end of the first paragraph of the Section 4.3.1 indeed relates the lack of observations for
describing accurate regional trends for most of the parameters considered in this study. The
assessment of the global trends is performed in this section, without the use of observations
since, as indicated in the first paragraph, the partial coverage of the observations in space
and time do not permit derivation of such global trends. The single model used in this section
(NorESM, as being the only model for which all of the nine parameters were available for this
study) provides data at the global scale and for each timestamp of the study period. All of the
model data (grid boxes and timestamps) are used to derive the global trends presented in
this section. While only one model is used in this section, Figure 6 shows that NorESM2
presents, for most of the parameters/regions, similar trends to other models. This suggests
that the use of this single model would probably not deliver a wrong picture of the aerosol
global trends.

While the authors agree to the fact that no uncertainty can be associated with the derived
global trends due to the lack of observations, the authors also provide global trends of AOD
for all of the models used in this study (1448). The spread of the global trends (which is
indeed not similar to an uncertainty) indicates that 90% of the models reveal increasing
global AOD over the study period. In addition, while the study period is not the same, the
comparison of the global AOD trend with MODIS is (+0.003/decade against
+0.0028/decade) also tends to confirm this global slight increase, that the authors do not
expect to change dramatically within 4 years.

The authors have reinforced the connection between the first and the second paragraphs of
the Section 4.3.1:

1441: ‘At the opposite of observations, models provide data at a global scale and along the
whole study period. The completeness of those datasets offers the opportunity to derive
global aerosol trends. ’

Given my two comments above, my suggestion is to significantly shorten Section 4.3 and
focus on analysis of the representativeness of ground based observations. The results of
Section 3.3 are only briefly presented in Figure 5 and are not discussed in detail. The



number of ground sites was dramatically changed during the period analyzed in this study
(2000 to 2014) as shown in Figure 1. The authors seem to have done the analysis of the
impact so why not discus in detail?

According to our previous answers, the authors would like to preserve the structure of the
document by not emphasizing the representativity study as the main part of this paper. This
study intended to bring the attention on the potential artificial trends produced by the lack of
data. We believe that a more detailed analysis of this representativity issues could be the
subject of a separate dedicated paper.

Some minor comments Section 3.3. The description of the method needs to be given more.
For example:

Line 230 to 236, the authors say “collocation”. But | did not understand what was
collocated with what till | read the caption of Figure 4. Figure 4 only shows two
regions. Perhaps include a table showing “f “factors for all regions?
Reviewer#1 also mentioned the lack of clarity in these definitions. The manuscript
has been reworked as follows in order to make the text more intelligible:
- Former version:
- Time representativity study
- Ref, .. Collocation in space and time
- Exp;ne: Collocation in space using complete time-series
- Space representativity study
- Ref,,.. Collocation in space using complete time-series
(=EXPye)
- EXpgaee: All grid-points in region using full time-series
- Updated version:
The reference dataset corresponds to the model data co-located to the
available observations while the experiment dataset uses all model points.
- Time representativity study
- Ref,..: Model data collocated in space and time with available
observations
-  Expyn. Model data collocated in space with available
observations using the complete model time-series

- Space representativity study

- Ref, ... Model data collocated in space with available
observations using using the complete model time-series
(=Exptime)

- EXpg..: All of the model grid-points in the region using the
complete model time-series

Also it is not clear how the number of points shown in the top plots of Figure 4 is
related to the number of observations.
The Figure 4 caption has been completed as follows:
- Former version: $Ref {time}$ corresponds to the model output collocated in
space and time to the available observations. $Exp_{time}/Ref {space}$
corresponds to the model output collocated in space to the stations providing



measurements, using the complete time series from 2000 to 2014.
$Exp_{space}$ corresponds to the model output in the whole geographic
region (see \ref{fig:map_obs}) without any collocation to the observations.
Updated version: The blue color ($Ref {time}$) corresponds to the model
output collocated in space and time with the available observations. The
upper graphs show an overall increase in the number of available
observations (more stations) combined with a seasonal cycle (less AOD
available in wintertime). The orange color ($Exp_{time}/Ref {space}$)
corresponds to the model output collocated in space to the stations providing
measurements, using the complete time series from 2000 to 2014. The green
color ($Exp_{space}$) corresponds to the model output in the whole
geographic region (see \ref{fig:map_obs}), using all of the grid boxes without
any collocation to the observations.

Line 362. “sign” instead of “direction”?
Agreed:

Former version: the models show trends in the same direction as the
observations [...]

Updated version: the models show trends with the same sign as the
observed trends [...]

Line 400 to 402. The statement might be true, but it is also possible that AE is less
sensitive to the change in a relative sense.
The authors agree with that remark and updated the manuscript as follows:

Former version: the trends are usually smaller than for AOD in the
respective regions, meaning that the amount of the particles is more subject
to variations than the size (type) of these particles.

Updated version: the trends are usually smaller than for AOD in the
respective regions. This can mean that the amount of the particles is more
subject to variations than the size (type) of these particles but could also
illustrate that AE is less sensitive to the change in a relative sense.

Conclusions stated in the conclusion section need to be more specific. For example,
please state the regions instead of saying “some observations”

Agreed. Some specifications have been added to the manuscript:

i.e., “Significant decreases are found in Europe, North America, South America,
North Africa and Asia”
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Abstract. This study presents a multi-parameter analysis of aerosol trends over the last two decades at regional and global
scales. Regional time series have been computed for a set of nine optical, chemical composition and mass aerosol properties
by using the observations ef-from several ground-based networks. From these regional time series the aerosol trends have been
derived for different regions of the world. Most of the properties related to aerosol loading exhibit negative trends, both at
the surface and in the total atmospheric column. Significant decreases of aerosol optical depth (AOD) are found in Europe,
North America, South Americaand-North-Afriea-, North Africa and Asia, ranging from -+-3-1.2%/yr to -3.1%/yr. An error and
representativity analysis of the ineomplete-spatially and temporally limited observational data has been performed using model
data subsets in order to investigate how likely the observed trends represent the actual trends happening in the regions over the
full study period from 2000 to 2014. This analysis reveals that significant uncertainty is associated with some of the regional
trends due to time and space sampling deficiencies. The set of observed regional trends has then been used for the evaluation
of the-elimate-models-10 models (6 AeroCom Phase III models, and 4 CMIP6 models) and the CAMS-reanalysis dataset, and

their skills in reproducing the aerosol trends. Model performance is found to vary depending on the parameters and the regions
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of the world. The models tend to capture trends in AOD, column Aﬂg&&eﬂ%mstrf)}rlexponent, sulfate and particulate matter
well (except in North Africa), but show larger discrepancies for coarse mode AOD. The rather good agreement of the trends,
across different aerosol parameters between models and observations, when co-locating them in time and space, implies that
global model trends, including those in poorly monitored regions, are likely correct. The models can help to provide a global
picture of the aerosol trends by filling the gaps in regions not covered by observations. The calculation of aerosol trends at
a global scale reveals a different picture from the-ene-that depicted by solely relying on ground based observations. Using a
model with complete diagnostics (NorESM2) we find a global increase of AOD of about 0.2%/yr between 2000 and 2014,

primarily caused by an increase of-in the loads of organic aerosol, sulfate and black carbon.

Copyright statement. TEXT

1 Introduction

As one of the key gears involved in the climate mechanism (Pdschl, 2005), and as a predominant component of air quality that
affects human health (Burnett et al., 2014), aerosols have been increasingly subject to observation over the last two decades,
both from ground and space-based platforms (Holben et al., 2001; Kaufman et al., 2002). Aerosols are also recognized to have
an important role for the fertilization of the Amazon forest (Yu et al., 2015), and in other socioeconomic fields such as the solar
energy production {Eietal; 2647 abordenaetal;2048)(Li et al., 2017; Labordena et al., 2018; Sweerts et al., 2019).
Through their direct, semi-direct and indirect effects (Rap et al., 2013; Johnson et al., 2004; Lohmann and Feichter, 2005),
aerosol particles are crucial for the estimation of the radiative forcing. Currently, the overall estimate of aerosol radiative forcing
is associated with high uncertainties (Haywood and Boucher, 2000; Stocker, 2014). Some of the reasons for these uncertainties
reside in the heterogeneity of atmospheric particles, both in terms of their microphysical and optical properties, as well as the
high variability of these aerosols in space and time. Fhe-different-Different regions of the world exhibit contrasting aerosol
properties (Holben et al., 2001), which can vary depending on the seasons, from year to year, and possibly exhibit inter-
annual trends (Streets et al., 2009). In addition to natural emissions such as sea salt and dust, anthropogenic sources of aerosol
add another layer of complexity. The Second Industrial Revolution, which relied on the use of fossil fuel energy, has had a
significant impact on the aerosol load on a global scale, and on the local air quality, resulting in severe pollution episodes, such
as the famous 1952 smog event in London -1952-(Bell et al., 2004) that caused the death of thousands of people within a few
days. Starting in the 1970s in the US, and in the 1990s in Europe, mitigation measures were established-implemented to limit the
emission of particles and other pollutants (Bryner, 1995; Turnock et al., 2016) resulting in significant improvements in terms
of air quality and particle concentration levels (Likens et al., 2001). In recent decades there has been a shift of anthropogenic
emissions from Europe and North America to the developing nations, which are now facing, in varying degrees, the air quality

issues that affected Europe and North America 40 years ago (Streets et al., 2008; Ramachandran et al., 2012).
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In order to provide realistic radiative forcing estimates and projections, it is important for the atmospheric models to be able
to capture the long-term aerosol trends caused by both natural and anthropogenic variations. With-a-consistentmulti-parameter
lysis—thi
Assessing and improving the modelling of aerosols in global earth system models is the main objective of the AeroCom-project.

or organic aerosols (Tsigaridis et al., 2014), while dedicated control experiments aim to enable an assessment of the global
aerosol modelling. Both Kinne et al. (2006) and, more recently, Gli et al. (2020) present evaluations of global aerosol optical
propetties simulations by focusing on AeroCom control experiment data for a specific year.

This study presents an overview of aerosol-trends the aerosol trends for multiple aerosol parameters (optical and chemical)

over the last two decades using ground based observation network data as a reference for the evaluation of the models’ skills
in reproducing the-aerosols-those trends.

To serve that purpose, this study addresses the following three-two questions:
— What are the observed aerosol trends over the last two decades in the different regions of the world? (Section 4.1)

— Can the climate models reproduce these observed trends? (Section 4.2)

Then, having developed an understanding of the models’ skills in reproducing the observed aerosol trends, the last section
of this study aims to answer the following question:

— What are the global aerosol trends derived from the model data? (Section 4.3)

The CAMS reanalysis dataset and output from six AeroCom models and four CMIP6 models (both model groups performed
historical experiments) are evaluated in this work, CMIP6 (Coupled Model Intercomparison Project, Phase 6) is an intercomparison
project organised by the WCRP (World Climate Research Program). Participating models will contribute to the assessment of
the climate change in the upcoming 2024 IPCC (Intergovernmental Panel on Climate Change) report.

Figure 1 presents the time series of gloebal-medeled-AOB-modeled global AOD (aerosol optical depth) between 1850 and
2014. All of the climate models appear to exhibit a large increase in AOD, especially between 1950 and 1990 (Tegen et al., 2000)

, followed by more stable conditions up to the present. While the models show some diversity in absolute values, the trends
(focus of this paper) seem to be consistent -among the different models ;-at a global scale. The-aerosel-optical-measurements;
which-started-to-develop-Long-term monitoring of many optical and chemical parameters were initiated in the late 1990’s
—allow-investigation—of-the-(e.g., Holben et al., 2001; Laj et al., 2020)

observational datasets also offer an opportunity to validate the modeled trends in this period. Since 2014 is the last year avail-

roviding a high quality dataset for the investigation

able from the CMIP6 historical runs, we focus this study on the aerosol trends in the 2000-2014 period.

Specific experiments are conducted within this initiative with a focus on individual aerosol species, such as dust (Huneeus et al., 2011
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2 Datasets

A set of nine column and in situ surface aerosol datasets are used in this study. The observation networks and the models

providing output for these parameters are reported in Table 1.
2.1 Observations

For each of the parameters used in this study, data of the highest quality level provided by the different observation networks
were used. Mountain sites, corresponding to an elevation above 1000 m, were excluded, mainly because global models have

problems to-simulate-simulating the aerosol distribution in steep-complex terrain (Kinne et al., 2013).
2.1.1 Columnar aerosol optical properties

The AErosol RObotic NETwork (AERONET) is a network established by NASA (National Aeronautics and Space Adminis-
tration), and expanded by national and international collaborations. AERONET operates aerosol ground-based measurements
in the different regions of the world (Holben et al., 2001). The observation of the columnar aerosol properties is performed
by standardized and calibrated solar-powered CIMEL Electronique sunphotometers. These instruments measure the solar ra-
diation reaching the surface of the Earth at different wavelengths and for different optical geometries. A new version of the
sunphotometer (CE318-T) is also able to perform night-time measurements using the moon as light-source (Barreto et al.,
2016). The direct measurements (aiming at the light-source) allow for the derivation of the aerosol optical depth (AOD), and
the Aﬂgﬁ%/ﬂpgﬁm exponent (AE) which are related to the amount and size of the particles, respectively. The spectral
information can be further utilized to derive the AOD for the fine and the coarse particles, split by diameter less than or greater
than +-#m-1.2 pm (O’Neill et al., 2003). Three different data quality levels are available depending on the application of cloud
filtering and correction for instruments calibration derivations (Smirnov et al., 2000, 2004). The level 2.0 version 3 daily data,
which provides automatic instrument anomaly quality controls (Giles et al., 2019), are used in this study for four different pa-
rameters: AOD (calculated at 550 nm), AE (calculated using 440 nm and 870 nm channels), AOB<}m-AODy (or fine AOD),
and AOP>11m-AOD,, (or coarse AOD) corresponding to the AOD of the particles whose diameter is less than and greater
than +-#ml.2 um, respectively.

2.1.2 Particulate matter concentrations

The particulate matter (PM) measurements are from EMEP (covering Europe), and IMPROVE (for North America). The PM
data have been made available either via the EBAS database infrastructure (http://ebas.nilu.no), or in the original IMPROVE
data to be found in the VIEWS database (http://views.cira.colostate.edu/). Both PM;y and PMs 5 (with unit pg m™3) are used
in this study. Note that the PM;j size fraction of particles below 10 #m-um encompasses the PMs 5 aerosol mass below 2.5
AL,

The first PM measurements in EMEP started in 1996 and the number of sites increased steadily in the following decade

(Tgrseth et al., 2012). Most of the sites use the gravimetric method for both size fractions, though some used automated
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monitors, i.e. TEOM FDMS or b-attenuation. The EMEP monitoring complies with the European standards, i.e EN12341:2014
for the gravimetric methods and EN16450:2017 for the automatic methods.

The IMPROVE network has been operating since 1988 at predominantly remote and rural sites across the United States. This
ensures a good representativity of the measurements as some chemical species contributing to PM observations (i.e., Organic
carbon) can exhibit different seasonality and spatial variability. IMPROVE uses four separate modules to collect samples for
speciated PM, 5 analysis and gravimetric PM5 5 and PM;o bulk mass measurements. Samples are collected every third day
for 24 h and reported at local conditions. PM5 5 and PM;(, mass concentrations are determined from Teflon filters from two
separate modules sampling with PM5 5 and PM inlets, respectively. The gravimetric mass measurements are not performed
at controlled relative humidity and temperature, and a laboratory relocation in 2011 resulted in unstable weighing conditions.
Therefore, gravimetric mass measurements from 2011-2018 were subject to potentially high relative humidity conditions and

likely contain particle bound water on the filters that could bias trends (Hand et al., 2019b).
2.1.3 air-Sulphate aerosol concentration

The sulphate aerosol concentration (SO4) dataset is a subset of the global data presented in Aas et al. (2019) and is based on
measurements obtained in different regional networks as described in Table 1. The sulfate aerosol concentrations are obtained
from analysis of aerosol filters. In the EMEP, CASTNET, CAPMON and EANET networks, these are either sampled with
a PM; inlet or a total aerosol inlet, with no specific size cut off effective, using a filterpack sampler. In the IMPROVE
network, sulfate measurements are done using a filterpack sampler with a PM 5 inlet. The filters are typically analysed by ion
chromatography after water extraction of the aerosol filter.

The data have been screened to be regionally-representative-and-of satisfactory quality. Urban sites are not included, nor
are sites where the surroundings have changed considerably in the period in question. In Aas et al. (2019) the data were
averaged to monthly means. When the data have lower sampling frequency than daily, samples are weighted prior to averaging

in accordance with how many days were sampled in a given month.

2.1.4 Scattering and absorption coefficients

surface in-situ PM measurements, the scattering and absorption coefficients measurements were accessed through EBAS
database infrastructure. The level 2 data (quality controlled, hourly averaged, reported at standard temperature and pressure

(STP) conditions) were usedfer-two-parameters-. Detailed information on the quality assurance and quality control procedures

for GAW aerosol in-situ data are available in (Laj et al., 2020). The difference in measurement conditions (i.e., observations

3

being made at STP versus models simulating at ambient conditions) was not expected to impact the calculated trends so no
adjustment was made to account for this.
Scattering and absorption coefficients are measured by different instruments:
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— Scattering coefficients (o5, in Mm '), were measured by integrating nephelometers. For better consistency in the model
comparisons (model data for these parameters are reported for RH=0%), only the measurement data obtained when the

relative humidity in the instrument was lower than 40% were utilized (Pandolfi et al., 2018).

— Absorption coefficients (o4, in Mm ™), were obtained from filter-based absorption photometers.

Due to the scarcity of stations available for long-term trend analysis (only 28), the presence of regionally non-representative
stations (e.g., stations located near roads, in cities), difficult to capture by global models, can have large effects on the

computation of the regional average time series. The urban stations have therefore been removed from this analysis.
Altogether the same data selection procedures (exclusion of stations, removal of outliers) and corrections (conversion to

coefficients at 550 nm wavelength) were applied as in (Glifi-et-al52020);-Glif et al. (2020), which describes the AeroCom
evaluation anatysis-of the Control 2019 experiment, analysing AeroCom simulations of the year 2010 in detail.

2.2 Models

A set of H-elimate-modelsis-10 climate and aerosol models and a aerosol reanalysis dataset are used in this study. Their main

characteristics are reported in Table 2. These models can be separated into three main groups.
2.2.1 CAMS-Reanalysis

The CAMS reanalysis, which is the successor to the MACC reanalysis (Monitoring Atmospheric Composition and Climate),
is the latest global reanalysis dataset of atmospheric composition produced by the Copernicus Atmosphere Monitoring Service
(Inness et al., 2019). It is produced using 4DVar data assimilation in the CY42R1 model cycle of the ECMWF (European
Centre for Medium-Range Weather Forecasts) Integrated Forecast System (IFS), with 60 hybrid sigma/pressure vertical levels.
The model used in the CAMS reanalysis includes several updates to the aerosol and chemistry modules on top of the stan-
dard CY42R1 release. The IFS model assimilates several satellite products, from aerosols (AOD) to greenhouse gases (CO2,
CH4) Inness-et-ak+20+9)(Inness et al., 2019), where most relevant for aerosol trends are data from both MODIS sensors and
AATSR/ATSR2. Daily data, from the ECMWF data archive (MARS), were used in this study. The CAMS reanalysis data set
covers the period January 2003 to near real time. The three first years of this study period (2000-2002) are missing for this

model.
2.2.2 AeroCom phase II1

Fhe-Initiated in 2000, the AeroCom-project (https://aerocom.met.no) is an open international initiative of scientists interested
in the advancement of the understanding of the global aerosol and its impact on climate (Schulz et al., 2006). Different model
experiments have been conducted during the third phase of this project, initiated-started in 2015, in order to investigate spe-
cific topics (eg-¢.g., dust, volcanic aerosols, aerosol absorption, hygroscopicity, etc.) but also the general modelling of the

aerosols (control experiments). The model versions are-also-as—close-as-possible-tinked-to-these-GEM-and parametrizations



used in AeroCom are closely linked to the versions used for CMIP6 andfer-instanee-AerChemMIP-, for instance, AerChemMIP
(Aerosol Chemistry Model Intercomparison Project) climate experiments.

In this study, we use the model outputs from the historical AeroCom experiment, whose main aim is to understand the

170 regional trends in aerosol distribution from 1850 to 2015 and to quantify the aerosol forcing with a main emphasis on the direct

aerosol effect. The models were also run in various configurations, providing different degrees of constraints on the evolving

meteorological conditions, such as using monthly fixed sea-surface temperature (SST), historically evolving SSTs, and basic

meteorology fields, e.g., wind for a given year.
2.2.3 CMIP6

175 The upcoming 2024 IPCC sixth assessment report (AR6) will feature new state-of-the-art CMIP6 (Ceuple ModeHntercomparison
Projeet,Phase—6)-models with model runs in higher resolution and with new physical processes. An overview of the ex-
perimental design and organisation can be found in Eyring et al. (2016). In this study, we use a preliminary extract of the
data of four CMIP6 models from the historical experiment, as available on ESGF nodes (Earth System Grid Federation:
https://esgf.llnl.gov), which provided output from 1850 to 2014. 2014 was selected as the last year of the study period of the

180 analysis presented here.

3 Methods
3.1 Regional time series

Due to the nature of the processes involved in the emission and the deposition of aerosols, one can expect different trends
in different regions of the world. Instead of investigating the trends obtained at each individual observation station in a given
185 region, we resort here to the analysis of average regional time series as computed by assembling all measurements at stations in

each regioninto-one-average-time-series—A-first-. One advantage of this method is that a single trend can be computed in a given
region, with an associated significance and uncertainty;-which-is-net-as-easy-to-define-whencombining the-trendsfor-individua

sites-together. It is difficult, apart from a diversity analysis, to define such an uncertainty when combining individual trends.
Also, with our aggregation method, even a station that has not provided a sufficient amount of data for computing a trend at

190 its location can still contribute to the computation of a regional time series. The computation of such aggregated regional time

series makes most sense in regions exhibiting similar seasonal patterns.
3.1.1 Regions definition and observations coverage

Seven regions are considered in this study. The definition of these regions has been done in a pragmatic way to limit the number
of geographic areas investigated, but altogether also provides a global coverage when considering the ensemble of all regions.
195 The Americas and Africa have been separated in-a-into northern and southern seetionsections. In order to assemble the sites

most affected by Saharan dust, the North Africa region has been extended in-the North-to the north beyond the continent itself.
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Stations located in the south of Spain, Cyprus and Greece contribute to the regional time series in the region we are calling
North Africa. The regions coordinates can be found in the supplementary info.
As seen in Figure 2, the regions do not have a similar coverage in terms of observations. North America and Europe have

the highest concentrations of instruments monitoring aerosol trends.

— AERONET is the most important network in terms of number of instruments. More than 1000 observation points, with
more or less long time series, are found across the globe. The highest density of instruments is in Europe and in the

central part of North America (US). The lowest densities are found in southern Africa and Australia.
— Particulate Matter: 2+2-227 instruments are used in this study and are spread mostly over Europe and North America.

— SOy4: Altogether 346 instruments have been operating, mostly in North America and Europe. A few stations are also

located in Asia and North Africa.

— 0gp and o4, Combined for both parameters eirea-approximately 50 stations are spread over North America, Europe,
North Africa and Asia. Due to time coverage issues (2005 is the first year where in situ optical data are available in the
European time series), the data from 2000 up to the year 2018 were used to compute the regional time series of these

two parameters.
3.1.2 Time series aggregation requirements

The regional time series are computed by combining, for each month, the valid data of all the stations in the corresponding
region. In order to construct consistent and robust regional time series, some additional criteria are required to be met to provide
a valid point (a station with valid measurements) going into the regional time series. Stations having-eperated-very-shorthy-with
very short time series (e.2 AERONET DRAGON campaign stations) are eliminated by requiring a minimum of 300 valid daily
measurements in the whole period from 2000 to 2014, which reduces, as an illustration, the number of AERONET stations
from +640-1015 to 437. A minimum of three valid

per-month-stations is required to be present in the overall regional time series to produce a valid point. In other words, if the

available time resolution is daily, at least three stations need to provide valid data for a certain day in order to produce a valid
regional mean for that day. The list of the station names contributing to the computation of the regional time series can be

found in the supplementary info.
When all criteria are fulfilled for a given month in the regional time series, the median ;-and the first and third quartiles are
computed from all valid data points available. The quartiles provide an indication of the intra-regional variability. An example

of regional time-series is-are shown in Figure 3 for AOD.
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3.2 Trends calculation
3.2.1 Yearly, regional time series

For all of the parameters, the trends are computed based on the yearly averages of the regional time series. Using the yearly
averages eliminates any issues caused by the seasonal cycles (observed for most of the aerosol parameters used in this study)
during the calculation of the trend slope. In order to ensure the statistical robustness of these yearly averages, the time averaging
is performed step-by-step with specific time constraints. By starting at the finest time resolution available in the data, monthly,

seasonal and then yearly averages are computed when the following criteria are fulfilled:
— atleast 5 days per month are available (when daily observations are available).
— at least 1 month with data per season is present with-data-(seasons defined as JFM, AMJ, JAS, OND).
— all 4 seasons are available for a given year.

These temporal constraints offer a reasonable compromise between the availability and robustness of the yearly statistics.
3.2.2 Trends computation

We use the same methodology as described by Aas et al. (2019) to derive the trends of the regional time series. The significance
of the trends is tested with the Mann-Kendall test (Hamed and Rao, 1998). The related p-value is used to determine if the trend
is significant or not within a confidence interval of 95%. The slope is calculated with the Theil-Sen estimator which is less
sensitive to outliers than standard least-squares methods (Sen, 1968). At least least 7 valid yearly regional averages (50% of
time coverage) are required in the regional time series for the computation of a slope.

An uncertainty is provided for each trend by combining the error of the slope calculation itself to the error of the residuals:

. Am 2 m-Ar \?
Uncertainty = \/<y<2000)> + <y<2000)2) @))

where Am is the Theil-Sen estimator 95% confidence interval, y¥(2000) is the value of the regression line at the year 2000,

m is the value of the Theil-Sen slope and Ar is the averaged error on the residuals computed based on the difference between

the linear trend and the yearly mean values of the regional time series.
The trend is provided as a relative trend (%/yr) with respect to the first year of the time period (2000).

3.3 Representativity of the trends

The number of available points used to compute the regional time series is not constant in time. For a given observation station,
the number of points available might vary in time due to the nature of the measurements. For instance, classic sun-photometers

sunphotometers only measure in the daytime and in cloud free conditions. Due to seasonal daylight and cloud condition
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variations, clear seasonal cycles are observed in the number of observations of AOD. The density of the different observation
networks can also change with time. The early development of the different observation networks usually coincided with an
increase in the number of observation stations. More recently, primarily for funding reasons, some networks have reduced the
number of stations. This variation in the number of available measurements raises the question of time representativity for the
computation of the trends.

Associated with this time representativity issue comes the space representativity issue. The data coverage is uneven across
the different regions. Moreover, within a single region, the observation stations might be located in contrasting environments.
Stations located in environments that are more urban, or rural, or mostly affected by natural particles, might have trends
differing from the trend associated with the whole region.

Some studies have focused on the representativity of the observation stations by investigating the biases of different op-
tical properties (Wang et al., 2018; Schutgens et al., 2017; Schutgens, 2019). The analysis here is dedicated to eharaeterise
characterising the representativity of the observation networks specifically for the purpose of computing the trends. These two
perspectives on representativity might give different results, since a station associated with a bias -—could still have a repre-
sentative tendency in time. In order to evaluate the effect of the partial space and time sampling of the observations for the
evaluation of the trends, two sensitivity studies, focusing on the time sampling and the space sampling, have been conducted
using medelsubsets-of-data-NorESM2 model data subsets. For each of these studies, the trends are computed for one reference
(Ref) and one experiment (Exp) dataset, and compared with each other. The reference dataset corresponds to the model data

co-located to the available observations while the experiment dataset uses all model points.

— Time representativity study

— Refiime: Cottoeation-Model data collocated in space and time with available observations

— Ezpiime: ColHoecation-in—spaceusing-ecomplete-Model data collocated in space with available observations usin
the complete model time-series

— Space representativity study

— Refopace: Collocation-in-space-using-complete-Model data collocated in space with available observations usin
the complete model time-series (=Expgime)

- Expspace: All of the model grid-points in region-using-full-the region using the complete model time-series

The difference between the relative trends are computed for each parameter and region. Fhese-In order to summarize the

representativity, those differences are then converted into a score (%) by using a nermal-distribution—f—deseribed-by-a—mean
-5mapping function which has been defined based on a normal distribution. The choice

of these-parameters-the parameters describing this function leads to a representativity score of 100% when there is no difference
in the trends ef-computed for a reference and an experiment dataset, while a difference of 0.5%#y+% /yr obtained with these

two datasets would indicate a representativity score of 50%.

10
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Finally, the total score is computed as the mean of the time and the space representativities.

An example of the calculation is presented in Figure 4 for AOD in Europe and North America. In both regions, the Re fi;m.
dataset, corresponding to the available observations, reveals strong seasonal cycles when considering the number of points
used to compute the regional time-series. These cycles are observed with most of the sun-photometer-sunphotometer datasets
since the instruments only operate during daytime and cloud free conditions, and the amount of daylight and clouds varies with
the season. Together with this seasonal cycle, one observes an increase in the number of points with time, which reflects the
increasing number of stations over these two regions.

The trends in Europe show similar values for the time study, which means that the trend is not greatly affected by the
variation of the available measurements in time. The difference is larger when considering all the grid-boxes of the domain,
but the overall difference of the two studies corresponds to a representativity of 6976%. In North America, the difference in
the three trends is larger, outstanding-is-particularly for the space study trend. This means that the trend obtained in the whole
region is significantly different from the trend obtained when considering only the grid points where observation stations are
located. It should be mentioned that the ocean grid-points are not filtered out when computing the trends over the whole
domain. For this reason, the regions containing a greater proportion of ocean grid-points, where the trends are most likely to
differ from those observed over land, will tend to have a lower spatial representativity, such as North America.

This representativity study illustrates that the partial coverage in time and space of the observations leads, in some cases, to
artificial trends. The representativity scores are discussed for each parameter in the following section together with the trend

estimate results.

4 Results
4.1 Trends in observations

This seetions-section presents the trends in the observations computed for the different parameters and over the predefined
regions. In order to compare the trends observed for the set of nine aerosol parameters in a consistent manner, we focus on
the relative trends, with the reference set to the year 2000, as the first year of the study period. The means for the year 2000,
reported in Table 3, reveal a large inter-regional variability.

The AOD is more than three times higher in Asia (AOD=0-350.37) than in North America and Australia (AOD=0.10). Inter-
mediate AOD values are found in Europe and South Africa, while the second highest load is found in North Africa (AOD=0.26).
In most regions, the AOD is largely dominated by its fine fraction(AOB<}ttmmode fraction (AODy), but this is not the case

11
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in North Africa (or Australia), where the persistent presence of desert dust makes the coarse mode (AOP>1xmAOD,) contri-
bution to the total AOD similar in size to the fine mode contribution. This predominance of coarse particles is reflected in the
AE values which exhibit lower values in North Africa (AE=6:720.70) and Australia (AE=6:971.00).

The PM observations are primarily available from Europe and North America. PM;( observations are also available in the
North Africa region as defined in this analysis, but these stations are located in the northern part of the region, i.e., in southern
Europe, which is less affected by the dust sources than the AERONET stations, which cover the whole region including the
surrounding deserts. Both PM;o and PM5 5 are larger in Europe than in North America, with different relative proportions. In
Europe, PM,, 5 represent 7576% of the PM, as compared to en-only 57% in North America. This difference in the relative
proportion of fine particles against coarse particles in Europe and North America may be due in part to our definition of
regions. Putaud et al. (2010) presented a phenomenology of PM data in Europe showing coarse aerosol tended to be highest in
southern Europe which in our study is part of the North Africa region. The discrepancy in the relative proportions of coarse
and fine aerosol in Europe and North America may be exacerbated by both a decrease in North America of the fine particles

concentration due to pollution mitigation strategies coupled with the growth of the coarse mass due to increasing contributions
of natural and agricultural sources, particularly in the western half of the U.S. (Hand et al., 2019a).

SO, means (surface mass concentrations) for the year 2000 ranges-range between 1.45 and 2.98 ugm=3 with the lowest
value occurring in North America and the highest value in North Africa (sites in southern Europe). Similar means are found in
Europe and Asia, around 2 ug m 2, though one should bear in mind that there are relatively few sites in Asia and they are not
located in the most polluted areas in China and India (Aas et al., 2019).

Analogous to the surface PM ;¢ measurements, o, is higher in Europe (33-34 Mm™ 1y than in North America (2—52\3NMm*1).
The same feature is found for o, which also has higher values in Europe than North America.

The relative trends for the 2000-2014 period are shown in Figure 5. The heatmap is dominated by blue color, which indi-
cates mostly negative trends, especially when considering the extensive-parametersparameters related to aerosol burden (i.e.,
the extensive parameters). Usually, the lowest p-values (<0.05) are associated with the lowest uncertainties not shown in the
same figure though. The largest circles (highest significance of trend) are more confidently associated with a rather-ecertain-de-

crease/increase of the aerosol property in the time period 2000-2014 since the value of the trend is greater than the uncertainty.

The uncertainties are presented in Figure 6. Among the 38 computed trends, 22 are associated with a representativity score
higher than 50% and 24 are significant at a 95% confidence level.

— In Europe, both columnar and surface parameters reveal statistically significant decreasess—with-. With the exception of

Oqp, for which the ebserved-deerease-isnot-significant—Forthistast parameter—the-associated uncertainty of the trend

exceeds the trend itself:

parameters;-the-uneertainties-are-, the trends computed for other parameters are associated with uncertainties lower than
the trends values. A decrease in AOD (-2.8%/yr) is found for both fine and coarse mode particles. This is consistent with

the negative trends found at some individual stations in this region (Glantz et al., 2019). The fine mode is decreasing
more than the coarse mode, which is consistent with the decrease observed for AE. The same shift in aerosol size is

found at the surface since PM, 5 has decreased by a factor of two relative to PM;. These trends could result from the

12
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mitigation measures aiming-aimed at reduced anthropogenic aerosol emissions. This is more directly observed in the
decrease of SOy4 (-1.5%/yr). We find a somewhat lower trend than what was reported in Aas et al. (2019) (-2.67%/yr),
but that could be explained by the differences in the methodology (trends computed from the regional time series, in this
study, against a statistical average of the trends computed at the individual stations) and/or the definition of the region.
The stations in the Mediterranean Basin, where a larger decrease is found (-4.3%/yr), are attributed to the North African

region in this study.

The representativity study reveals that the observed trends are actually representative for the whole period and re-

gion for all of the parameters spand-eg,—duae he1a servations in-the earlies iod. A good
agreement is found with the trends obtained at individual stations and-reperted-by—2-—which-reports—on-reported by
Collaud Coen et al. (2020), who found decreases of -2.92%/yr for o, and -4.2%/yr for o,,, as compared to -2.5%/yr
and -2.0%/yr in this study.

In North America, similar trends are found for the columnar properties as were found for Europe. AOD is decreasing
at a rate of 1.3%/yr, a 55% percent smaller trend than observed in Europe, but the North America reference value in
2000 is 40% lower than the reference value in Europe. One can note that the representativity scores are higher for
AE than for AOD, while these two parameters have the same amount of data. This means that the trends are-prebably
smoother-in AE are probably more homogeneous in space and time, when-comparing-AE-with-AOD;-which makes
the same amount of available observations more representative in the case of AE. The decreases observed for both
PMy 5 (-2-+-2.0%/yr) and PM g -+6-1.2%/yr are significant and in the same range of values than-as the trends found
in Europe. However, the actual trends for PM;o and PMs 5 are probably somewhat higher-more negative than found
here. The possible bias is caused by increased relative humidity during weighing, resulting in more particle bound water
and thus higher mass, after the relocation of the laboratory in 2011. Hand et al. (2019b) reported that the decrease in
PMs 5 from 2005 through 2016 was -2.6%/yr, while it was -3.9%/yr for the reconstructed fine mass correcting for the
possible bias in the measurements. SO, decreases by about 3%/yr, which is twice as large as the decrease observed in
Europe, where the reference value is however larger than in North America. The sulfate trend is similar to the trend
reported by Aas et al. (2019) in this region (-3.15%/yr). The regional time series are-extend farther back in time for o),
and o, in North America than in Europe. However, no significant trends are found for these data sets. 2finds-This is in
contrast to Collaud Coen et al. (2020) which found a large decrease for o), (-2:57-2,66%/yr)which-is-not-found-in-this
study-when-using-regional-. Our study used regionally averaged time series to calculate the trend rather than regionally
averaged trends as was done by 2Collaud Coen et al. (2020). This probably illustrates the difference of methodology
which consists of computing the mean of station trends in one case, and the trend of a regional time series in the other
case, especially when only few measurements are available. However, as shown by the representativity study (5). the
whole region and using complete time series of the NorESM2 model data. Similar values are found in this study and by 2-
Collaud Coen et al. (2020) for o), (-1.85%/yr) despite-the-factalthough the trend is, here, not significant. The IMPROVE
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network also measures filter absorption using a Hybrid Integrating Plate and Sphere (HIPS) system (White et al., 2016).
These data are not included in this study, but White et al. (2016) reports a significant decrease (-2.7%/y) in the light
absorption coefficients from 2005 to 2015.

— All of the columnar properties show significant decreasing trends in South America—All-of-the-trends-are-significant,
except for AOP>1#mAOD,. As shown in the regional time series in Figure 3, the observed decrease in AOD coincides

with a global diminution of the intensity of the seasonal peaks happening around September and resulting from the
Amazonian forest fires (Aragdo et al., 2018). These peaks are highly variable from year to year and could greatly affect
the trend when considering another time period. With a rate of -2.0%/yr, the largest decrease of AE is found in this
region. While no significant trend is found for AOP>tmAOD,, the tendency towards increasing coarse particles is
probably due to the production of local dust as a result of the increasing deforestation (Werth and Avissar, 2002; Betts
et al., 2008).

— In North Africa, while significant decreases are found for all AOD parameters, an increase of AE (++1+1.2%/yr) is
observed, which indicates an increase in the proportion of fine particles with time. This is consistent when considering
the AOD of the fine and coarse modes, which reveal a larger decrease for AOD>1mAOD,. Chin et al. (2014) also
found a decrease in dust in the Sahara/Sahel in the time period 1980-2009 due to reduced 10m-wind speed, possibly

caused by an increase in sea surface temperature (SST) in the North Atlantic.

— AE is also increasing in Asia as a combination of a (not significant) increase in AGP<}m-AODs¢ and a significant
inerease-i-AOD>tmdecrease in AOD.. The increase in AE is likely tied to increases in anthropogenic emissions
which are associated with fine mode aerosol. This result is consistent with the trend reported by Yoon et al. (2012) at
some individual stations. At the same time, we observe an increase of SO4 of 3.8%/yr, which is consistent with the
trend reported in Aas et al. (2019). This increase is associated with a large uncertainty (+4%/yr ) due to a drop in the
already small number of stations available in the region, especially between 2010 and 2012. Indeed, with a maximum of
12 stations, a few stations missing can greatly affect the computation of the regional time series. This is reflected by the

representativity study which reveals a score lower than 40% for this parameter.

— No significant trends eeutd—be-are found in Australia, although the representativity is greater than 50% for AGD;
AOB<Ipmand-AEAODs.

This multi-parameter trend analysis reveals a decrease in most of the parameters relating to aerosol burdenfextensive
parameters), both in the total column and at the surface level. In Asia, the trends in AOP<l#mAOD¢, AE and SO, sug-
gest an increase in the proportion of the finer particles. While differences might be expected when comparing regional trends
with trends computed at individual stations, the trends are usually consistent with those previously reported in the literature.
de Meij et al. (2012) focused on regional AOD trends in the 2000-2009 period; despite the differences in the study periods and
the methodologies involved, econsistent-trends-ean-be-found-in-trends consistent with those found in this study are found for
most of the regionswith-the-trends-obtained-in-this-stady.

14



420

425

430

435

440

445

4.2 Evaluation of the models trends against observations

In order to evaluate the trends from the models, the regional time series have been computed with the model output collocated
in space and time to the available observations at the station level. The model trends are computed in a similar manner to

the trends for the observation datasets. H

D

2010-and2014-The results, shown in Figure 6, reveal different-perfermances-(a) the differing abilities of the various models ;
for-thereproduction-to reproduce of the observed trends, depending-and (b) the model performance depends on the parameters

and the regions.

D >

— AOQOD: the models show trends i s-with the same sign as the observed trends over all
the regions except in Asia, where the associated uncertainties are --however,-usually larger than the trend values. Some

differences among the three model groups are observed when investigating the different regions:

— EUROPE: all the groups underestimate the observed decrease in AOD. With an average decrease of -1.0%/yr,
the CMIP6 models exhibit the largest underestimation, while the best performance is obtained with CAMS-Rean
(-2-4-2.0%/yr). The AP3 models’ trends range from -1.3%/yr to -2:0-2.3%/yr.

— NAMERICA: in contrast to the results for EUROPE, on average, all of the models overestimate the observed AOD
decrease in NAMERICA even though two models of the AP3 group simulate lower trends than are found for

observations. The consistency in the trends is very high within the CMIP6 group over this region.

— SAMERICA: CAMSRean-CAMS-Rean slightly overestimates the observed AOD decrease while all-the-models-of
almost all of the models in the two other groups underestimate this decrease. A few of the models simulate positive

trends, but these are associated with large uncertainties.

— NAFRICA: all the models capture the observed decreasing AOD tendency. With a trend of -3.0%/yr, CAMS-Rean
is the closest to the observed trend (-2:7-2.8%/yr). AP3 and CMIP6 multi-model trend averages are -2:0%/y+-and
-2-2both equal o -2.1%/yrrespeetively.

— ASIA: A large inter-model variability is found in this region where the uncertainty is also significantimportant. The
means of the trends of each group range-from—06-2%#y+to—+0-2are close to 0%/yr.

— AOB<1tmAOD:s: usually, the same patterns are found as for AOD. The models that underestimated the AOD underes-
timate AOD<lm-AODy and vice versa. For AOD<t1#m-AODy and the following parameters, only NorESM2 provides
data for the CMIP6 group.

- irEUROPE: the underestimation of the decrease in AODjs captured by the models is larger than the underestimation

of AOD.
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— ASIA: an-increase.associated-with laree uncertainties-is found-in -both-models-of the - AP3 group 3%y

observations{(+0-8%7/yryas for AOD, the trends are associated to large uncertainties and show a large inter-model
variability.

— AOP>+#mAOD.: the performance of the models is not as good as for AOB<t#mAODyg. This is also observed when

evaluating the models for a single year (Glif3 et al., 2020). The inter model variability is also higher since some models

simulate AOD>1m-AOD,. trends in opposite directions in some regions.

— EUROPE: while the observations exhibit a significant decrease, CAMS-Rean and all of the AP3 models exhibit
increasing values for AOP>11tmAOD,. NorESM2 from CMIP6 simulate-simulates a decrease consistent with the

observations.

— SAMERICA: All of the models simulate large increases, from +4-31.2%/yr up to ++4-68.5%/yr which are not
visible in the observations (-0-1+0.1%/yr).

— NAFRICA: the models reproduce the observed decrease of 3:33.1%/yr to some extent (from -0-7-0.6%/yr to
-2:5-2.7%lyr). The fact that some models with fixed SST (e.g ECHAM-HAM) reproduce this decrease does not
support the hypothesis of the SST changes —Fhe-deerease-in-dust-conld-be-caused-by-inereased-wet-seavenging-of

on-the-dust-surface-makes-dust-aerosols-effective-cloud-condensation-nuelei-impacting dust emissions. (Fan et al.,
2004; Bauer and Koch, 2005; Bauer et al., 2007; Neubauer et al., 2019).

— ASIA: CAMS-Rean captures the-same-a similar negative trend as computed with the observations dataset. Likefor
AOBD<hp#tmAs with AODy, no certain trend can be identified in this region with the NorESM2 CMIP6 model.

— AE: the trends are usually smaller than for AOD in the respective regions;-meanifig-. This can mean that the amount of

the particles is more subject to variations than the size (type) of these particles but could also illustrate that AE is less

sensitive to the change in a relative sense. This feature is visible with both observations and models.

EUROPE and NAMERICA: one model ef-in the AP3 group (ECHAM-HAM) simulates a significant positive trend

in AE while negative tendencies are found in the observation and with the other models.

— SAMERICA: all of the models simulate negative AE trends, most of them significant, in agreement with the
observations. CAMS-Rean and the AP3 models tend to underestimate the decrease, while the-NorESM2 CMIP6

model tends to overestimate it.

— NAFRICA: CAMS-Rean does an excellent job of reproducing the observed AE increase (+1.3%/yr versus +3+-11.2%/yr).

The significant trends of the AP3 models range from -0:5-0.4%/yr to +2.0%/yr. The increase of AE supports the

theory of enhanced scavenging of dust by anthropogenic aerosols.

— ASIA: the AP3 models and the NorESM2 CMIP6 model exhibit significant positive trends, which is also the case

for the observations. CAMS-Rean does not capture any significant trend in this region.
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— PMs 5: Almost all the models simulate significant decreases over Europe and North America, in good agreement with

the observations. The CMIP6 model performs however better in North America, while it underestimates the extent of

480 the decrease in Europe. Further analysis reveals that, despite the fact that it does a good job reproducing the PMj 5
trend in North America, CAMS-Rean exhibits a large positive bias in Nerth-Ameriea-this region when considering the
absolute values (+100%). In North Africa, both CAMS-Rean and AP3 models capture the significant decrease seen in

the observations.

— PMjg: In North Africa, only CAMS-Rean reproduces the observed significant decrease. Positive trends are found for all
485 the models of-in the AP3 (except GEOS) and CMIP6 groups. As for PM, 5, NerESM-NorESM?2 has better performance
in North America. CAMS-Rean produces a trend twice as high as the observed trends both over Europe and North

America.

— SOy4: The AP3 and CMIP6 models perform quite well for the SO4 surface concentration. The magnitude of the model

trends is however higher than the observed trends in all the regions except North Africa.

490 — 0sp and 0,,;,: as mentioned in the previous section, the observations trends have been computed for these two parameters
using data until 2018. The two models providing output for these parameters are NorESM?2 and SPRINTARSOsloCTM3.
NorESM2 provides data until 2014, so the NorESM2 trends correspond to the period [2000-2014], while SPRINTARS

OsloCTM3 provides data until 2048-and-thus—covers—the—whele—ebservation—period-2017 and the respective trends
correspond to [2666-26+82000-2017].

495 — EUROPE: a significant decrease is found in the observations for both o, and o, but this is not captured by

the models where-positive-trends-arefound—although-for which the calculated trends are associated with large
uncertainties.
- NAMERICA: A significant decrease of -1.3%/yr is found with both NorESM2 and OsloCTM3 for o, which is

not seen in the observations. For o,,, NerESM2-captures-the two models capture a similar trend as derived from
500 the observations while- SPRINTARS-deesnot(-1.5%/yr).

This model trends evaluation reveals some key-pointskey points. First, CAMS-Rean, which assimilates AOD, performs the
best for capturing the trends of this parameter. Second, a large inter-model variability is generally found over Asia, where the
observed trends are also the most uncertain. Considering the total column, the models usually perform rather well for AOD,
AOB<t#mAODy, and AE, but show lower skill for AGD>t#mAOD,. At ground level, the models perform well for both SO4

505 concentration and PM. The trends in o, and o,, computed from regional time series are associated with large uncertainties
due to the limited number of stations. This is exacerbated by the fact that data was only available from two models for these

parameters.
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4.3 Trends in models
4.3.1 Global trends

510 As discussed previously, the regional trends found are probably not always representative of the trends in the extended regions
and over the whole study period. The reasons are the partial spatial and temporal coverage of the ground based observations.
Moreover, the observation stations are obviously located on land. This does not allow for a depiction of a global aerosol trends

and is unfortunate as sea salt particles are among the most predominant aerosols on Earth (Schulz et al., 2004).

515 datasets offers the opportunity to derive global aerosol trends. In order to provide an assessment of the aerosol trends at a
global scale, we present, in this section, the trends computed with the-NorESM2 data-(CMIP6 group)using-all-grid-boxes,
which provides data for all of the nine parameters considered in this study. The calculation of the global trend is made by
averaging the absolute trends computed at each grid-point of the model and using all timestamps in the study period. In order
to provide a relative trend, this absolute trend is normalized to the global average of the considered parameter for the year

520 2000. The global trends are reported for the nine aerosol parameters in Table 4. The global maps, shown in Figure 7, enable
investigation of the spatial variability of these trends.

While the observed trends of the three AOD parameters show a decrease in most of the regions of the world, the global
AOD trend is actually positive (+0.2%/yr). This global increase is also found with other models. Averages of the models from
the CAMS-Rean and the AP3 groups simulate global trends of about +0.2%/yr and +0.3%/yr respectively. Within the CMIP6

525 group, IPSL and CESM2 also exhibit positive trends (+0.7%/yr and +0.3%/yr), consistent with NorESM2, while CanESM
simulates a negative trend (-0.8%/yr). The relative increase of 0.2%/yr found with NorESM2 corresponds to an absolute rate of
+0.0028/decade, which is in excellent agreement with the global trend (over the oceans) of +0.003/decade reported by Zhang
and Reid (2010) using MODIS data. The increase of AOD is observed to be larger for the fine fraction, with an increase of about
+0.6%/yr, as compared to +0.1%/yr for AOD>1#mAOD,. As seen in Figure 7, similar geographical patterns are found for the

530 three AODs: increase in South-Africa and East-Asia and decrease in Europe and in the US. The increasing AOD observed in
Canada is dominated by an increase of AOD<}zm-AODy in this region. The impertant-prominent increase of AOD in Indonesia

seems to be linked to a large increase of AOP>1pm—Overthe-AOD,. The tropical Pacific Ocean, ene-region-off the west coast
of South America, has significant positive modelled trends in both AOD and AOB<t#mAOD;. Almost no significant trend is
found south of 60°S.

535 The model also simulates an increase for AE on a global scale, with a rate of +0.3%/yr. This suggests a shift towards smaller
particles. The largest increases are found over Canada, Greenland, Siberia and the Pacific Ocean. There are some distinct
outliers around 60°S. In the Atlantic, we find a decrease of AE off the east coast of the US, which is consistent with the
decrease of AOP<lm-AODy in the same region.

The trends in both PM; 5 and PM; exhibit similar geographical features as are observed for AOD. In addition, one finds

540 large and significantly increasing trends in the high Arctic that could be explained by a change in the air mass circulation

attern, or by the increase of open sea, which might contribute to a higher production of sea salt acrosols (Willis et al., 2018; Abbatt et al., 2(
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. The global averages show that PMs 5 is increasing faster than PMyg (+0.2%/yr vs. +0.1%/yr), which is consistent with the
increasing AE, suggesting a relatively higher fraction of fine particles with time.

The surface SO4 concentration trends map reveals two large contrasting regions. Significant decreases are found over North
America and Europe, while significant increases are found over southern and eastern Asia and southern to central parts of
Africa. This illustrates the shift of polluting activities from the developed countries to the developing countries during the last
two decades. With an overall increase of +0.4%/yr, the global trend is positive.

The o), trends are very similar to those observed for both PM; 5 and PM ;. The same geographical patterns are found, as
well as the global average trend which amounts to an increase of 0.2 %/yr over the study period.

0qp reveals increasing tendencies over most of the grid-boxes of the model, except in Europe, the eastern part of the US,
and Australia. This explains why the-a large positive global trend is obtained for this parameter, with an average of +1.5%/yr.
Further analysis shows a good spatial correlation with the BE-black carbon OD (Optical Depth) that exhibits a strong global
positive trend of +2.3%/yr, as discussed below.

Table 4 also contains the trends computed for the different aerosol parameters when combining only the grid-points where
an observation station is located, whether measurements are available or not. Significant differences in ’global’ trends can be
found when observations are not provided over some regions. This is most obvious for SO4 for which the observation stations
are located mostly in Europe and North America and exhibit decreasing values, while only a few stations are located in the
regions associated with increasing values. In this case, the computation of the trends by considering only observation station
grid-boxes leads to a global decrease of —++-3.9%/yr while consideration of all of the grid-boxes of the model leads to a global

increase of +0.4%/yr.
4.3.2 Contribution of main aerosol species to the AOD trends

The averaged global trend computed by NorESM2 indicates an increase of AOD in the 2000-2014 period with a rate of about
0.2%/yr. The trends in AE, AOD<lym-and- AOD>1m-indieate-thatthe-fine- AODy and AOD, indicate that fine mode particles
are primarily responsible for this increase in the atmospheric column.

In this section, we investigate the trends of the major aerosol species simulated by NorESM?2. For that purpose, the absolute
trends of the individual contribution of these species to the AOD were computed, as well as the trends in the loads and the
emissions. The trends of OD and loads are shown in Figure 8. In this version, NorESM2 simulates a large proportion of sea
salt. This is the result of a model tuning used for reaching climate equilibrium. While the model attributes too much OD to SS,
the trends should not be affected by this tuning.

The relative increase of AOD of +0.2%/yr corresponds to an absolute increase in AOD of +3.1e~* /yr. This positive trend
is dominated by an increase in the species specific ODs of the organic aerosols (OA), SO4 and black carbon (BC), which are
responsible for an increase of the OD of about +2.0e ~* /yr, +0.7e~* /yr and +0.4e~* /yr, respectively. The relative OD trends
give a different ranking since the highest increase is found for BC (+2.5%/yr), followed by OA (+0.5 %/yr). On average, the
trends for dust and sea salt OD are slightly negative (-0.1e*/yr). Note - these species trends include any associated water
which can change as function of relative humidity.
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The trends in OD do not necessarily represent the trends in the aerosol loads s-sinee-the-which do not include associated water.

The different species have different global mass extinction coefficients (frem-this—study-calculated in this study as OD/load,

dust: 1.8 ngfl, SS: 4.3 ng’l, OA: 5.6 ng’l, SO4: 5.3 ng’l, BC: 7.6 ngfl). For sea salt, opposite trends are even
observed for the sea salt OD (positive trend) and the sea salt load (negative trend). The analysis of the global maps (not shown

580 in this study) reveals that the largest increases of the sea salt load happen in Indonesia and near the North Pole and result in a
relatively larger increase of OD in these areas. Fhiseffectrelates These localized increases in sea salt OD drive the global sea

salt OD trend and are due, at least in part, to the higher relative humidity at these latitudes which makes the sea salt, which is

very hygroscopic, more efficient at light extinction.

5 Conclusions

585 The main findings of this multi parameter trends analysis ean-be-listed-asfoHewsare listed below:

— The observations exhibit mostly negative trends regarding the extensive parameters in the different regions of the world.
Significant decreases are found in Europe, North America, South America, North Africa and Asia. In Asia, AE is in-
creasing in time and is consistent with increases in AOB<}tzm-AOD¢ and SO4, which reflects the regional increase of

the anthropogenic aerosols in that region in the overall study period from 2000 to 2014.

590 — Some observation networks allow for the derivation of representative trends over the whole study period. In other cases,

the partial-limited temporal and spatial coverage of the observations can induce artificial and/or highly uncertain trends
etAmong
the 38 computed trends with observation data, 22 are considered as representative of the actual trends occurring in the
whole region and study period.

when using regional time series.

595 — The models tend to capture observed AOD, AE, SO, and PM trends but show larger discrepancies regarding AOD>+mAOD..
The smaller amount of data available for establishing o, and o, trends makes the validation of the modeled trends more

uncertain.

observations—The-rather good agreement of the trends, across different aerosol parameters between models and obser-

600 vations, when co-locating them in time and space, implies that global model trends, including those in poorly monitored

regions, are likely correct.

— The global trends computed with the-medel-datashow-mostlypesitive-trendsfor-all-NorESM2 (CMIP6 group) model
data give a different picture than the trends obtained when using only ground-based observations. Global positive trends

are found for all of the parameters related to aerosol loading. The trends in AOD are dominated by the increase of the
605 fine particles both in the column and at the surface. This tendency toward finer particles is consistent with the positive

trend in AE. This increase appears to be dominated by the-organic-aerosolsorganic aerosol, for which the emissions have
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increased in the study period, and by the-SO, whoese-emissions-aerosol whose sources were shifted from Europe and

North America to Africa and East Asia where a global positive SO trend is found.
Some elements were not considered in this study which could be investigated in order to complete the aerosol trends picture:

610 — Some regions are associated with strong seasonal cycles. In South America, the regional time series shows high peaks in
AOD, associated with forest fires in the late summer, whose intensity greatly varies from year to year. In Africa, a strong
seasonal contrast is also found due to the transport of desert dust at altitude in the summer months (Mortier et al., 2016;
Ogunjobi et al., 2008). The computation of the seasonal trends would allow characterization of the tendencies in such

extreme or synoptic aerosol events.

615 — This study shows that the trends computed from the ground-based observations networks are not representative of the
global aerosol trends due to the inhomogeneities in data spatial coverage. The satellites providing a global Earth obser-
vation could be utilized for the evaluation of the model trends in the regions lacking observations and over the oceans
(Hsu et al., 2012; Zhang and Reid, 2010).

— The trends in the meteorological parameters could be investigated in parallel with the aerosol trends because they affect

620 the aeresols-aerosol life cycle and their optical properties (Che et al., 2019). Hypothetical trends in wind velocity could
produce trends in the loads of sea salt and dust and, as seen in the last section, trends in OD could also be enhanced

by relative humidity changes. Changes in temperature could impact the magnitude of the biogenic emissions. Indeed,

increasing temperatures, associated with changes in land use and high atmospheric €62-CO4 concentrations have been

shown to lead to an increase of the BVOC emissions (Pefiuelas and Staudt, 2010). Finally, trends in precipitation that are

625 responsible for aerosol wet scavenging would directly produee-impact trends in aerosol loads.

— Several studies have linked the trends in anthropogenic aerosols to radiative forcing variations while investigating sources

of global dimming and brightening Streets-et-al-(2006); Norris-and-Wild(2007)(Streets et al., 2006; Norris and Wild, 2007

. It could be of interest to evaluate how much the modeled trends deviations, as compared to the observations, are affect-

ing the calculation of the radiative forcing, in the different regions of the world, and at a global scale.

630 — While the mountain sites were excluded from this study, it could be of interest to investigate the trends at higher altitude

(which may be related to changes in long range transport) by including the in situ and remote sensing stations higher

than 1000 m (Jungfraujoch, Mauna Loa Observatory, —etc.).

635

split North America into several sub-regions which

it may also be of interest to look at trends in smaller regions (e.g.

are more internally consistent in terms of climate and environment than the larece NAMERICA region defined here, or
consider southern Europe as its own region rather than combining it with the North Africa region as was done here).
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Table 1. List of observations and model datasets used in this study (see text for explanation).

Parameter Type Observation networks Models

AOD Column  AERONET! ECMWEF-Rean; NorESM2; SPRINTARS;
ECHAM-HAM; GEOS; OsloCTM3; GFDL-
AM4; BCC-CUACE; CanESM5; CESM2;

IPSL-CM6A

AODB<tpm-AODy  Column  AERONET NorESM2; SPRINTARS; ECHAM-HAM;
GEOS; OsloCTM3; GFDL-AM4

AOBP>tpm-AOD,  Column  AERONET ECMWEF-Rean; NorESM2; SPRINTARS;
ECHAM-HAM; OsloCTM3; GFDL-AM4 =
BEC-CUACE-

AE Column  AERONET ECMWEF-Rean; NorESM2; SPRINTARS;
ECHAM-HAM; GEOS; OsloCTM3; GFDL-
AM4

PMs 5 Surface EMEP?; IMPROVE? ECMWEF-Rean; NorESM2; SPRINTARS;
ECHAM-HAM; GEOS

PMjig Surface EMEP; IMPROVE ECMWEF-Rean; NorESM2; SPRINTARS;
ECHAM-HAM; GEOS

SO4 Surface =~ EMEP; IMPROVE; CASTNET*; CAPMoN?; EANET® ECMWF-Rean; NorESM2; SPRINTARS;
ECHAM-HAM; GEOS; OsloCTM3; BCC-
CUACE

Tsp Surface  GAW-WDCA? (incl. IMPROVE; NOAA-FANS®; ACTRIS?; EMEP)  NorESM2; SPRINFARS-OsloCTM3

Cap Surface GAW-WDCA (incl. NOAA-FAN; ACTRIS; EMEP) NorESM2; SPRIN—"PAR%Q&I\(/)\C/\'ILM\}\

! Aerosol Robotic Network >The European Monitoring and Evaluation Program 3Interagenoy Monitoring of Protected Visual Environments 4Clean Air Status and Trends Network
5The Canadian Air and Precipitation Monitoring Network ® Acid Deposition Network in East Asia ’Global Atmosphere Watch - World Data Centre for Aerosol ®National Oceanic

and Atmospheric Administration Federated Aerosol Network 9 Aerosol, Clouds, and Trace Gases Research Infrastructure
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Table 3. Observational mean values for the year 2000, the reference year used for computing relative trends. Each value is extracted as
the intercept of the linear trend computed in the 2000-2014 period, except for o, and oqp, Where the trends have been computed over
2000-2018. Because the required minimum number of yearly averages was set to seven, no trend could be computed in the southern African

region.

EUROPE NAMERICA SAMERICA NAFRICA ASIA AUSTRALIA

AOD 0.17 0.10 0.15 0.26 0:350.37 0.10
AOD<hmAOD;  6:44-0.15 0.08 0:42-0.11 0.11 048022 005004
AOP>Hm-AOD, 0.03 0.02 0.03 0.10 6-++0.09 0.03
AE 44143 +46148  £36126 672070 66116 6:97-1.00
PMys (ugm™®) 428123 7369 - 9.0 - -
PMio (pgm™) 16.8 12:8124 - 196197 - -
SO4 (ugm™?) 2.01 1.45 - 2.98 1.97 -

osp Mm™1) 332344 2560234 - - - -

Oap Mm™) 9763 27926 - - - -

Table 4. Global means and trends of aerosol parameters using NorESM2 model data. The value in parenthesis is obtained by aggregating
only grid-points where observation stations are located while using the complete model time series. The relative trends are calculated by

averaging the absolute trends within the considered grid-points and normalizing it to the global mean for the year 2000.

M eanspoo Trend (%/yr)
AOD (0.16) 0.14 (+0.1) +0.2
AOP<tm-AODs (0.09) 0.05 (+0.4) +0.6
AOP>Htm-AOD, (0.06) 0.09 (-0.2) +0.1
AE (0.78) 0.43 (+0.2) +0.3

PMa 5 (pgm ™) (1246.3)9.1  (+0:2-1.1) +0.2
PMio (ugm™)  (#9:311.7)18.7  (+6:+-0.6) +0.1

SO4 (ugm™?) (2:331,86) 0.64  (-+1-3.9) +0.4
Tsp Mm™) (28:013.9)21.2  (+0:3-0.3) +0.2
Tap Mm™h) (3420009  (++814) +15
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Figure 1. Global AOD computed from model historical runs (OsloCTM3, GFDL-AM4, CanESMS5, CESM2, IPSL-CM6A, ECHAM-HAM)
at monthly (gray lines) and yearly resolutions (black lines), overlayed with the number of active observation sites in the sun-photometer
network- AERONET sunphotometer network.
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Figure 2. Distribution of the observations within the different regions considered in this study. The numbers reported within each region

correspond to the maximum number of stations given for the observation networks corresponding to the five observation types found in the

legend.

35



0.8

2000-2014: —2.8 * 0.7 %/yr; p-val: 2.3e-06 EUROPE 2000-2014: —=1.2 % 0.7 %]/yr; p-val: 2.0e-03 ASIA
0.6
0.4
o2 /‘%VQMWM%A‘@W\ \’
0.0
0.8
2000-2014: —1.3 + 0.8 %]/yr; p-val: 2.9e-03 NAMERICA 2000-2014: —3.1 x 2.6 %/yr; p-val: 8.3e-03 SAMERICA
0.6
S o4
g0
0.2 Q :ﬁ :
0.0
0.8
2000-2014: —2.8 = 0.6 %/yr; p-val: 1.0e-05 NAFRICA 2000-2014: -1.8 + 3.6 %lyr ; p-val: 1.6e-01 AUSTRALIA

0.0
2000 2002 2004 2006 2008 2010 2012 2014 2000 2002 2004 2006 2008 2010 2012 2014

Figure 3. Regional time series of AOD. The dark blue line corresponds to the median and the light blue envelope is bound by the first and
third quartiles of all valid points at the corresponding month, respectively. The blue dots correspond to the yearly averages which are used to
compute the linear trend. The latter is displayed as a continuous line when the trend is significant and as a dashed line when it is not. Trend

values, an error estimate and significance value are given in the-figureeach pane.
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Figure 4. Three regional AOD time series and respeetived-respective trends, constructed from model data (NorESM2) for the investigation
of representativeness-the representativity of the observational data. The upper figures correspond to the number of points used to compute the
regional time series for the three different datasets. The lower figures show the time series, the trends, and the resulting representativity value
(black, bold). The blue color (Re fiim.) corresponds to the model output collocated in space and time to-with the available observations.
The upper graphs show an overall increase in the number of available observations (more stations) combined with a seasonal cycle (less
AOD available in wintertime). The orange color (Exptime/Re fspace) corresponds to the model output collocated in space to the stations
providing measurements, using the complete time series from 2000 to 2014. The green color (Expspace) corresponds to the model output in
the whole geographic region (see 2), using all of the grid boxes without any collocation to the observations.
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Figure 5. Regional trends of the aerosol properties computed with the observation datasets. The color of the circles corresponds to the slope,
while the radius indicates the p-value. The largest circles represent the trends significant with a confidence level of 95%. The circles bordered

with a black line indicate the trends associated with a representativity greater than 50%.
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Figure 6. Regional trends of the aerosol properties computed with observations and models collocated in space and time to the observations.

-Sen slope and the residuals.
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The bold font indicates that the trends are significant with-an-expeetaney-at a confidence level of 95% (p-val<0.05).

The error bars correspond to the uncertainty of the trend as calculated using both the uncertainty
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Figure 7. Global trends of aerosol properties using NorESM2 data regridded at a 5x5 degrees resolution. The blue and red dots dots indicate
respeetively-significant negative and positive trends, respectively.
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Figure 8. Absolute trends in OD and emissions of the main aerosol species computed with NorESM2. The y-axis of the trends in OD and

the emissions is given according to the power of 10 indicated at the top left corner of each of the subplots.
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