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Abstract. Global monitoring of aerosols is required to analyse the impacts of aerosols on air quality and to
understand their role in modulating the climate variability. The Copernicus Atmosphere Monitoring Service
(CAMS) provides near-real-time forecasts and reanalyses of aerosols using the ECMWF Integrated Forecasting
System (IFS), constrained by the assimilation of MODIS and Polar Multi-Sensor Aerosol Optical Properties
(PMAp) aerosol optical depth (AOD). Given the potential end of lifetime of MODIS AOD, implementing new
AOD observations in the CAMS operational suite is a priority to ensure the continuity of the CAMS forecast
performances. The objective of this work is to test the assimilation of the NOAA VIIRS AOD product from
S-NPP and NOAA20 satellites in the IFS model. Simulation experiments assimilating VIIRS on top or in place
of MODIS were carried out from June 2021 to November 2021 to evaluate the impacts on the AOD analysis.

For maritime aerosol background, the assimilation of VIIRS and the use of VIIRS from NOAA20 as an anchor
reduce the analysis AOD values compared to MODIS-based experiments, in which the analysis values were too
high due to the positive bias of MODIS/Terra over ocean. Over land, the assimilation of VIIRS induces a large
increase in the analysis over biomass burning regions where VIIRS shows larger AOD than MODIS due to
differences in the aerosol models and cloud filtering between MODIS and VIIRS retrieval algorithms. For dust
source regions, the analysis is reduced when VIIRS is assimilated on top of or in place of MODIS, particularly
over the Sahara, the Arabian Peninsula and a few places in Asia in the July–August period. The assimilation of
VIIRS leads to an overall reduction of the bias in AOD analysis evaluated against AERONET measurements,
with the largest bias reduction over Europe and desert and maritime sites.

1 Introduction

Satellite observations of aerosol optical depth (AOD), which
represents the total atmospheric column mass extinction,
offer a great potential to resolve the spatial and tempo-
ral variations of aerosols at both regional and global scales
(Kokhanovsky et al., 2007). They have frequently been used
to reduce the impacts of uncertainties in aerosol model ini-
tial conditions on the aerosol forecast through data assim-

ilation techniques. Data assimilation (DA) consists of pro-
ducing an optimal estimate of the atmospheric state (denoted
hereafter the analysis), by combining the observation and the
model background information in an optimal way which ex-
plicitly accounts for both the observation and model back-
ground errors (Courtier et al., 1994). Generoso et al. (2007)
showed that the assimilation of coarse- and fine-mode AOD
retrieved from POLDER in the LMDz-INCA model im-
proves the aerosol burden estimation over the Arctic region.
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In addition, MODIS AOD from Terra and Aqua satellites,
which have been frequently used in global aerosol data as-
similation systems, was proved to improve the forecast per-
formances compared to free-running experiments (Benedetti
et al., 2009; Zhang et al., 2008; Sic et al., 2016; Di Tomaso
et al., 2017). Xian et al. (2019) showed that the spread be-
tween aerosol models is reduced when they are constrained
by DA compared to free-running aerosol models. Forecast
improvement particularly concerns biomass burning and dust
outbreak events along with regions associated with large
emission uncertainties such as polluted hot spots in South-
east Asia (Sic et al., 2016; Choi et al., 2020; Escribano et al.,
2022). Aerosol forecast is generally improved up to 72 h lead
time, after which the impact of the uncertainties in the emis-
sion dataset is larger than that of initial conditions. Aerosol
data assimilation systems are based on distinct data assimi-
lation techniques which include variational (Benedetti et al.,
2009), Kalman filter (Schutgens et al., 2010) and ensemble
(Rubin et al., 2016; Di Tomaso et al., 2017) methods. Most
data assimilation systems assimilate AOD, which gives infor-
mation on the total atmospheric column aerosol mass extinc-
tion. They rely on the model background to redistribute the
analysis increments on the different species simulated by the
model according to their fractional contribution. Other sys-
tems assimilate species-dependent observations (Di Tomaso
et al., 2017). For example, the dust forecast from the Met
Office Unified Model relies on the assimilation of MODIS
AOD, which has been filtered to assimilate only dust ob-
servations (Pope et al., 2016). More recently, Escribano et
al. (2022) have shown the benefit of the joint assimilation of
spaceborne dust extinction coefficient profile and dust opti-
cal depth observations. While most data assimilation systems
have been exploiting single AOD products, the current chal-
lenge lies in designing efficient multi-satellite AOD assimi-
lation schemes to increase the resilience of the data assimi-
lation system against instrument failure and to enhance the
accuracy of the analysis by maximising the spatial and tem-
poral coverage of the observations and exploiting enhanced
information content from the new generation of satellite re-
trievals (Benedetti et al., 2018).

The Copernicus Atmosphere Monitoring Service (CAMS)
produces global forecasts and reanalyses of aerosol, trace gas
species and greenhouse gases (GHGs) using the Integrated
Forecasting System (IFS) developed at ECMWF and a 4D-
VAR data assimilation scheme (Flemming et al., 2015; In-
ness et al., 2019; Huijnen et al., 2019; Rémy et al., 2019).
For aerosol, MODIS AOD from Terra and Aqua satellites
produced by NASA (Levy et al., 2013) and the Polar Multi-
Sensor Aerosol Optical Properties (PMAp) AOD produced
by EUMETSAT from instruments on board MetOp-B and
MetOp-C (EUMETSAT, 2021) are assimilated in the IFS.
However, both Terra and Aqua satellites are now drifting,
meaning their respective mean local time of observation is
changing. In addition, the satellite altitude is slowly decreas-
ing with time, leading to a decrease in pixel size on the

ground and increasing gaps between orbits, which may nega-
tively impact the aerosol analysis and the performances of the
forecast. In this context, VIIRS AOD has recently been com-
pared with MODIS, PMAp and modelled AOD to prepare for
its future assimilation in the IFS and increase the resilience of
the DA system against MODIS instrument failure or product
disruption (Garrigues et al., 2022). VIIRS AODs have been
produced by both NASA (Sayer et al., 2018; Hsu et al., 2019;
Sawyer et al., 2020) and NOAA (Laszlo and Liu, 2022). At
the time of its implementation in the CAMS, only the NOAA
product was produced in near real time (NRT) and provided
retrievals from both S-NPP and NOAA20 platforms. Gar-
rigues et al. (2022) have evaluated the consistency of the
NOAA VIIRS (v2.r1) AOD with MODIS (C6.1) AOD at the
model spatial resolution over both land and ocean from De-
cember 2019 to May 2021. They reported that VIIRS AOD
is generally lower than MODIS over ocean and larger over
biomass burning and some dust source land regions. Addi-
tionally, VIIRS shows larger spatial coverage than MODIS,
related to its higher spatial resolution and larger swath.
Finally, the study indicates significant offsets between re-
trievals from the same instrument on board distinct satel-
lite platforms: Terra/MODIS and SNPP/VIIRS are frequently
larger than Aqua/MODIS and NOAA20/VIIRS, respectively.
This is related to biases in input radiances, which translate di-
rectly to the AOD retrieval. These biases between the same
instrument but on board different platforms need to be ac-
counted for when the observations are used in the assimila-
tion process. Ideally, well-characterised ground-based obser-
vations with very small bias are used to “anchor” the DA sys-
tem, but lacking those, the satellite dataset that is considered
to be the most reliable can be used without bias correction
as an anchor against which the other observations are bias-
corrected.

The objective of this paper is to evaluate the impact of
assimilating the NOAA VIIRS AOD product from S-NPP
and NOAA20 satellites on the AOD analysis from the IFS.
Distinct experiments assimilating VIIRS on top or in place
of MODIS were conducted from June 2020 to November
2020. This period includes both typical seasonal variations
of aerosol load and exceptional aerosol outbreaks related to
dust storms and extreme biomass burning events (Fig. 1).

Section 2 provides a description of the satellite AOD ob-
servations used in this work. Section 3 presents the IFS
model, the 4D-VAR data assimilation method used in the
IFS and the simulation experiments designed for this work.
The results are summarised in Sect. 4 and are discussed in
Sect. 5. The conclusion and recommendations from this work
are given in Sect. 6.

2 Satellite AOD products

The similarities and differences between the NOAA VIIRS
(Laszlo and Liu, 2022) and NASA MODIS (Levy et al.,
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Figure 1. CAMS monthly AOD reanalysis anomalies in 2020 (computed as the difference between the monthly average in 2020 and the
monthly average over the period 2003–2020).

2013; Hsu et al., 2019) AOD products are summarised here.
More detailed information on MODIS and VIIRS algo-
rithms; their relative performances assessed at the IFS spa-
tial resolution; and the PMAp product, which is assimilated
over ocean but is not the focus of this paper, can be found in
Garrigues et al. (2022).

MODIS and VIIRS are two imaging radiometers. VIIRS
has a larger swath than MODIS. In addition, it shows reduced
pixel deformation at the edge of the swath, which should
limit geometry-induced retrieval biases. The MODIS AOD
product has a ∼ 10 km spatial resolution, while VIIRS is re-
trieved at the spatial resolution of 0.750 km. However, the
VIIRS product used in the CAMS is the BUFR version for
which data were thinned using every second column from
every second row of the original NetCDF product distributed
by NOAA, resulting in an effective resolution of 1.5 km.

The MODIS product includes two separate retrieval algo-
rithms: the Dark Target (DT; Levy et al., 2013) over land and
ocean and the Deep Blue (DB; Hsu et al., 2019) over land
only. MODIS and VIIRS algorithms exploit similar spectral
information content from selected visible (VIS) and short-
wave infrared (SWIR) bands. They rely on a similar ocean
surface reflectance model, which represents the contributions
from sun glint reflectance, whitecap reflectance and under-
water light scattering. Over vegetated land surfaces, MODIS
(DT and DB) and VIIRS exploit a similar spectral constraint
approach (Kaufman et al., 1997) to estimate the surface re-
flectance in the visible domain (Levy et al., 2013, Hsu et al.,
2019; Laszlo and Liu, 2022). Over bright and complex sur-
faces, both the MODIS DB and the VIIRS algorithms ex-
ploit a surface reflectance database and account for the sur-
face anisotropy. VIIRS and MODIS DT use similar aerosol

models over ocean adapted from Remer et al. (2005). The
aerosol models used over land in the NOAA VIIRS AOD al-
gorithm are the same as those in the MODIS DT algorithm;
they were adopted from the MODIS collection 5 AOD algo-
rithm as described in Levy et al. (2007). The difference is
that the MODIS DT algorithm prescribes the aerosol mod-
els geographically (allowing only for dust contribution dy-
namically), while the NOAA VIIRS algorithm selects one
of the candidate models for each pixel by the evaluation of
how well reflectances calculated for each model match the
reflectances observed in selected spectral bands. All prod-
ucts are associated with quality assessment (QA) information
and provide pixel-level uncertainty information. For MODIS
DT the uncertainty is computed as a function of AERONET
AOD, while for the DB and VIIRS it is a prognostic function
of the retrieved AOD.

3 Model and data assimilation

3.1 Model

The experiments were performed using IFS cycle 47R3,
which was run at a horizontal spectral resolution of TL511
(equivalent to a grid size of about 40 km) and comprises
137 atmospheric levels (0.01 to 1013 hPa). The IFS exploits
a semi-Lagrangian scheme (Temperton et al. 2001) and a
mass fixer (Diamantakis and Flemming, 2014) to simulate
the transport of atmospheric tracers. Trace gas species and
chemistry processes are simulated using the modified Car-
bon Bond 05 (CB05) chemistry scheme (Flemming et al.,
2015, and Huijnen et al., 2019). A bulk-bin scheme is used
for aerosol modelling (Rémy et al., 2022). Of 14 aerosol
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tracers simulated, there are seven distinct species (dust, sea
salt, organic matter, black carbon, sulfate, nitrate and am-
monium), three bin sizes for dust and sea salt, fine and
coarse mode for nitrate, and hydrophilic and hydrophobic
for black carbon and organic matter. Emissions of sea salt
and dust are simulated using the IFS meteorological vari-
ables. Biomass burning emission estimates are provided by
the Global Fire Assimilation System (GFASv1.4), which re-
lies on the assimilation of MODIS fire radiative power (FRP)
observations of Kaiser et al. (2012). The CAMS-GLOB-
ANT 4.2 (Elguindi et al., 2020) and the CAMS-GLOB-
BIO v1.1 (Sindelarova et al., 2014) emission inventories pro-
vide the rest of the static primary aerosol for anthropogenic
sources and biogenic sources, respectively. More details on
the aerosol model implemented in the IFS can be found in
Rémy et al. (2019, 2022).

3.2 Data assimilation method

An incremental 4D-VAR assimilation scheme is applied to
both meteorological and atmospheric composition variables
using a 12 h assimilation window (Courtier et al., 1994).
In the CAMS, the 12 h assimilation windows are defined
from 03:00 to 15:00 UTC (denoted 12z) and from 15:00 to
03:00 UTC (denoted 00z). The 4D-VAR scheme works by
minimising a cost function which has a control vector based
on the initial conditions as input. The cost function measures
the differences between the model’s background fields, fore-
cast from the initial conditions and the observations through-
out the assimilation window and is weighted by the error
statistics of both the background and the observations. The
probability distribution functions of the background and the
observation errors are assumed to be Gaussian. The incre-
mental form of 4D-VAR used in the IFS means that a se-
quence of minimisations is carried out on a lower-resolution
linearisation of the full non-linear model. In the CAMS oper-
ational system, these so-called inner-loop minimisations are
currently carried out at TL95 and TL159, which correspond
to horizontal resolutions of 210 and 125 km, respectively.

The variable used in the control vector for aerosols is a
total aerosol mass mixing ratio, defined as the sum of the
aerosol species, since there is not enough information in the
observations of AOD to constrain all 14 aerosol bins. The
total aerosol analysis increments produced by the assimila-
tion are repartitioned into the individual components accord-
ing to their fractional contribution to the total aerosol mass
(Benedetti and Fisher, 2007; Benedetti et al., 2009).

The background errors used in the cost function for the
total aerosol control variable are calculated with the National
Meteorological Center (NMC) method (Parrish and Derber,
1992), using differences between pairs of background fields
which have the statistical characteristics of the background
errors. The background error covariance matrix is given in a
wavelet formulation (Fisher, 2004, 2006). This allows both
spatial and spectral variations of the horizontal and vertical

background error covariances. The CAMS background errors
are constant in time.

The observation operator used to transform the aerosol
mass mixing ratios into AOD consists of a lookup table
(LUT) of aerosol optical properties which were computed
assuming externally mixed aerosol species, spherical shape
and a lognormal size distribution prescribed for each aerosol
species. The relative humidity derived from the IFS meteo-
rological variables is used to represent its impact on the op-
tical properties of hygroscopic aerosol. The aerosol mass of
each aerosol species is first interpolated at the location and
time of the observation and then integrated vertically. AOD at
0.55 µm for each individual aerosol species is computed from
the extinction coefficient stored in the LUT, and then the total
AOD is calculated as the sum of the individual species AOD.

Once an initial condition has been optimised by the 4D-
VAR minimisation process, a 5 d aerosol forecast is run from
00z for the 15:00 to 03:00 UTC assimilation window and
from 12z for the 03:00 to 15:00 UTC assimilation window.

3.3 Assimilation of MODIS, PMAp and VIIRS AOD in
the IFS

In the CAMS operational suite, MODIS Collection 6.1 is
assimilated over ocean and land. DT is preferentially used,
and DB is employed to gap-filled DT over land. PMAp ver-
sion 2.1 is assimilated over ocean only. In this work, the as-
similation of the NOAA VIIRS AOD is tested over both land
and ocean.

Quality control filters are applied to the data at different
steps of the assimilation system. Prior to their use in the
IFS, the observations are filtered by selecting only the best-
quality retrievals according to the data provider recommen-
dations. MODIS DT retrievals associated with a quality as-
sessment (QA) equal to 3 over land and larger than or equal
to 1 over ocean are selected. DB retrievals associated with
QA larger than or equal to 2 are used to gap-fill DT over
land. For PMAp and VIIRS, the best-quality retrievals are se-
lected. Within the IFS, a first filter consists of removing the
observations that are far from the model background values.
Then, a variational quality control, based on a Bayesian for-
malism, is applied to reduce the analysis weight given to the
observations, which show a large departure with the model
background but still fall within an acceptable distance from
the model (Andersson and Janarvinen, 1999).

Thinning and super-obbing techniques are applied to re-
duce the number of observations, ensure a better consistency
with the model scale and minimise the impacts of possible
horizontal correlations on the observation error. A thinning
at 0.5◦ spatial resolution, which consists of keeping one ob-
servation within a 0.5◦ grid box, is applied to both MODIS
and PMAp. To reduce the large number of VIIRS observa-
tions at 0.750 km, super-obbing (Janjić et al., 2018) at the
TL511 model spatial resolution, which consists of a spatial
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averaging of the observations at the model resolution, was
applied to the VIIRS data.

A variational bias correction scheme (Dee, 2005;
Benedetti et al., 2009), where biases are estimated by includ-
ing bias parameters in the control vector, is applied to ob-
servations during the 4D-VAR minimisation step. The bias
correction is continuously adjusted to optimise the consis-
tency with all information used in the analysis. Currently,
in the IFS, a bias correction can only be applied to an in-
strument and not a distinct instrument/satellite combination.
Hence, in the CAMS operational configuration, the bias cor-
rection is applied only to PMAp, and both Terra/MODIS and
Aqua/MODIS are used to anchor the bias correction, i.e. not
bias-corrected. However, given the differences observed be-
tween distinct satellite products in Garrigues et al. (2022),
developments were made to the system to allow for different
bias corrections to be applied to separate instrument/satel-
lite combinations. Therefore, when VIIRS is assimilated on
top of MODIS and PMAp, we chose to apply the bias cor-
rection to MODIS, PMAp and SNPP/VIIRS. VIIRS AOD
from NOAA20 is used as an anchor. The choice of anchoring
NOAA20 and not SNPP was made based on the results from
Garrigues et al. (2022), who reported a positive offset be-
tween VIIRS from SNPP and from NOAA20 over ocean due
to a positive bias in the solar reflective bands of SNPP/VIIRS.
The choice of applying the bias correction to both Terra/-
MODIS and Aqua/MODIS is justified by the non-corrected
radiometric calibration degradation of Terra/MODIS in the
dark target algorithm and the ageing of both instruments on
board Terra and Aqua with more frequent failure compared
to VIIRS.

A fixed value of standard deviation of observation er-
ror (0.05 over ocean and 0.1 over land) has been used for
MODIS since its implementation in 2009 (Benedetti et al.,
2009). For PMAp and VIIRS, the pixel-level standard devi-
ation of retrieval error provided with the product is used to
represent the AOD observation error.

4 Methodology

4.1 Experiment design

Simulations with a duration of 6 months were conducted
from 1 June 2020 to 30 November 2020. This period was se-
lected because it encompasses major aerosol emission events
such as the huge dust outbreak over the mid-Atlantic in
June (Yu et al., 2021) and the extreme and persistent fires in
Siberia, North America and South America that occur from
June to September 2020. Figure 1 illustrates these events
by showing the monthly departure of the CAMS reanalysis
AOD from longer-term averages, for the considered period.

Four experiments were designed to test distinct combina-
tions of assimilated satellite AODs (Table 1). PM (PMAp
and MODIS) corresponds to the CAMS operational con-
figuration. The comparison of PMV (PM and VIIRS) with

Table 1. Experiment characteristics (instruments used and applied
bias correction; BC and A stand for bias correction and anchor, re-
spectively, and NO stands for not used).

Experiment AOD data assimilation

name PMAp MODIS VIIRS

NOAA20 SNPP

PM BC A NO NO
PMV BC BC A BC
V NO NO A A
M NO A NO NO

PM gives indications on the impact of adding VIIRS on top
of MODIS and PMAp for a future operational configuration.
The comparison of V (VIIRS-only) and M (MODIS-only)
experiments informs on the impact of assimilating VIIRS in
place of MODIS to understand how the differences in infor-
mation content between MODIS and VIIRS AOD impact the
analysis.

4.2 Evaluation methods

The first-guess departure (FGD) quantifies the differences
between the satellite observation (before bias correction) and
its model-simulated equivalent from the short-range forecast,
which was started from the previous analysis and is thus in-
fluenced by data assimilation. Positive values indicate that
the observation is larger than the model and vice versa. The
mean and the standard deviation (SD) of FGD represent the
systematic and random departures, respectively, between the
observation and the model. FGD is exploited in this work
to (i) characterise the spatial patterns of the departure be-
tween the observation and the model and (ii) identify differ-
ences between products including products derived from the
same instrument but on board distinct platforms (e.g. Terra
vs Aqua and SNPP vs NOAA20).

The overall differences between the experiments were as-
sessed by comparing the daily average of the AOD analysis
from each experiment. The daily analysis is computed as the
mean value of the analysis obtained at 00:00, 06:00, 12:00
and 18:00 UTC each day and then averaged over the JJA or
SON period.

The accuracy of the AOD daily analysis was assessed
against AERONET data (Holben et al., 1998; Giles et al.,
2019) using level 2.0 quality-assessed measurements which
were available from 394 sites worldwide for the studied
period. Model data were interpolated to the observation
sites, and the observations themselves were averaged over
24 h windows. The performances are quantified through the
fractional gross error (FGE; Eq. 1) and the modified nor-
malised mean bias (MNMB; Eq. 2). In Eqs. (1) and (2),
AODm and AODo represent the AOD daily analysis and the
daily average of the AOD observations, respectively. These
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metrics are insensitive to outliers in the distribution, and their
range is between 0 to 2 and −2 to 2, respectively. They are
computed at both global scales considering all AERONET
sites available and continental scales (Europe, North Amer-
ica, Southeast Asia and Africa). The evaluation is also per-
formed for specific aerosol types by selecting 11 oceanic
sites mainly influenced by sea salt aerosols, 19 desert sites
mainly influenced by dust aerosols and 47 western US sites
mainly influenced by biomass burning aerosols during the
fire events that occurred in mid-August to the end of Septem-
ber 2020. The 24 h temporal evolution of these metrics is pro-
vided for each experiment.

FGE=
2
n

n∑
i=0

∣∣∣∣AODm
i −AODo

i

AODm
i +AODo

i

∣∣∣∣ (1)

MNMB=
2
n

n∑
i=0

AODm
i −AODo

i

AODm
i +AODo

i

(2)

5 Results

5.1 First-guess departure spatial distributions

Figures 2–5 show the ocean and land latitude transects of the
mean and the SD of FGD for JJA and SON periods computed
for the PMV experiment.

Over ocean, FGD of MODIS/Terra is frequently positive
and shows the highest values among the investigated AOD
products (Fig. 2). It is followed by FGD of MODIS/Aqua and
VIIRS/S-NPP, which have similar zonal distributions, while
FGD of VIIRS/NOAA20 is always negative and is the lowest
among the investigated satellite AOD. Between 0 and 25◦ N,
which includes the dust outbreak over the mid-Atlantic,
MODIS/Terra, MODIS/Aqua and VIIRS/S-NPP show sim-
ilar positive mean FGD. The lower mean FGD values of VI-
IRS/NOAA20 compared to S-NPP indicate a negative AOD
offset between the two satellite products over ocean. Figure 4
shows a similar SD of FGD between products in the South-
ern Hemisphere, while SD of FGD substantially increases for
VIIRS in the Northern Hemisphere (10 to 60◦ N for JJA and
30 to 50◦ N for SON), indicating larger random errors be-
tween the model and VIIRS AOD in this region. Overall, the
products show small differences in the spatial distribution of
their mean FGD between JJA and SON periods. However,
the SD of FGD of VIIRS displays contrasted spatial distribu-
tion in the Northern Hemisphere between the JJA and SON
periods, with overall higher values in JJA.

Over land, the mean FGD of MODIS is frequently nega-
tive, while that of VIIRS is frequently positive (Fig. 3). Both
MODIS and VIIRS display similar negative mean FGD val-
ues over dust source regions (negative peak around 15◦ N in
Fig. 3a and b). The largest differences in mean FGD between
VIIRS and MODIS are obtained over biomass burning re-
gions where VIIRS reaches high positive FGD values. The
seasonal variation of mean FGD over land mirrors the sea-

sonal variation in regional fires: in JJA the differences be-
tween VIIRS and MODIS FGD occur above 50◦ N, which
is related to Siberia and North America fires, and from 0
to 15◦ S, related to South America fires; for SON, larger dis-
crepancies between VIIRS and MODIS appear in the SH due
to the Amazonian fires in September. The relative differences
in mean FGD between instruments on board different satel-
lites are smaller over land compared to ocean except between
NOAA20 and SNPP over dust source regions (0 to 25◦ N
in JJA; Fig. 3a). The FGD SD is larger for VIIRS than for
MODIS (Fig. 5). The SD of FGD of both VIIRS and MODIS
increases over biomass burning regions and dust source re-
gions, with a larger increase for VIIRS. This indicates larger
random differences between the model and the observations
for dust and biomass burning aerosol types.

5.2 Analysis spatial distribution

Figure 6 displays the maps of the differences in daily analysis
between (i) V and M experiments to see the impact of replac-
ing MODIS by VIIRS and (ii) PMV and PM experiments to
see the impact of assimilating VIIRS on top of MODIS. Fig-
ures 7 and 8 compare the latitude transects over ocean and
land, respectively, of the daily analysis AOD produced from
those experiments. Overall, PM and M experiments show
very similar analysis compared to the differences between
the other experiments.

Over ocean, the assimilation of VIIRS decreases the analy-
sis compared to the MODIS-based assimilation experiments.
While the reduction is stronger when only VIIRS is assim-
ilated (V experiment), the differences between PMV and
V analysis are small compared to the differences between
VIIRS-based assimilation experiments with those which do
not assimilate VIIRS.

Over land, the assimilation of VIIRS leads to an increase
of the analysis over biomass burning regions (e.g. North
America and Siberia in JJA and South America and central
and southern Africa in SON) and a decrease over dust source
regions (northern Africa and the Arabian Peninsula in JJA).
The differences between V and M experiments are of sim-
ilar magnitude compared to the differences between PMV
and PM experiments, except over dust source regions, where
the decrease in analysis is stronger between V and M exper-
iments.

5.3 Evaluation against AERONET measurements

Figure 9a shows that the assimilation of VIIRS (PMV or
V experiments) leads to an overall reduction of the AOD
analysis MNMB, evaluated against 394 AERONET stations
at global scale, compared to the experiments based on the
assimilation of MODIS (PM and M experiments). Bias re-
duction is relatively small in June and July, it substantially
increases in a limited period of time in August (related to
North America fires), and then it maintains steady values
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Figure 2. Latitude cross-section of mean FGD, for the JJA (a) and SON (b) periods over ocean.

Figure 3. Latitude cross-section of mean FGD, for the JJA (a) and SON (b) periods over land.

Figure 4. Latitude cross-section of FGD SD, for the JJA (a) and SON (b) periods over ocean.

from mid-September to November. The assimilation of VI-
IRS also slightly reduces FGE, but the reduction is relatively
low compared to the bias reduction. At continental scale,
the largest bias reduction occurs in Europe from September
onwards (Fig. 10a). Mixed results are observed over North
America (Fig. 10b): the assimilation of VIIRS has very small
impacts on the AOD analysis bias from June to July 2020, a

large bias reduction is observed for the PMV experiment and
negative biases for the V experiment in August 2020, and
the bias is then slightly reduced from October to Novem-
ber. For Africa (Fig. 10d), PMV and V experiments have
smaller MNMB values than PM and M experiments, and they
show negative biases in September and October. For South-
east Asia (Fig. 10c), all the experiments show a decrease in
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Figure 5. Latitude cross-section of FGD SD, for the JJA (a) and SON (b) periods over land.

Figure 6. Difference in mean JJA (a) and SON (b) AOD daily analysis between (i) PMV and PM and (ii) M and V experiments.

bias in mid-August from 0.2–0.4 to reach 0–0.2 values in
October. The assimilation of VIIRS has a small impact on
MNMB from June to October and then leads to a slight bias
reduction for the rest of the period. Results over South Amer-
ica are not shown since very few differences in AOD analy-
sis between experiments were reported. Figure 11 shows re-
gional evaluations of the AOD mean daily analysis for spe-
cific aerosol types. Figure 11a and b highlight the strong re-
duction in AOD bias over desert and oceanic sites, respec-
tively. Figure 11c presents the evaluation for 47 western US
sites, which were mainly influenced by intense biomass burn-
ing events from mid-August to the end of September 2020.
All experiments show large negative and positive MNMB
values over this period compared to June–July and October–
November.

6 Discussion

Compared to MODIS, the VIIRS AOD product represents a
larger number of observations. In addition, the VIIRS algo-
rithm is applying dynamically varying aerosol models during
the retrieval: it potentially carries more information than the
MODIS product, which relies on aerosol models that are pre-
scribed and fixed in space and time. We discuss the results of
this work here to identify the expected changes in the CAMS
aerosol analysis triggered by the assimilation of VIIRS.

6.1 Overall changes in the DA system

The implementation of VIIRS AOD observations in the
CAMS DA system introduced significant changes affect-
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Figure 7. Latitude transects of mean JJA (a) and SON (b) AOD analysis over ocean.

Figure 8. Latitude transects of mean JJA (a) and SON (b) AOD analysis over land.

ing the AOD analysis when VIIRS is assimilated on top of
MODIS. First, the choice of VIIRS/NOAA20 as an anchor
while the bias correction is applied to MODIS (from both
Aqua and Terra) and VIIRS/SNPP plays an important role.
This strategy was justified by (1) the known positive off-
set of MODIS/Terra and VIIRS/SNPP reported over ocean
by Garrigues et al. (2022) and (2) the frequent underes-
timation of MODIS AOD estimates over bright land sur-
faces as highlighted by Tao et al. (2017). Second, the larger
number of VIIRS cloud-free observations used in the DA,
which is related to (1) the higher spatial resolution and the
larger swath of the VIIRS instrument compared to MODIS
and (2) the use of internal tests in the VIIRS retrieval algo-
rithm to better distinguish between cloud and optically thick
aerosol pixels, contributes to giving more weight to VIIRS
in the DA system. This is enhanced by the use of super-
obbing for VIIRS, which exploits the information content
of all best-quality observations, while the random thinning
applied to MODIS may remove relevant observations with
high information content. This was illustrated in Garrigues
et al. (2022), who reported that VIIRS resolved finer spa-
tial details of smoke plume transport compared to MODIS,
which showed nosier spatial pattern.

6.2 Regional impacts

The use of MODIS as an anchor in the operational config-
uration of the CAMS (PM experiment) leads to relatively
large positive bias in the analysis given the low AOD value of
maritime aerosols. This is related to the known positive off-
set of MODIS/Terra compared to MODIS/Aqua (Levy et al.,
2018; Sogacheva et al., 2020). The assimilation of VIIRS and
the use of VIIRS/NOAA20 as an anchor decrease the analy-
sis AOD by 0.02 on average, which provides more accurate
AOD analysis for background maritime aerosol. Our results
also show the positive offset between VIIRS/SNPP and VI-
IRS/NOAA20 reported by Garrigues et al. (2022) for a dif-
ferent season in 2020. This offset is due to a known posi-
tive bias in the top-of-the-atmosphere reflectances observed
by VIIRS/S-NPP over ocean, which translates directly to an
AOD bias and thus justifies the choice to bias-correct VI-
IRS/SNPP and use VIIRS/NOAA20 as an anchor.

Over land, the main changes triggered by the assimila-
tion of VIIRS occur in dust and biomass burning regions,
as illustrated by the increase of the random departure of
VIIRS AOD with the model (FGD SD) over these regions.
For biomass burning regions, the assimilation of VIIRS gen-
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Figure 9. Temporal evolution of MNMB (a) and FGE (b) of the mean daily analysis of AOD for the PM, PMV, V and M experiments,
evaluated against level-2 AERONET AOD measurements at 500 nm from 394 sites at global scale.

Figure 10. Temporal evolution of MNMB of the mean daily analysis of AOD for the PM, PMV, V and M experiments, evaluated against
level-2 AERONET AOD measurements at 500 nm from 106 European sites (a), 130 North American sites (b), 80 Southeast Asian sites (c)
and 53 African sites (d).
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Figure 11. Temporal evolution of MNMB of the mean daily analysis of AOD for the PM, PMV, V and M experiments, evaluated against
level-2 AERONET AOD measurements at 500 nm from 18 desert sites (a), 11 oceanic sites (b) and 47 western US sites (c).

erally increases the analysis, which frequently reduces the
bias against AERONET. This is related to the larger VIIRS
AOD values than MODIS over fire areas and is explained
by (1) differences in aerosol models between the VIIRS and
MODIS retrieval algorithms and (2) the detection tests used
to identify heavy smoke aerosol in the VIIRS algorithm (Gar-
rigues et al., 2022). However, our results indicate large analy-
sis biases for the western US extreme fire events, irrespective
of the assimilation of MODIS or VIIRS. These remaining er-
rors are probably due to large cloud contamination for such
intense fire events and lack of representativity of the biomass
burning aerosol models.

For dust, the assimilation of VIIRS strongly reduces the
analysis over land dust source regions and dust outbreak over
oceans, leading to a reduction of the analysis bias for dust.

This is particularly true in a latitude band between 10 and
30◦ N, where VIIRS produces smaller AOD than MODIS in
JJA. However, these results contrast the findings from Gar-
rigues et al. (2022), who show larger VIIRS AOD values over
the Bodélé Depression in Africa, the Taklamakan desert and
the Australian deserts during the winter months in 2020.

The increase in increments from VIIRS experiments over
China is likely related to complex interactions between nat-
ural and anthropogenic aerosols for which the differences in
aerosol models between VIIRS and MODIS retrieval algo-
rithm may explain the larger VIIRS AOD than MODIS AOD
(Garrigues et al., 2022).

Over Australia, the differences in analysis are larger be-
tween V and M experiments than PMV and PM experiments,
particularly in SON. VIIRS leads to larger analysis values
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than MODIS when it is assimilated in place of MODIS. The
lower impact obtained in the PMV experiment suggests that
the presence of MODIS mitigates the impact of VIIRS over
this region.

6.3 Seasonal dependency

Over land, the seasonal variations are strongly driven by fire
seasonal variability. As a result, the assimilation of VIIRS
is expected to reduce the analysis bias (i) in JJA over North
America and Siberia and (ii) in SON over South America and
central and southern Africa.

7 Conclusion

The CAMS aerosol data assimilation system has been relying
mainly on the assimilation of MODIS for more than 10 years.
Given the ageing of the MODIS instrument and consequently
the possible disruption of the MODIS products, assimilating
new aerosol observations has been a priority to ensure the
continuity of the CAMS forecast performance. The objective
of this work was to test the assimilation of the NOAA VI-
IRS AOD product from S-NPP and NOAA20 satellites in the
IFS model and to evaluate its impacts on the CAMS AOD
analysis performances. In this work, experiments assimilat-
ing VIIRS on top of MODIS or in place of MODIS in IFS cy-
cle 47R3 have been carried out from June 2020 to November
2020, which is representative of a large variability of aerosol
events.

For ocean, VIIRS generally shows lower AOD values than
the model and MODIS over maritime aerosol background.
The assimilation of VIIRS and the use of VIIRS/NOAA20
as an anchor reduce the analysis compared to the MODIS-
based experiments, which were producing increments that
were too high due to the well-known positive offset of MOD-
IS/Terra over ocean. This study also confirms the positive
bias of VIIRS AOD from S-NPP, which justifies the choice
of applying the bias correction to VIIRS/S-NPP and using
VIIRS/NOAA20 as an anchor.

For land, VIIRS is larger than both MODIS and the model
over biomass burning regions (e.g. Siberia and North Amer-
ica in JJA and South America and central Africa in SON).
This leads to an increase in the analysis when VIIRS is as-
similated on top of MODIS or in place of MODIS. For re-
gions with high dust load, including land and oceanic dust
outbreak, VIIRS AOD is frequently smaller than MODIS
and the model, which leads to a substantial decrease in
AOD analysis. The assimilation of VIIRS reduces the incre-
ments over Sahara, the Arabian Peninsula and some places
in Asia in JJA. However, the impact of VIIRS on dust ar-
eas is seasonal-dependent as the changes in analysis are less
important for SON 2021.

The comparison against AERONET shows an overall re-
duction of the bias in AOD analysis when VIIRS is assim-
ilated either on top of MODIS or in place of MODIS. The

largest bias reduction occurs in Europe followed by Africa
and Southeast Asia, while more mixed results are obtained
over North America. The assimilation of VIIRS substantially
improves the analysis performances over desert, and the bias
reduction is significant over maritime aerosol sites given the
low AOD of maritime aerosol background.

This work shows that the introduction of VIIRS in the
CAMS DA system will strengthen the resilience of the
CAMS DA system against any disruption of the observing
system, which is an important aspect to ensure the continuity
of the aerosol forecast performances. As VIIRS observations
only include afternoon overpass, the next priority will be the
implementation of morning overpass low-Earth-orbit (LEO)
observations (e.g. Copernicus Sentinel-3 SLSTR) and geo-
stationary products (e.g. GEMS, Copernicus Sentinel-4) to
better sample the AOD diurnal cycle and mitigate the impacts
of cloud cover that can have a strong diurnal cycle in some
regions. Finally, future work should also focus on evaluat-
ing the observation error associated with each AOD retrieval
which weights the contribution of each satellite product on
the analysis increment and thus plays a key role in the imple-
mentation of a multi-satellite AOD DA system.
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is the intellectual property of ECMWF and its member states, and
therefore the IFS code is not publicly available. ECMWF member
state weather services and their approved partners can get access
granted to this code. Access to an open version of the IFS code
(OpenIFS) that includes cycle CY47R3 IFS-AER may be obtained
from ECMWF under an OpenIFS licence. More details can be found
at https://confluence.ecmwf.int/display/OIFS/About+OpenIFS (last
access: 10 September 2023). A software licensing agreement with
ECMWF is required to access the OpenIFS source distribution: de-
spite the name it is not provided under any form of open-source
software license. License agreements are free and limited to non-
commercial use, forbid any real-time forecasting, and must be
signed by research or educational organisations. A detailed docu-
mentation of the IFS code is available from https://www.ecmwf.int/
en/publications/ifs-documentation (last access: 26 October 2022).

Author contributions. SG carried out the simulations described
in the paper and wrote the manuscript. RR set up the processing
chain of each satellite AOD product at ECMWF to prepare their use
in the ECMWF data system. MA and AI contributed to the analysis
of the results and provided their expertise in data assimilation. SR
contributed to the discussion by providing his expertise in aerosol
modelling. MP provided Fig. 1 on AOD anomalies and helped with
the result interpretation with respect to extreme fire events. The rest
of the co-authors from the CAMS team provided valuable feedback
on the assimilation of multi-satellite AOD and some development
and maintenance of the CAMS operational system.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Atmos. Chem. Phys., 23, 10473–10487, 2023 https://doi.org/10.5194/acp-23-10473-2023

https://confluence.ecmwf.int/display/OIFS/About+OpenIFS
https://www.ecmwf.int/en/publications/ifs-documentation
https://www.ecmwf.int/en/publications/ifs-documentation


S. Garrigues et al.: Impact of assimilating VIIRS AOD in CAMS 10485

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. The Copernicus Atmosphere Monitoring
Service (CAMS) is operated by the European Centre for Medium-
Range Weather Forecasts on behalf of the European Commission as
part of the Copernicus programme (http://copernicus.eu, last access:
30 October 2022). The authors would like to thank the EUMETSAT,
NASA and NOAA space agencies for providing the satellite AOD
products assimilated and monitored in the CAMS.

Review statement. This paper was edited by Stelios Kazadzis
and reviewed by two anonymous referees.

References

Andersson, E. and Janarvinen, H.: Variational quality control, Q. J.
Roy. Meteor. Soc., 125, 697–722, 1999.

Benedetti, A. and Fisher, M.: Background error statistics for
aerosols, Q. J. Roy. Meteor. Soc., 133, 391–405, 2007.

Benedetti, A., Morcrette, J.-J., Boucher, O., Dethof, A., Engelen,
R., Fisher, M., Flentje, H., Huneeus, N., Jones, L., Kaiser, J.,
Kinne, S., Mangold, A., Razinger, M., Simmons, A. J., and Sut-
tie, M.: Aerosol analysis and forecast in the European centre
for medium-range weather forecasts integrated forecast system:
2. Data assimilation, J. Geophys. Res.-Atmos., 114, D13205,
https://doi.org/10.1029/2008JD011235, 2009.

Benedetti, A., Reid, J. S., Knippertz, P., Marsham, J. H., Di
Giuseppe, F., Rémy, S., Basart, S., Boucher, O., Brooks, I.
M., Menut, L., Mona, L., Laj, P., Pappalardo, G., Wieden-
sohler, A., Baklanov, A., Brooks, M., Colarco, P. R., Cuevas,
E., da Silva, A., Escribano, J., Flemming, J., Huneeus, N.,
Jorba, O., Kazadzis, S., Kinne, S., Popp, T., Quinn, P. K.,
Sekiyama, T. T., Tanaka, T., and Terradellas, E.: Status and fu-
ture of numerical atmospheric aerosol prediction with a focus
on data requirements, Atmos. Chem. Phys., 18, 10615–10643,
https://doi.org/10.5194/acp-18-10615-2018, 2018.

Choi, Y., Chen, S.-H., Huang, C.-C., Earl, K., Chen, C.-Y.,
Schwartz, C. S., and Matsui, T.: Evaluating the impact of
assimilating aerosol optical depth observations on dust fore-
casts over North Africa and the East Atlantic using differ-
ent data assimilation methods, J. Adv. Model. Earth Sy., 12,
e2019MS001890.https://doi.org/10.1029/2019MS001890, 2020.

Courtier, P., Thepaut, J.-N., and Hollingsworth, A.: A strategy for
operational implementation of 4D-Var, using an incremental ap-
proach, Q. J. Roy. Meteor. Soc., 120, 1367–1387, 1994.

Dee, D.: Bias and data assimilation, Q. J. Roy. Meteor. Soc., 131,
3323–3343, https://doi.org/10.1256/qj.05.137, 2005.

Di Tomaso, E., Schutgens, N. A. J., Jorba, O., and Pérez García-
Pando, C.: Assimilation of MODIS Dark Target and Deep
Blue observations in the dust aerosol component of NMMB-
MONARCH version 1.0, Geosci. Model Dev., 10, 1107–1129,
https://doi.org/10.5194/gmd-10-1107-2017, 2017.

Diamantakis, M. and Flemming, J.: Global mass fixer algorithms
for conservative tracer transport in the ECMWF model, Geosci.

Model Dev., 7, 965–979, https://doi.org/10.5194/gmd-7-965-
2014, 2014.

Elguindi, N., Granier, C., Stavrakou, T., Darras, S., Bauwens,
M., Cao, H., Chen, C., Denier van der Gon, H. A. C.,
Dubovik, O., Fu, T. M., Henze, D. K., Jiang, Z., Keita, S.,
Kuenen, J. J. P., Kurokawa, J., Liousse, C., Miyazaki, K.,
Müller, J.-F., Qu, Z., Solmon, F., and Zheng, B.: Intercom-
parison of Magnitudes and Trends in Anthropogenic Surface
Emissions From Bottom-Up Inventories, Top-Down Estimates,
and Emission Scenarios, Earths Future, 8, e2020EF001520,
https://doi.org/10.1029/2020EF001520, 2020.

Escribano, J., Di Tomaso, E., Jorba, O., Klose, M., Gonçalves
Ageitos, M., Macchia, F., Amiridis, V., Baars, H., Marinou, E.,
Proestakis, E., Urbanneck, C., Althausen, D., Bühl, J., Mamouri,
R.-E., and Pérez García-Pando, C.: Assimilating spaceborne lidar
dust extinction can improve dust forecasts, Atmos. Chem. Phys.,
22, 535–560, https://doi.org/10.5194/acp-22-535-2022, 2022.

EUMETSAT: Polar Multi-Sensor Aerosol Product (PMAp): Val-
idation Report, v6, EUM/TSS/REP/14/745438, EUMETSAT,
https://www.eumetsat.int/media/40632 (last access: 9 November
2022), 2021.

Fisher, M.: Background error covariance modelling, Proc. of
ECMWF Seminar on Recent Developments in Data Assimila-
tion for Atmosphere and Ocean, 8–12 September 2003, Shinfield
Park, Reading, UK, ECMWF, 45–64, 2004.

Fisher, M.: “Wavelet” Jb – A new way to model the statistics of
back- ground errors, ECMWF Newsletter, 106, 23–28, 2006.

Flemming, J., Huijnen, V., Arteta, J., Bechtold, P., Beljaars, A.,
Blechschmidt, A.-M., Diamantakis, M., Engelen, R. J., Gaudel,
A., Inness, A., Jones, L., Josse, B., Katragkou, E., Marecal,
V., Peuch, V.-H., Richter, A., Schultz, M. G., Stein, O., and
Tsikerdekis, A.: Tropospheric chemistry in the Integrated Fore-
casting System of ECMWF, Geosci. Model Dev., 8, 975–1003,
https://doi.org/10.5194/gmd-8-975-2015, 2015.

Garrigues, S., Remy, S., Chimot, J., Ades, M., Inness, A., Flem-
ming, J., Kipling, Z., Laszlo, I., Benedetti, A., Ribas, R., Jafaris-
erajehlou, S., Fougnie, B., Kondragunta, S., Engelen, R., Peuch,
V.-H., Parrington, M., Bousserez, N., Vazquez Navarro, M., and
Agusti-Panareda, A.: Monitoring multiple satellite aerosol op-
tical depth (AOD) products within the Copernicus Atmosphere
Monitoring Service (CAMS) data assimilation system, Atmos.
Chem. Phys., 22, 14657–14692, https://doi.org/10.5194/acp-22-
14657-2022, 2022.

Generoso, S., Bréon, F.-M., Chevallier, F., Balkanski, Y., Schulz,
M., and Bey, I: Assimilation of POLDER aerosol opti-
cal thickness into the LMDz-INCA model: Implications for
the Arctic aerosol burden, J. Geophys. Res., 112, D02311,
https://doi.org/10.1029/2005JD006954, 2007.

Giles, D. M., Sinyuk, A., Sorokin, M. G., Schafer, J. S., Smirnov,
A., Slutsker, I., Eck, T. F., Holben, B. N., Lewis, J. R., Campbell,
J. R., Welton, E. J., Korkin, S. V., and Lyapustin, A. I.: Advance-
ments in the Aerosol Robotic Network (AERONET) Version 3
database – automated near-real-time quality control algorithm
with improved cloud screening for Sun photometer aerosol op-
tical depth (AOD) measurements, Atmos. Meas. Tech., 12, 169–
209, https://doi.org/10.5194/amt-12-169-2019, 2019.

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J.
P., Setzer, A., Vermote, E., Reagan, J. A., Kaufman, Y.,
Nakajima, T., Lavenue, F., Jankowiak, I., and Smirnov, A.:

https://doi.org/10.5194/acp-23-10473-2023 Atmos. Chem. Phys., 23, 10473–10487, 2023

http://copernicus.eu
https://doi.org/10.1029/2008JD011235
https://doi.org/10.5194/acp-18-10615-2018
https://doi.org/10.1029/2019MS001890
https://doi.org/10.1256/qj.05.137
https://doi.org/10.5194/gmd-10-1107-2017
https://doi.org/10.5194/gmd-7-965-2014
https://doi.org/10.5194/gmd-7-965-2014
https://doi.org/10.1029/2020EF001520
https://doi.org/10.5194/acp-22-535-2022
https://www.eumetsat.int/media/40632
https://doi.org/10.5194/gmd-8-975-2015
https://doi.org/10.5194/acp-22-14657-2022
https://doi.org/10.5194/acp-22-14657-2022
https://doi.org/10.1029/2005JD006954
https://doi.org/10.5194/amt-12-169-2019


10486 S. Garrigues et al.: Impact of assimilating VIIRS AOD in CAMS

AERONET – A federated instrument network and data archive
for aerosol characterization, Remote Sens. Environ., 66, 1–16,
https://doi.org/10.1016/S0034-4257(98)00031-5, 1998.

Hsu, N. C., Lee, J., Sayer, A. M., Kim, W., Bettenhausen,
C., and Tsay, S.-C.: VIIRS Deep Blue aerosol prod-
ucts over land: Extending the EOS long-term aerosol
data records, J. Geophys. Res.-Atmos., 124, 4026–4053.
https://doi.org/10.1029/2018JD029688, 2019.

Huijnen, V., Pozzer, A., Arteta, J., Brasseur, G., Bouarar, I.,
Chabrillat, S., Christophe, Y., Doumbia, T., Flemming, J., Guth,
J., Josse, B., Karydis, V. A., Marécal, V., and Pelletier, S.:
Quantifying uncertainties due to chemistry modelling – eval-
uation of tropospheric composition simulations in the CAMS
model (cycle 43R1), Geosci. Model Dev., 12, 1725–1752,
https://doi.org/10.5194/gmd-12-1725-2019, 2019.

Inness, A., Ades, M., Agustí-Panareda, A., Barré, J., Benedic-
tow, A., Blechschmidt, A.-M., Dominguez, J. J., Engelen, R.,
Eskes, H., Flemming, J., Huijnen, V., Jones, L., Kipling, Z.,
Massart, S., Parrington, M., Peuch, V.-H., Razinger, M., Remy,
S., Schulz, M., and Suttie, M.: The CAMS reanalysis of at-
mospheric composition, Atmos. Chem. Phys., 19, 3515–3556,
https://doi.org/10.5194/acp-19-3515-2019, 2019.
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