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Abstract. Asian dust is a seasonal meteorological phe-
nomenon which affects east Asia, and has severe conse-
quences on the air quality of China, North and South Ko-
rea and Japan. Despite the continental extent, the predic-
tion of severe episodes and the anticipation of their conse-
quences is challenging. Three 1-year experiments were run
to assess the skill of the model of the European Centre for
Medium-Range Weather Forecasts (ECMWF) in monitor-
ing Asian dust and understand its relative contribution to the
aerosol load over China. Data used were the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) Dark Target and
the Deep Blue aerosol optical depth (AOD). In particular
the experiments aimed at understanding the added value of
data assimilation runs over a model run without any aerosol
data. The year 2013 was chosen as representative of the
availability of independent AOD data from two established
ground-based networks (AERONET, Aerosol Robotic Net-
work, and CARSNET, China Aerosol Remote Sensing Net-
work), which could be used to evaluate experiments. Particu-
late matter (PM) data from the China Environmental Protec-
tion Agency were also used in the evaluation. Results show
that the assimilation of satellite AOD data is beneficial to pre-
dict the extent and magnitude of desert dust events and to im-
prove the short-range forecast of such events. The availability
of observations from the MODIS Deep Blue algorithm over
bright surfaces is an asset, allowing for a better localization
of the sources and definition of the dust events. In general
both experiments constrained by data assimilation perform
better than the unconstrained experiment, generally showing

smaller normalized mean bias and fractional gross error with
respect to the independent verification datasets. The impact
of the assimilated satellite observations is larger at analysis
time, but lasts into the forecast up to 48 h. The performance
of the global model in terms of particulate matter does not
show the same degree of skill as the performance in terms
of optical depth. Despite this, the global model is able to
capture some regional pollution patterns. This indicates that
the global model analyses may be used as boundary condi-
tions for regional air quality models at higher resolution, en-
hancing their performance in situations in which part of the
pollution may have originated from large-scale mechanisms.
While assimilation is not a substitute for model development
and characterization of the emission sources, results indicate
that it can play a role in delivering improved monitoring of
Asian dust optical depth.

1 Introduction

Asian dust is a seasonal meteorological phenomenon which
affects east Asia, particularly during spring. Dust is trans-
ported from the deserts of Taklimakan, Mongolia, northern
China and Kazakhstan and can travel over long distances, af-
fecting the air quality of China, North and South Korea and
Japan. Occasionally, the dust can even be transported over the
ocean over thousands of kilometers and reach the coasts of
North America. Measurements at Mauna Loa, Hawaii, show
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the presence of dust of Asian origin (Shaw, 1980; Darzi and
Winchester, 1982; Holmes and Zoller, 1996).

Dust is becoming a more serious concern due to the in-
crease of industrial pollutants contained in it, also in con-
nection to intensified desertification in China causing longer
and more frequent occurrences, both linked to climate fac-
tors and to land use change in west Asia (Zhang et al., 2003;
Chuluun and Ojima, 2002). Areas affected by dust experi-
ence poor air quality and, as a consequence, dust is known
to cause a variety of health problems, including sore throats
and asthma in otherwise healthy people. Often, people are
advised to avoid or minimize outdoor activities, depending
on the severity of the storms. For those who already have
asthma or respiratory infections, dust-related pollution can
be fatal (Lee et al., 2013; Goudie, 2014; Chen et al., 2011).
The economic impact of dust storms connected to reduced
air visibility, canceled flights and disrupted ground travel can
also be high (Jeong, 2008).

Because of its health, social and economical impacts, it is
critical to understand the source strength, transport and de-
position of dust and to establish sand and dust storms (SDS)
forecasting and early warning capabilities. Under the aus-
pices of the World Meteorological Organization (WMO), the
need for a global SDS forecasting and early warning system
was highlighted in 2005. More than 40 member countries ex-
pressed interest in participating in activities to improve ca-
pacities for more reliable SDS monitoring, forecasting and
assessment. The SDS-WAS (Warning and Assessment Sys-
tem) was launched in 2007 with the mission to enhance the
ability of countries to deliver timely and quality sand and
dust storm forecasts, observations and information to users
through an international partnership of research and opera-
tional communities. Towards this goal, three regional centers
have been created: the Northern Africa—Middle East—Europe
(NAMEE) node, the Pan-American node and the Asian node.
The latter is hosted by the Chinese Meteorological Adminis-
tration (CMA) and its focus is Asian dust prediction (Zhang
and coauthors, 2015). Member countries of the Asian node
include Japan, South Korea, Mongolia and Kazakhstan. All
centers run their forecast models for the specific region
(Gong and Zhang, 2008; Park et al., 2010). Some models
such as that of the Japan Meteorological Agency run at the
global scale (Tanaka and Chiba, 2005). The European Centre
for Medium-Range Weather Forecasts (ECMWF) also con-
tributes its dust forecasts to the Asian node through a partner-
ship between the Copernicus Atmosphere Monitoring Ser-
vice (CAMS) and CMA'.

Despite the recognized relevance, Asian dust monitoring
and forecasting are still a challenge due to the poor char-
acterization of the sources, which have strong spatial and
temporal variability, and the paucity of observational data
available to characterize both emissions and transport, espe-

ISee http://eng.nmc.cn/sds_was.asian_rc/ (last access: 21 Jan-
uary 2019) for further reference.
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cially in near-real time (NRT). A study by Uno et al. (2006)
compared eight state-of-the-art dust models and showed that
emission fluxes from the Taklimakan desert and Mongolia
strongly differ among the models. They suggested that mea-
surements of dust flux and accurate updated land use infor-
mation are important to improve the models over these re-
gions. They also found that modeling of dust transport and
removal processes over key regions needs to be improved in
order to obtain more skillful dust prediction that could un-
derpin warning systems, improve preparedness and possibly
lessen the impacts.

Although modeling problems need to be tackled at the
level of the parameterization of the physical, dynamical and
radiative processes, data assimilation of dust-related observa-
tions such as optical depth and lidar backscatter from satellite
sensors can help alleviate problems and improve the forecast
of dust events. This has been shown for example in a pio-
neering work by Sekiyama et al. (2010), in which the authors
show that assimilation of data from the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) li-
dar in an ensemble Kalman filter framework improves the
model simulation of Aeolian dust events. Assimilation efforts
to specifically improve dust prediction have been undertaken
at the global and regional scale by several institutes, both us-
ing ensemble methods in which emissions are also perturbed
(Lin et al., 2008; Rubin et al., 2016; Di Tomaso et al., 2017)
and variational methods (Niu et al., 2008; Liu et al., 2011).
All studies show the positive impact of satellite and in situ
data assimilation in desert-dust-affected regions for high load
episodes, with some impact lasting into the forecast range.

Progress has been made in recent years thanks to the de-
ployment of accurate, multi-channel aerosol sensors on satel-
lite platforms and the improvement of ground-based net-
works which are now offering stable observations of good
quality over long periods and increasingly in NRT. Given
these opportunities in this paper, we will investigate the
added benefit of data assimilation for the desert dust anal-
ysis and short-range prediction using ECMWF’s Integrated
Forecasting System (IFS) and aerosol optical depth (AOD)
observations from Moderate Resolution Imaging Spectrora-
diometer (MODIS), which are now also available on bright
surfaces (Deep Blue collection) in the framework of the 4D-
Var assimilation system extended to aerosol species (Courtier
et al., 1994; Benedetti et al., 2009). The novelty with respect
to previous studies that also employed MODIS observations
(i.e., Liu et al., 2011) rests in the use of a fully operational
4D-Var system in which the model dynamics serve as a con-
straint during the assimilation. For dust storms of synoptic
extent, this constraint might imply a longer lasting impact of
the assimilated data into the forecast range. The verification
of the analysis and forecast benefits from the availability of
data from the Aerosol Robotic Network (AERONET; Hol-
ben et al., 1998, 2001), as well from the China Aerosol Re-
mote Sensing Network (CARSNET; Che et al., 2015). Addi-
tionally, PM data from the China Environmental Protection
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Agency (CEPA) are also used to assess the value of AOD
assimilation in surface PM forecasts.

2 Description of the ECMWF CAMS system

Desert dust forecasts are provided by the ECMWF CAMS
system, which is a comprehensive modeling and assimila-
tion system based on the IFS developed at ECMWF with
the extended capabilities of including atmospheric com-
position tracers in the transport model and in the analy-
sis (Flemming et al., 2015). The system has been devel-
oped in the CAMS precursor projects, Global and Regional
Earth System Monitoring Using Satellite and In Situ Data
(GEMS; Hollingsworth et al., 2008) and Monitoring Atmo-
spheric Composition and Climate (MACC; Peuch and Enge-
len, 2012). Aerosols are forecast within the ECMWF CAMS
global system by an aerosol model (Morcrette et al., 2009),
based on earlier work by Reddy et al. (2005) and Boucher
et al. (2002) that uses five species: dust, sea salt, black car-
bon, organic carbon and sulfates. In the version of the model
used in this study, nitrates were not included. More recent
versions of the model do include this important aerosol com-
ponent.

Dust aerosols specifically are represented by three prog-
nostic variables that correspond to three size bins, with bin
limits of 0.03, 0.55, 0.9 and 20 um radius. Specific dust
processes that are parameterized are the production of dust
through saltation and removal by wet and dry deposition and
sedimentation. Various areas are marked as having the po-
tential to emit dust based on surface albedo, moisture of the
top soil level and bare soil fraction. Dust emissions are pa-
rameterized following Ginoux et al. (2001) as a function of
the cubic power of 10 m wind speed. A correction is also ap-
plied to account for gustiness as described in Morcrette et al.
(2008). Dry deposition depends on a prescribed deposition
velocity and on the aerosol concentration in the model level
closer to the surface.

For sea salt, a bin representation is used and emissions are
also parameterized as a function of surface winds. For all
other tropospheric aerosols (carbonaceous aerosols and sul-
fates), a bulk parameterization is used and emission sources
are defined according to established inventories (Lamarque
et al,, 2010). Biomass burning emissions contributing to
black carbon and organic matter loads are prescribed from
the Global Fire Assimilation System (GFAS; Kaiser et al.,
2012). Removal processes include sedimentation for dust and
sea salt only, and wet and dry deposition and in-cloud and
below-cloud scavenging for all particles. A simplified repre-
sentation of the sulfur cycle is also included with only two
variables, sulfur dioxide (SO») acting as a precursor for sul-
fate (SO4) in particulate form. Overall, a total of 12 addi-
tional prognostic variables for the mass mixing ratio of the
different components (bins or types) of the various aerosols
are used in this configuration. The ECMWF CAMS system
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also includes chemically reactive tracers such as ozone, car-
bon monoxide, NO, and formaldehyde, as well as green-
house gases.

The ECMWF CAMS system is used operationally to pro-
vide global forecasts of aerosols, reactive gases and green-
house gases, as well as boundary conditions for higher res-
olution regional models proving air quality forecasts over
Europe. Data are freely available from the CAMS web-
site (https://atmosphere.copernicus.eu/; last access: 21 Jan-
uary 2019).

3 Methodology and experimental setup

The ECMWF CAMS system also runs a 4D-Var assimilation
of satellite- and ground-based data for the meteorological
variables as well as the atmospheric composition variables.
The aerosol assimilation uses total aerosol mixing ratio as
a control variable. Each aerosol species is assumed to con-
tribute to the total aerosol mixing ratio according to a frac-
tional contribution which is assumed constant over the 12h
assimilation window. At the end of the minimization, the in-
crements in total aerosol mixing ratio are distributed to the
individual species according to their fractional contribution
to the total mass. A forward model is used to calculate the
aerosol optical depth (AOD) from the individual components
using a lookup table approach. The aerosol optical properties
are prescribed according to Bozzo et al. (2017). During the
minimization, the tabulated optical properties of the individ-
ual species are retrieved and used in the calculation of the
total extinction. The vertical integral of the extinction profile
provided the total AOD, which is the observed quantity, at
every observation location. The vertical profile of the aerosol
mixing ratio is not modified by the assimilation as only AOD
is used as observation. Thus, the vertical profile is largely
dictated by the model and the distribution of the increments
in the vertical is due to the vertical structure function in the
background error.

AOD data at 550 nm from the MODIS sensors on board
the Terra and Aqua satellites have been assimilated in the
ECMWEF 4D-Var system since 2008 (Benedetti et al., 2009).
Initially, only the Dark Target product was used (Levy et al.,
2010). Since 2015, both MODIS Dark Target and Deep Blue
(Hsu et al., 2013) data have been used. Deep Blue offers
the advantage of providing aerosol optical depth (AOD) re-
trievals over bright surfaces, which is of particular interest for
getting insight on dust sources by means of data assimilation.
It can be assumed that over deserts the biggest contribution
to AOD comes from dust aerosols, even if the analysis uses
total AOD and the other aerosol species are also included.
Recently, MODIS Collection (Col.) 6 has become available
(Levy et al., 2013; Sayer et al., 2013, 2014). This is the col-
lection that has been used in this study.

The operational ECMWF CAMS system also uses AOD
data from the MetOp Polar Multi-sensor Aerosol prod-
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uct (PMAp), operationally provided by EUMETSAT after
February 2014, and hence not available for the experiments
outlined in this paper. Assimilation of this product for the
purpose of the application outlined here would need an inde-
pendent assessment.

To investigate the impact of the assimilation on the dust
prediction, three experiments were set up for the whole
of 2013: one experiment with 4D-Var data assimilation of
MODIS Col. 6 with the exclusion of Deep Blue data (indi-
cated hereafter as DT), one experiment with 4D-Var assimi-
lation of MODIS Col. 6 data with the inclusion of Deep Blue
data (indicated as DTDB) and one control experiment with
free-running aerosols (indicated as CONTROL). In the con-
trol experiment, no aerosol data are assimilated in the analy-
sis. In this paper, we focus on results during the spring sea-
son (March—April-May 2013), when several marked events
occurred.

The horizontal resolution of the operational version run in
the context of CAMS is currently 40 km with 60 vertical lev-
els and model top at 0.1 hPa. The experiments shown here
were run with a previous version of the system, compara-
ble with the CAMS configuration for 2013, with a horizontal
resolution of 80 km and the same number of vertical levels.

4 Qutcomes of the investigation
4.1 Comparisons with independent AOD datasets

Results from the three experiments (DT, DTDB and CON-
TROL) are presented in the following. Comparisons were
made with independent datasets from AERONET and
CARSNET. AERONET data are routinely used for the ver-
ification of the ECMWF CAMS forecasts, but this is the
first time that the CARSNET dataset has been used in
this context. Model data were bilinearly interpolated to the
AERONET and CARSNET site locations and then averaged
over 24 h periods (from 7 +3 to 7 +24). AERONET data are
similarly averaged, with each data value receiving a weight
proportional to the time difference between the data values
before and after it, up to a maximum of 3 h. The CARSNET
data used were already in the form of daily averages and no
further averaging was done.

While the entire year was considered, we focus in this pa-
per on the spring season when Asian dust is at its peak due
to the seasonal increased frequency of cyclonic weather sys-
tems with associated high surface wind speeds. At this time
of the year the contrast between warm air masses in the south
and cold air masses from Siberia and Mongolia is maximum.
The high north—south thermal gradient can give rise to situ-
ations characterized by a high baroclinic instability, with the
development of fast developing and moving lows associated
with high winds over the dust-emitting regions of the Takli-
makan and Gobi deserts and inner Mongolia.
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Figure 1. Desert dust event forecast by the CAMS system for
9 March 2013 (shaded) with observation locations from the Dark
Target (yellow dots) and the Deep Blue algorithms (blue dots) from
MODIS Collection 6 used in the assimilation experiments. A few
in situ verification stations are also highlighted. For these stations
detailed results are provided.

Figure 2. NASA Worldview image for 9 March 2013 (https://go.
nasa.gov/2FI0vbl; last access: 21 January 2019).

As an example of the extent of these types of events,
Fig. 1 shows the 9 March dust storm as simulated by the
ECMWF model, along with the coverage provided by the
MODIS Dark Target and Deep Blue AOD retrievals. Com-
paring with the satellite image on the same day (Fig. 2), cour-
tesy of NASA, the model shows a good degree of qualitative
agreement with the observations.

This particular dust storm was analyzed in detail by
Chauhan et al. (2016). The storm originated in the Takli-
makan and dust was first transported to northeastern China
and further transported to the southeast. The air quality in
Beijing was severely affected as the sandstorm spread. The
dust further propagated to the Korean Peninsula and Japan.

Figure 3 shows a first look at the model performance via
2-D histograms of model versus observed values of AOD at
440 nm for March-May 2013. All stations are considered
together. Data are plotted for central-northern China (30—
45°N, 75-135° E). Visual inspection of the plots shows that
both assimilation experiments have a more similar distribu-
tion than the control experiment with respect to the obser-
vations, particularly for large dust events (red shades). The
mean of the observations is 0.593 versus 0.481 for exper-
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Figure 3. Two-dimensional histogram of modeled versus observed AOD at 440 nm for all stations (33 in total) in central-northern China
(30-45° N, 75-135° E). Panel (a) shows experiment CONTROL, panel (b) shows experiment DT and panel (c¢) shows experiment DTDB.

FC stands for forecast (model simulation) and OB stands for observations.
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Figure 4. Fractional bias for aerosol optical depth at 440nm with respect to AERONET (circles) and CARSNET (squares) data:
panel (a) shows the experiment CONTROL, panel (b) shows experiment DT (with only Dark Target MODIS retrievals in the assimilation),
and panel (c) shows experiment DTDB (with both Dark Target and Deep Blue MODIS retrievals in the assimilation).

iment CONTROL, 0.599 for experiment DT and 0.602 for
experiment DTDB. Correlation is the highest for experiment
DTDB at 0.725 versus 0.707 for experiment DT and 0.668
for experiment CONTROL.

The statistical indicators presented here are fractional bias
(FB, sometimes also referred to as modified normalized
mean bias) and fractional gross error (FGE), although other
indicators have been analyzed and have been found to lead to
similar conclusions. The mathematical definitions for these
parameters are the following:

2 n .

FB:_ZM (1)
nis fitoi
2 fi—oil

FGE = — _, 2
”l;|fi+0i| @

where f; is the model output and o; are the observations; n
represents the total number of observations. The FB is nor-
malized to make it non-dimensionless. It varies between +-2
and —2 and has an ideal value of zero for a perfect model
(and perfect observations). The FGE ranges between 0 and 2
and behaves symmetrically with respect to under- and over-
estimation, without overemphasizing outliers (as instead the
root mean square error does). See Yu et al. (2006) for further
information.
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Figure 4 shows maps of FB for aerosol optical depth
(AOD) at 440nm with respect to all AERONET and
CARSNET sites for March-May 2013 over central-northern
China at the analysis time. Within a certain margin of noise,
it is possible to see that the performance of both experiments
including assimilated MODIS data is more skillful than that
of the control experiment. The figure also shows that includ-
ing the Deep Blue data, which provide aerosol optical depth
information over bright surfaces, helps to further reduce the
bias with respect to the ground-based observations. Figure 5
shows maps of FGE and confirms that the error with respect
to the independent observations is reduced in the runs with
assimilated satellite data.

Time series of FB and FGE average over the same area are
shown in Fig. 6. Again, the improvement in bias and error in
the assimilation experiments is visible. The model has gener-
ally a similar bias when compared to the CARSNET obser-
vations and AERONET stations over this region. The bias is
particularly large for the CONTROL experiment, except for
some days. Yet again the experiments with assimilated satel-
lite data perform visibly better than the CONTROL. If we
focus on the FGE, its maximum value during the study pe-
riod reached values of 1. Focusing, for example, on 10 April,
the error in the experiment CONTROL is close to 1.1 with re-
spect to the AERONET stations (solid red line) and 0.7 with
respect to the CARSNET station (dotted red line). However,
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Figure 5. As in for Fig. 4 but for fractional gross error.
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Figure 6. Time series of fractional bias (a) and fractional gross
error (b) in AOD at 440 nm averaged over the central-northern
China area (33 sites). Solid lines are relative to AERONET data,
whereas dotted lines are relative to CARSNET data. Red is exper-
iment CONTROL, green is experiment DT and blue is experiment
DTDB.

the FGE for the DT and DTDB experiments is around 0.2
for AERONET stations (green and blue solid lines) and 0.4
for CARSNET stations (green and blue dotted lines), with
a 50 %—-80 % reduction in error due to the assimilation of
satellite data. However, on other dates, the improvement is
less marked. The dust storm case of 9 March is quite inter-
esting. The FGE is 0.9 for all experiments with respect to the
CARSNET data (red, green and blue dotted lines), but is re-
duced to 0.3 the following day with a faster decrease for the
DTDB experiment (blue dotted line) than for the other exper-
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iments. This indicates the additional benefits of including ob-
servational satellite information over source areas. Curiously
on 10 March one can observe a similar behavior but this time
with respect to the AERONET observations, with the FGE
going from 0.9 in the CONTROL (red solid line) to 0.4 in
experiments DT and DTDB (green and blue solid lines) for
an improved agreement with the AOD at the AERONET sta-
tions close to 60 %. In this case, the satellite data have im-
proved the analysis observations downwind of the storm (see
Fig. 1).

Specific sites in China have also been selected in order
to understand the model skill in both remote and urbanized
regions that are particularly affected by Asian dust plumes.
The agreement between the experiments and independent ob-
servations is generally better for AERONET stations than
CARSNET stations with generally lower normalized mean
bias and FGE, highlighting the fact that the arid Asian re-
gions where some of the CARSNET stations are located are
more challenging for the model to represent correctly.

This can also be seen in Fig. 7 in which the model is com-
pared with the observations at several CARSNET stations
over the whole spring season of 2013. The increase in AOD
corresponding to the passage of the 9 March storm shown
in Fig. 1 is evident in the ground-based CARSNET observa-
tions. The magnitude of the dust peak in the source region is
best captured by the runs with assimilated Deep Blue AOD
data, even though the secondary dust peak is still underesti-
mated by the model, as shown in the time series for Tazhong
(39.0° N-83.67° E). The improvement coming from assimi-
lation is especially felt downwind of the source regions, as
seen for example in Shangri-La (28.03° N-99.73°E) to the
southeast and Xilinhot (43.95°N-116.12° E) to the north-
east.

4.2 Impact of the assimilation on the short-range AOD
forecasts

In the previous subsection, results have been presented
that show how assimilation of AOD satellite data from the
MODIS retrievals brings beneficial improvements to the sim-
ulation of AOD within the ECMWF CAMS system. The im-
pact on the analysis is clearly shown in the improvement in
the FB and FGE. The question that might arise at this point
is whether the impact of the assimilated satellite data is only
felt at the analysis time or whether it carries on to the subse-
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Figure 8. The histograms on the top and bottom rows are constructed using data from all stations displayed in the map of Fig. 4 and are
valid at the analysis and 48 h forecast times, respectively. Panels (a) and (d) are relative to the experiment CONTROL, (b) and (e) to the
experiment DT and (c¢) and (f) to the experiment DTDB.
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function of forecast range for experiment CONTROL (red), exper-
iment DT (green) and experiment DTDB (blue). Data are averaged
over central-northern China (30-45° N, 75-135° E) for the period
March—May 2013.

quent forecast. To answer this question, the spatial data rel-
ative to FB shown in Fig. 4 are summarized in Fig. 8 using
a histogram which shows the FB as a function of the num-
ber of AERONET and CARSNET sites. Panels a, b and ¢
show the histogram for the analysis time, whereas panels d,
e and f show the same for the 48 h forecast. Again, we can
observe that the skill of the experiments with data assimila-
tion is higher with respect to the control experiment. While
this increased skill is higher at analysis time, it persists into
the short-range forecast at 48 h.

Figure 9 shows the behavior of FB and FGE as a func-
tion of forecast range. This is another way to display what
is already shown in Fig. 8. It can be seen that the average
FB (FGE) over central-northern China is lower by about 0.4
(0.2) for experiments DT and DTDB with respect to the con-
trol experiment. Of particular interest is the fact that the skill
of the two experiments with data assimilation is almost con-
stant at various forecast lead times, indicating that the posi-
tive impact of the observations is also felt after the analysis
into the short-range forecast.

ECMWF CAMS forecasts are issued out to day 5. How-
ever, some users utilize the forecast from day 2 for their ap-
plications. For example, for the management of solar power
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plants, it is the 48 h aerosol forecast that is considered to plan
the plant operations (Schroedter-Homscheidt et al., 2013). In
these instances, a reduction in the forecast bias from day 2
is a welcome development. Moreover, experiment DTDB,
which included both MODIS Dark Target and Deep Blue
data, shows a slightly lower fractional gross error in the com-
parison with CARSNET data than the DT experiment, indi-
cating an additional beneficial impact of observations close
to the dust sources.

4.3 Comparisons with independent PM data

PM data were obtained for the months of March—-May 2013
from CEPA for several stations in the Beijing area. For clar-
ity purposes, only the month of March is shown in Fig. 10,
which presents the comparison between model PMjq values
and observations (panel a) and a map with the location of the
stations (panel b). The data for all stations show a peak in
PM; (all particles with diameter smaller than 10 pm), corre-
sponding to the passage of the dust front on 9 March. The box
plot represents the histograms of hourly data obtained from
the 11 air quality stations available in the Beijing municipal-
ity. Outliers are indicated with a dot. The coarse resolution of
the ECMWF model means that all station points are included
in the same grid box.

The model captures the front passage which is visible in
the increase of PM1o. However, the timing of the PM maxi-
mum in the model is early by approximately 3 h. If we con-
sider the average value of the PMjg observation peak, then
the model underestimates it by ~ 100 mgm~3. Outside the
peak, the values of PM in the models are too large, indicat-
ing a broader spatial extent of the aerosol plume in the model
with respect to what was observed. It is important to notice
that the coarse model resolution does not allow the fine de-
tails of the local pollution to be resolved, particularly in re-
gions in which the topography is varied. Moreover, not all
species are modeled in the system. For example nitrates are
not included in the model version used in this study and this
missing component might partially be the cause of the clear
disagreement between the model and observations (see, for
example, Wu et al., 2017). However in situations dominated
by large-scale synoptic events such as the case for the dust
storm of 9 March, the model can give a qualitative indica-
tion of the cause of the increased pollution and can be used
to provide a warning to the population. This is what is seen
for all experiments in Fig. 10a. What we can also observe is
that the assimilation is not able to improve the PM forecast.
The small differences between the experiments with assimi-
lated satellite data and the control experiment are well within
the large differences between the model and observations.
PM is increased in the DTDB experiment thanks to the ad-
ditional AOD data, but it does not reach the observed peak.
The spurious secondary peak of 10 March, not reported in
the PM data, is reduced in the DTDB experiment. However,
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once again, the difference with the observed values of PM is
of 2 orders of magnitude.

5 Conclusions

The operational ECMWF CAMS system was used to demon-
strate the impact of assimilating satellite AOD data for an
improved characterization of Asian dust storms. Three ex-
periments were conducted: one control experiment with no
aerosol data assimilated, one experiment with only Collec-
tion 6 MODIS Dark Target AOD retrievals, which do not of-
fer coverage over bright surfaces, and one experiment with
all available MODIS data including Deep Blue AOD re-
trievals.

Several concluding points can be learned from these exper-
iments. Results confirm that assimilation of advanced satel-
lite data is effective for improving the representation of desert
dust distributions over Asia and for monitoring and forecast-
ing dust episodes (in the short range). In particular, MODIS
Deep Blue data are beneficial both in source regions (i.e.,
Tazhong) and downwind of desert areas (i.e., Xilinhot and
Shangri-La). The fractional bias and the gross error with re-
spect to independent AOD observations from the AERONET
and CARSNET ground-based networks are lower in the as-
similation experiments than in the control forecast with no
assimilated aerosol data. Time series of FGE averaged over
central-northern China reveal that in some extreme cases the
FGE is reduced by as much as 60 %—80 % in the experiment
which includes all MODIS data (DTDB) with respect to the
experiment which has no aerosol data (CONTROL). The im-
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pact of the assimilated data is mainly felt at the analysis time
but remains visible in the 48 h forecast.

Comparisons with PM¢ data from the CEPA network for
March 2013 in the Beijing area show that the model has skill
in predicting the passage of a dust front. However there is a
mismatch in PMjq values with large biases (up to 2 orders
of magnitude in some cases) displayed by the model, even
for the assimilation experiments. The assimilation of satel-
lite AOD in this case can only make small adjustments to
PM; but is unable to improve the quality of forecast funda-
mentally. Despite this, the passage of the storm is captured,
indicating that the global model is somewhat able to capture
the regional pollution flow, even at coarse resolution. This in-
dicates that the global model analyses may be used as bound-
ary conditions for regional air quality models at higher res-
olution, enhancing their performance in situations when part
of the pollution may have originated via synoptic flow mech-
anisms. However, the skill of the global model for PMjg is
poor. This is likely due to model biases, coarse resolution,
unresolved topography, a lack of resolved local emissions
and a lack of observations to constrain the aerosol specia-
tion and vertical structure. It is worth mentioning that AOD
is less affected by these factors as it is a column-integrated
variable. Also, spatial patterns of AOD do not always match
with those of surface PM due to variability in aerosol hygro-
scopicity and relative humidity which can affect AOD greatly
but leave PM o completely unchanged.

These results highlight the crucial importance of the veri-
fying datasets to assess model skill and assimilation impact.
CARSNET data offer unprecedented coverage over remote
Asian dust regions which are otherwise poorly observed.
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From the regional distribution maps of Fig. 4 it is possible
to see that CARSNET and AERONET stations over Asia
are largely complementary. Data availability in these regions
both for assimilation and model evaluation and development
is key to progress in further addressing the challenges of
Asian dust prediction.

As part of CAMS, ECMWEF is providing twice-daily fore-
casts of atmospheric composition (including desert dust) up
to 5 days ahead, which are publicly available. These fore-
casts rely on assimilation of MODIS Collection 6.1 AOD
(both Dark Target and Deep Blue data) as well as PMAp data.
They have been shown to provide useful information and re-
liable boundary conditions for local air quality applications
in Europe, China and east Asia, provided they are used in
conjunction with high-resolution regional air quality models.

Data availability. Model data can be obtained from ECMWF upon
request by directly contacting the corresponding author (Angela
Benedetti; angela.benedetti@ecmwf.int). AERONET data can be
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