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EXECUTIVE SUMMARY
The challenge of sand and dust storms is one where science has a clear and essential role in
supporting policies for sustainable development. It is very important to enhance national,
regional and international cooperation and partnerships to observe, predict, mitigate and cope
with the adverse effects of sand and dust storms, and seek support from UN agencies to meet
the relevant Sustainable Development Goals (SDGs). The World Meteorological Organization
(WMO) was one of the first UN Agencies, that started addressing the problem of Sand and
Dust Storms (SDS), their observations, assessments and forecasting since 2004 and realized
the Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS).
In June 2019, the Eighteenth World Meteorological Congress approved Resolution 19 (Cg-18)
– Enhancing cooperation for monitoring and forecasting sand and dust storms. Congress noted
the progress with the implementation of the SDS-WAS and suggested Member Countries to
promote international cooperation to combat sand and dust storms through the exchange of
knowledge, experiences, best practices and by launching training courses, and to enhance
capacity building and technical assistance for monitoring and forecasting sand and dust storms
and to support the implementation of national, regional, and global action plans of affected
countries.
The SDS-WAS project is run jointly under the WMO World Weather Research (WWRP) and
Global Atmosphere Watch (GAW) Programmes and coordinated by the global SDS-WAS
Steering Committee supported by the WMO Secretariat. Great progress has been achieved
during the last few years since WMO started the SDS-WAS project. SDS-WAS enhances the
ability of countries to deliver timely, quality sand and dust storm forecasts, observations,
information and knowledge to users through an international partnership of research and
operational communities. For development and realization of the Sand and Dust Storm
Warning Advisory and Assessment System, the SDS-WAS Science and Implementation Plan
(SIP) for 2015-2020 was prepared and approved by the Seventeenth World Meteorological
Congress. The SDS-WAS Steering Committee formulated further science priorities and is
currently working on drafting the next SIP for 2021-2026.
More than 25 organizations currently provide daily global or regional dust forecasts in different
geographic regions, including 9 global models and more than 15 regional models contributing
to SDS-WAS. The WMO SDS-WAS, which is a global federation of partners organized around
regional nodes, integrates research and user communities (for example health, climate, energy,
transport, aeronautical, and agricultural users).
Presently there are three Regional Nodes: the Northern Africa-Middle East-Europe Node (with
its centre hosted by Spain), the Asian Node (with its centre hosted by China) and the
Pan-American Node (hosted by Barbados and the USA) with their global coordination by the
SDS-WAS Steering Committee (see: https://www.wmo.int/sdswas). And yet another may be
established for Western Asia. The main objective of the SDS-WAS regional centres is to
facilitate research and user access, particularly for national meteorological and hydrological
services, to observational, assessment and forecast products, as well as to contribute to the
enhancement of capacity-building.

vi

Activities from Research to Services are a very important component of SDS-WAS. We are
working closely with the Commission for Basic Systems (CBS), and SDS-WAS can be
considered as a good example of the realization of the new strategy suggested for Research to
Services within the new structure of WMO.
This document presents an overview of the atmospheric dust content in 2019 and reports key
emerging SDS-WAS research issues, main improvements and research developments of the
SDS-WAS community, that have been achieved and realized during the previous year.

_______
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CHAPTER 1. WMO SAND AND DUST STORM - WARNING ADVISORY AND
ASSESSMENT SYSTEM (SDS-WAS)
Sand and dust storms (SDSs) have been recognized by recent United Nations General
Assemblies and World Meteorological Congresses as severe hazards that can affect weather,
climate, the environment, health and economies in many parts of the world. To combat these
hazards, operational SDS forecasting, warning advisory and information assessment services
need to be provided for various regions of the world in a globally coordinated and harmonized
manner. Since 2004, and at the request of more than 40 countries, WMO has taken the lead in
this area and established the Sand and Dust Storm Warning Advisory and Assessment System
(SDS-WAS) to develop, refine and provide a basis for distributing to the global community
products that can be used to reduce the adverse impacts of SDSs and to assess the effects of
SDSs on societies and on the environment.
There are two main sand and dust source regions in the northern hemisphere, one is the North
Africa-Europe source area with Sahara Desert as the main body, and the other is the Asian
source area with deserts and sandy lands of China and Mongolia as the main body. In the
southern hemisphere there are SDS sources in the Central Australia and on the west coast of
South Africa. There are also areas affected by SDS in the Americas. Observation and
monitoring the SDS process, obtaining relevant parameters for its occurrence and change,
providing the observational basis to describe the SDS process, and carrying out the numerical
forecast and early warning of SDS are critical for effectively mitigating the impact of SDS, and
also helps a lot in countries' decision-making to prevent the impact of SDS. There are also SDS
sources in the high latitudes, e.g. due to soil degradation and volcanic ash resuspensions in
Island (Arnalds et al., 2016) and technogenic dust storms from mining activities on the Kola
Peninsula and other parts of the Russian Arctic (Amosov et al., 2014).
The SDS forecasting and warning advisory and information services are required for various
regions of the world and have to be globally coordinated and harmonized while tailored to the
needs of society. Following the societal needs for monitoring and forecasting SDS, and for
assessing its impacts, the WMO launched in 2005 a Sand and Dust Storm Project (SDS RDP)
and created an ad-hoc Steering Committee. More than forty member countries expressed
interest in participating in activities to improve capacities for more reliable SDS monitoring,
forecasting and assessment.
In 2006, the Steering Committee of the Sand and Dust Storm project proposed the
implementation of a Sand and Dust Storm Warning Advisory and Assessment System
(SDS-WAS). In 2007, the fifteenth WMO Congress endorsed launching the SDS-WAS project
with its mission to enhance the ability of WMO Members to deliver timely and quality sand and
dust storm forecasts, observations, information and knowledge to users through an
international partnership of research and operational communities. SDS-WAS is jointly
coordinated by the WMO World Weather Research Programme (WWRP) and the Global
Atmosphere Watch (GAW) Programme. For the development and realization of the Sand and
Dust Storm Warning Advisory and Assessment System, the SDS-WAS Science and
Implementation Plan for 2015-2020 was prepared and approved by the Seventeenth World
Meteorological Congress (WMO, 2015).
In 2007, the International Workshop hosted by the Korean Meteorological Administration (KMA)
and the WMO/GEO Expert Meeting hosted by the Barcelona Supercomputing Center discussed
the way forward in SDS-WAS implementation. In June 2008, the sixtieth Executive Council of

2

WMO (EC-LXI, 2008) welcomed the initiatives towards the development of SDS-WAS as well as
the establishment of two SDS-WAS regional centres in China and Spain in support of the
corresponding SDS-WAS nodes.
The Regional Steering Group (RSG) for Northern Africa, Middle East and Europe (NA-ME-E)
held meetings in Tunis-Carthage, Tunisia (November 2008), Antalya, Turkey (November 2011)
and Castellaneta Marina, Italy (June 2014). The corresponding regional centre was created in
2010 in Barcelona, Spain, and it is jointly managed by the Spanish State Meteorological
Agency (AEMET) and the Barcelona Supercomputing Center (BSC-CNS). Its web portal
http://sds-was.aemet.es includes: in situ and remote-sensing dust-relevant observations, daily
experimental dust forecasts from several organizations, information and training material from
several past workshops, and news for the SDS-WAS community. Detailed description on all
these issues can be found in its 2010-2012 Activity Report (Terradellas et al., 2014).
The RSG for Asia held meetings in Beijing, China (November 2008), Seoul, Korea (October
2009) and Tsukuba, Japan (March 2012). The regional centre was created in 2008 in the China
Meteorological Administration in Beijing, China. Its web portal http://http://www.asdf-bj.net/
includes in situ ground-based, remote-sensing dust-relevant observations, satellite retrieval
dust index, dust forecasts from several organizations, publication, news and event information
for the SDS-WAS community.
In 2012, the regional centre for the Americas was created in Orange, California, hosted by the
Chapman University, and is currently moving to the University of Arizona. Finally, as a result of
a recent collaboration between WMO and UNEP, and following a large interest of countries in
Western Asia, another possible activity node could be established for this region in the future
(Cuevas, 2013a,b).
In view of the demand of many national meteorological services and the good results obtained
by the SDS-WAS, which proves the feasibility and the need to begin developing operational
services beyond the scope of R&D, the WMO Executive Council designates the consortium
formed the Barcelona Dust Operational Forecast Centre (or called Barcelona DOFC), with
Northern Africa, Middle East and Europe as its geographic domain, hosted by Spain in 2014.
This centre is one of WMO Regional Specialized Meteorological Centre with Activity
Specialization on Atmospheric Sand and Dust Forecast (RSMC-ASDF). Another RSMC-ASDF was
designated to form the Beijing Dust Operational Forecast Centre (or called Beijing DOFC), with
Asia as its geographic domain, hosted by China in 2017. The SDS-WAS works as an
international hub of research, operational centres and end users, organized through regional
nodes. Three nodes are currently in operation:
•

•

Regional Node for Asia, coordinated by an Asian Regional Centre in Beijing, China,
hosted by the China Meteorological Administration (http://http://www.asdf-bj.net/). In
2017, WMO approved the Beijing Dust Operational Forecast Centre (WMO Regional
Specialized Meteorological Centre with Activity Specialization on Atmospheric Sand and
Dust Forecast (RSMC-ASDF) Beijing, or called Beijing DOFC), with Asia as its geographic
domain, hosted by China.
Regional Node for Northern Africa, Middle East and Europe (NAMEE),
coordinated by a Regional Centre in Barcelona, Spain, hosted by the State
Meteorological Agency of Spain (AEMET) and the Barcelona Supercomputing Centre
(BSC) (https://sds-was.aemet.es/). In 2014, WMO approved the Barcelona Dust
Operational Forecast Centre (RSMC-ASDF Barcelona, or called Barcelona DOFC), with
Northern Africa, Middle East and Europe as its geographic domain, hosted by Spain.
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•

Regional Node for Pan-America, coordinated by a Regional Centre in Bridgetown,
Barbados, hosted by the Caribbean Institute for Meteorology and Hydrology
(http://sds-was.cimh.edu.bb/).

More than 25 organizations currently provide daily global or regional dust forecasts in different
geographic regions, including 9 global models and more than 15 regional models contributing
to SDS-WAS. The Table 1.1 provides the list and characteristics of the main models.

Table 1.1. The list and characteristics of the main models contributing
to the SDS-WAS
Model

Institution

Domain

Data Asimilation

BSC-DREAM8b_c2

BSC-CNS

Regional

NO

CAMS-ECMWF

ECMWF

Global

MODIS-AOD

DREAM8-NMME-CAMS SEEVCCC

Regional

Yes (ECMWF
dust-analysis)

NMMB/MONARCH

BSC-CNS

Regional

NO

MetUM

Met Office

Global

MODIS/Aqua

GEOS-5

NASA

Global

MODIS

NGAC

NCEP

Global

NO

EMA REG CM4

EMA

Regional

NO

WRF-CHEM

NOA

Regional

NO

SILAM

FMI

Global

NO

LOTOS-EUROS

TNO

Regional

NO

ICON-ART

DWD

Regional

Yes (DA cycle for dust,
currently no AOD/dust
obs used)

CUACE-Dust

CMA

Regional

3D-VAR

ADAM3

KMA/NIMS

Regional

OI

Global

2D-VAR

Global

MODIS-AOD

Regional

NO

MASINGAR

JMA/MRI

NAAPS and ICAP
ensemble

NRL

WRF-CHEM

CIMH
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In June 2019, the Eighteenth World Meteorological Congress approved Resolution 19 (Cg-18) –
Enhancing cooperation for monitoring and forecasting sand and dust storms. Congress noted
the progress made regarding the implementation of SDS-WAS and suggested that Member
Countries promote international cooperation to combat SDSs through the exchange of
knowledge, experiences and best practices and by offering training courses. Congress also
suggested that Member Countries enhance their capacity-building efforts and their provision of
technical assistance in order to monitor and forecast SDSs and to support the implementation
of the national, regional and global action plans of affected countries.

_______
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CHAPTER 2. OVERVIEW OF THE ATMOSPHERIC DUST CONTENT IN 2019
2.1

Global annual distribution and long-term anomaly of the atmospheric dust

The spatial distribution of the global surface concentration of mineral dust in 2019 (Figure 2.1)
and its anomaly relative to climatologically mean values (1981–2010) (Figure 2.2) were
derived based on the dust products from the Modern-Era Retrospective Analysis for Research
and Applications, Version 2 (MERRA-2) (Gelaro et al., 2017), the latest atmospheric reanalysis
version for the modern satellite era produced by NASA’s Global Modeling and Assimilation
Office (GMAO). MERRA-2 includes an online implementation of the Goddard Chemistry, Aerosol,
Radiation, and Transport model (GOCART) integrated into the Goddard Earth Observing System
Model, Version 5 (GEOS-5) and is capable of simulating five types of aerosols. The results
shown here are based on the dust surface concentration parameter, which is different from the
dust aerosol optical depth (DAOD) parameter and more relevant to ground air quality.
There are nine global models providing SDS forecast to the SDS-WAS regional centres. In
particular, the Copernicus Atmosphere Monitoring Service (CAMS,
https://atmosphere.copernicus.eu/) based on the Integrated Forecasting System for
Composition of the European Center for Medium-range Weather Forecast (ECMWF) estimates
of annual dust content from the CAMS Interim Reanalysis of Carbon Monoxide, Ozone and
Aerosol (Flemming et al., 2017). It is noteworthy to highlight that the results shown here are
consistent with those obtained by the Copernicus Atmosphere Monitoring Service (CAMS),
whose data were used in previous years reports (such as the WMO Dust Bulletin, 2017).

Figure 2.1. The annual mean surface concentration of mineral dust in 2019
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Generally, the spatial distribution of the global surface concentration of mineral dust in 2019
was similar to that present in 2018 (see Airborne Dust Bulletin No. 3, Zhang et al., 2019). In
2019, a well-known dust belt, composed of primary dust sources, including northern and
Central Africa, the Arabian Peninsula, northern India, Central Asia, and the deserts in
north-western and northern China could clearly be seen in the northern hemisphere (Figure
2.1). The estimated peak dust concentration (~900–1100 µg/m3) was found in some areas of
Chad in Central Africa. High dust concentrations were also seen in some regions in the Arabian
Peninsula, Central Asia, the Iranian Plateau, and north-western China (mass concentrations of
~300 – 600 µg/m3). Dust concentrations reached their highest level in the southern
hemisphere (~200 µg/m3) in parts of Central Australia and the west coast of South Africa.
From these locations, dust was transported to the surrounding regions, including the northern
tropical Atlantic Ocean between West Africa and the Caribbean, South America, the
Mediterranean Sea, the Arabian Sea, the Bay of Bengal, central-eastern China, the Korean
Peninsula and Japan, demonstrating the significant impact of SDSs on many regions of the
world.

Figure 2.2. The anomaly of the annual mean surface concentration of dust in 2019
relative to the mean of 1981–2010

In most dust plume-affected areas, the surface dust concentration in 2019 was higher than the
climatological mean; exceptions to this were the regions of North Africa, including Mauritania,
Mali, Algeria, western Libya, Sudan, Niger, Nigeria and Chad; Central Asia; Central Arabia; Iraq;
central-northern China; and central-western Australia (Figure 2.2). Hot spots with significantly
higher dust concentrations included Egypt, north-eastern Libya, the Red Sea, southern Arabia,
and north-western China.
The three-dimensional vertical distribution of the dust extinction coefficient (DEC) in the spring
of 2019 (Figure 2.3) was derived based on the level 3 tropospheric aerosol profile product
(CAL_LID_L3_Tropospheric_APro-Standard-V4-20) from CALIPSO lidar (Tackett et al., 2018).
The results presented here are the average values for daytime and night-time under the all-sky
condition. Satellite observations in the spring of 2019 provide direct evidence of intense
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mineral dust activity (such as the trans-Pacific and trans-Atlantic transport of mineral dust
aerosols) throughout much of the northern hemisphere. Active DEC (extinction > 0.1 km-1)
can be observed over North Africa, the Arabian Peninsula, north-western China, and the Indian
subcontinent, which is mainly located at an altitude range of 1–3 km above mean sea level
(a.s.l). The maximum height of the dust plume layer (DEC > 0.001 km-1) was around 5–6 km
a.s.l, spanning the area between 10°N and 50°N; this demonstrates the long-range transport
features of SDSs in the world’s major source areas.

Figure 2.3. CALIPSO-derived global three-dimensional vertical distribution of the dust
extinction coefficient (DEC) in the spring of 2019. Selected latitude- vertical cross-sections
(along longitudes at 20° intervals) are shown for a better view.

2.2

Main severe sand and dust storm events in 2019

Several severe SDS events that occurred in these hot spots in 2019 and which are presented
below resulted in deaths and serious social and economic losses.
SDSs over the Persian Gulf and Arabian Peninsula
This situation on 17 January 2019 was representative of the many SDSs affecting Persian Gulf
and Arabian Peninsula countries during the year (Figure 2.4). The satellite images show a dust
cloud advancing at high speed over Iraq, Iran, Kuwait, the Kingdom of Saudi Arabia and
Bahrain. Widespread dust affected the region, with strong north-westerly winds causing
visibility to drop below 1 km in most areas (for example, Bahrain: 800 m, Al-Ahsa: 200 m,
Dammam: 50 m, Kuwait: 500 m, Abadan: 500 m, Al Udeid Air Base, Doha International
Airport: 700 m). The NMMB-MONARCH operational model (formerly the NMMB-BSC model)
forecast the SDS and proved to be a useful tool to prevent SDS impacts (Figure 2.5).
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Figure 2.4. SDS warning issued on 17 January 2019 by Qatar authorities: Please take
extra care and follow the attached safety tips as dusty conditions
are expected to continue until night-time.
Source: Qatar Civil Aviation Authority; EUMETSAT

Figure 2.5. Dust AOD forecast for 17 January 2019, 1500 UTC
Source: Barcelona Dust Forecast Center
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Dust intrusion over the Mediterranean Sea on 25 January 2019
A low-pressure area over the Mediterranean Sea carried airborne dust raised in Northern Africa
towards Greece and Turkey. The forecast (https://dust.aemet.es/forecast) indicated that the
dust cloud would sweep across Turkey and Eastern Europe. Satellite images (Figure 2.6)
showed good agreement with the output of the Barcelona Dust Forecast Center
NMMB-MONARCH operational model (Figure 2.7).

Figure 2.6. Dust outbreak to Europe as seen by Terra/MODIS (25 January 2019)
Source: NASA and METEOSAT RGB (25 January 2019, 0515 UTC)
Source: EUMETSAT
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Figure 2.7. Dust AOD forecast for 25 January 2019, 0625 UTC
Source: Barcelona Dust Forecast Center

Asian SDS episode in October
The SDS episode with the most significant impact in 2019 occurred from 27 to 30 October and
led to abundant dust aerosols affecting vast areas of northern China, including central and
western Inner Mongolia, Gansu, Ningxia, central and north Shaanxi, Shanxi, Hebei, Beijing,
Henan, Anhui, Jiangsu and Shandong. Moreover, the residential time of the sand and dust
particles during this severe episode, which occurred in the autumn when SDSs are rare in
China, was relatively long in downwind areas (two to three days in the Huang River and Huai
River areas, as well as in the Yangtze River and Huai River areas).
The operational numerical forecasting systems of the Beijing Dust Forecast Centre in the
SDS-WAS Asian Node forecast this SDS episode well one to two days in advance (http://www.
asdf-bj.net/). The ensemble of Node models best forecast the high dust concentrations in
Shaanxi, Shanxi, Hebei, Beijing and Henan two days in advance; this corresponded well with
the later observed SDS concentrations in those regions (Figure 2.8).
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Figure 2.8. Comparison between observed SDS concentrations and forecast dust surface
concentrations (µg/m3) by best ensemble forecast at 0000 UTC on 28 October 2019 from the
Asian Node. Blue symbols (S) indicate the weather stations where dust was recorded.
Source: Beijing Dust Forecast Centre

Australian SDS event
2019 was the hottest and driest year on record in Australia, and in the first weeks of 2020, a
series of major dust storms formed over dust sources in the central part of the subcontinent.
The Australian Bureau of Meteorology issued a dust storm warning on 22 January, predicting
“damaging winds of 60–70 km/h with gusts of 90 km/h” associated with thick raised dust.
Later that day, a dust storm moved through New South Wales and over parts of Victoria to
arrive in Melbourne. The air became orange, and visibility dropped significantly. It became
almost impossible to drive (Figure 2.9). After two days, the dust pattern moved southward to
cover a large part of Antarctica’s eastern coast. A dust prediction indicated that the dust
arrived on 24 January in Antarctica and covered a large portion of the continent’s eastern
coastline.
The accelerated warming in the Arctic and Antarctica (https://www.ipcc.ch/2019/09/25/sroccpress-release/) is caused by numerous processes in which aerosols play a significant role at
high latitudes. Dust, in particular, changes snow/ice albedo and melting rates, affects marine
productivity, alters microbial dynamics in glaciers and causes indirect (cloud formation) and
direct (solar radiation) effects. Studying dust storms, such as the January episode, should help
us to better understand the rapid climate change occurring at high latitudes.
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Figure 2.9. Australian landscape in the middle of the dust storm of 22 January 2020
(https://www.abc.net.au/news/2020-01-22/dust-storm-engulfs-parts-of-outback-savictoria-and-nsw/11890320)

Pan-American SDS event
Several dust plumes travelled across the Atlantic Ocean in late June 2019. One plume was
forecast to make its way through the Caribbean Sea and reach the Gulf Coast of the United
States of America starting 22–25 June. This made for interesting sunsets on the gulf coast of
Florida and hazy conditions over cities such as Austin and Houston, Texas (Figure 2.10).

Figure 2.10. A photo of the sunset seen from Lee County, Florida. On 25 June 2019,
Saharan dust transported across the Atlantic Ocean and the Gulf of Mexico caused
hazy conditions.
Source: Andrew West/The News-Press
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CHAPTER 3. ONGOING ACTIVITIES AT EACH NODE OF SDS-WAS AND
FORECASTS OF SEVERE SDSs IN 2019
3.1

SDS-WAS NAMEE NODE RC and Barcelona DOFC ongoing developments

The WMO SDS-WAS Northern Africa, Middle East and Europe (NAMEE) Regional Node and its
Barcelona Dust Operational Forecast Centre (DOFC) are going through a complete process of
renewal that will end in September 2021 and will update and redesign all the system: from the
websites to the operational model.
Documentation, training material and news will be redistributed to be easier accessible. Also,
the data servers will be adapted to meet the needs of the new websites.
WEB SERVICE’S REDESIGN: Regarding the web system in the NAMEE Node, a new
visualization tool for our forecast and observational products has been developed. In just one
window, users will be able to zoom, display a chosen parameter or visualize two of them at the
same time. Clicking on a location will display a pop-up window with information about the point
that will include time series of observation and forecast. This tool will be used to show not only
the operational forecast of the Barcelona Dust Forecast System (BDFS) but also the ensemble
products available in the SDS-WAS NAMEE Regional Centre website.
OPERATIONAL MODEL UPDATE AND NEW PRODUCTS: Spring 2020, a new version of the
BDFC operational model will be implemented (NMMB/BSC-Dust will be from now on
NMMB-MONARCH).
Main improvements are:
•
•
•
•
•
•

Implementation of a new high-resolution mapping of dust sources based on
high-resolution MODIS Deep Blue Collection 6 (Ginoux et al., 2012).
New dust emission schemes will be available in the model and also an aerodynamic dust
entrainment scheme (Klose et al., 2014).
Implementation of new drag partition schemes.
New emission schemes tests have been realized to improve model performance on the
Arabian Peninsula.
Development of an operational data assimilation system. Data to be assimilated: NRT
value-added MODIS Aerosol Optical Depth Product Available.
Development of an Ensemble Prediction System (EPS) using the Local Ensemble
Transform Kalman Filter (LETKF) algorithm. Ensemble members will have: Multiparameter and multi-physics source perturbations, multi-meteorological initial and
boundary conditions.

Model assessment and compilation of observations: to improve the evaluation of the model
data from different networks and campaigns are being routinely collected: ACTRIS, EINET,
CARAGA, AERONET, MISR and POLDER, CALIPSO-LIVAS, EARLINET, INDAAF and visibility
reduction information from METeorological Aerodrome Reports (METAR) and surface synoptic
observations (SYNOP) reports.
Furthermore, a reanalysis model based on the ensemble will be run for the responsibility
domain of NAMEE from 2002 to 2016, which will provide us with reference thresholds,
especially for dust surface concentration.
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Concerning the current SDS-WAS NAMEE Node multimodel forecast, new probabilistic products,
for example, probabilistic maps and epigrams graphs, are going to be soon available on the
node website and, of course, they will be included on the new version of the webpage.

Figure 3.1. Reanalysis for January-June 2012

3.2

SDS-WAS Asian Node RC and Beijing DOFC ongoing developments

The WMO SDS-WAS Asian Node and its Beijing Dust Operational Forecast Centre (DOFC) are
managing six operational numerical forecasting systems released by different meteorological
services and research centres, and sharing the results and providing early-warning advisory
with the region and the world. The node improved a data sharing FTP between member
countries for further sharing some of the near real-time observation data and operational
numerical forecast data. Some numerical dust forecast models of member countries were
upgraded to improve forecast accuracy further. For example, the ADAM model from KMA
updated its data assimilation method and emission scheme by satellite-based data; the
Chinese Unified Atmospheric Chemistry Environment for Dust (CUACE/Dust) model from the
China Meteorological Administration (CMA) updated its wind-erosion database in the dust
emission scheme.
WEB SERVICE’S REDESIGN: The Asian Node also upgraded the web portal of Asian Node with
more visualization tools and a wider variety of products at a new URL. A cell-phone-based
SDS-WAS app, mainly covering the Asian activities of SDS at this phase, has also been initially
developed.
OPERATIONAL FORECAST OF HEAVY SDS PROCESS IN ASIA 2019: In 2019, fifteen SDS
processes occurred in the Asian area, which is more than the mean value of ~11 for the past
decade. During 11-12 May 2019, highly related to the influence of Mongolian cyclone and
ground cold front, a severe SDS, as an example, swept across western and northern China,
leading to SDS weather in Inner Mongolia, Gansu, Ningxia, Shanxi, Shanxi, Hebei, Beijing and
Tianjin. Beijing DOFC issued twice dust storm early warning information to the public and
provided warning advisory for other countries in the Asian Node.
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From the perspective of the numerical forecast of SDS-WAS Asian Node, most of the numerical
forecasts captured the spatio-temporal distribution of this process well. For example, at the
most active moment of the process, the spatial distribution of high dust concentration
forecasted by best ensemble matched well with that of observed SDS weather phenomenon
reported in eastern Gansu, northern Ningxia, western Inner Mongolia and north Shaanxi
(Figure 3.2). Figure 3.3 presents the time series of observed PM10 concentration and
forecasted dust concentration by the ensemble in the city of Yinchuan located on the dust
transport path. Results showed that the concentration trends matched well between the
forecast and observations with a relatively higher correlation coefficient of 0.79. And the
forecasted occurrence and peak time of the case coincided with observation. In general, the
forecasting quality of the Asian Node in 2019 is good, and the best ensemble can provide
better results.

Figure 3.2. Comparison between observed SDS weather phenomenon observation and
forecasted dust surface concentrations (µg/m3) by best ensemble forecast
at 21:00 (UTC) on 11 May 2019

16

Figure 3.3. Time series of observed PM10 concentration (µg/m3) and forecasted dust
concentration (µg/m3) by the best ensemble in the city of Yinchuan (38.5°N, 106.3°E),
Ningxia province during 11-14 May 2019

3.3

SDS-WAS Pan-American node ongoing developments

Preliminary verification of the Caribbean Institute for Meteorology and Hydrology
(CIMH) Weather Research and Forecasting model coupled with Chemistry (CIMH
WRF-Chem)
Two dust events from the previous year were used as case studies for this validation- July 10th
2018 and September 20th 2018. Reported on here will be the CIMH WRF-Chem model data
compared to satellite and ground-based data for aerosol optical depth (AOD) as part of
assessing the model’s ability to predict dust events accurately.
For both cases there was a small magnitude of an error on days of small dust outbreaks and a
larger magnitude of an error on days of large dust outbreak with r = 0.984 and 0.9756
respectively. There is an indication of a strong positive correlation between MODIS and model
AOD (Figures 3.4 and 3.5). The CIMH WRF-Chem model was able to predict the AOD trend but
underestimated values for AOD. The results look promising and further validation and
evaluation will be performed in 2020 for not only AOD but surface dust, PM2.5 and PM10
concentration.
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Figure 3.4. July 2018 comparison of MODIS and WRF-Chem AOD (top)
and RMSE of AOD (bottom)

Figure 3.5. September 2018 comparison of MODIS and WRF-Chem AOD (top)
and RMSE of AOD (bottom)
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Other models/forecast products in the Pan-American node
NEMS (NOAA Environmental Modeling System) GFS Aerosol Component (NGAC)
NASA Goddard Earth Observing System, Version 5 (GEOS-5)
Naval Research Laboratory (NRL) Navy Aerosol Analysis and Prediction System (NAAPS) Global
Aerosol Model
International Cooperative for Aerosol Prediction (ICAP) Multi-Model Ensemble (MME)
Activities and projects in the Pan-American Node
Satellite-aided Regional Dust Forecasting for Valley Fever Surveillance, Highway Accident
Prevention and Air Quality Management in the SW United States (Principal Investigator
Dr Daniel Tong)
•

•

Collaboration with the New Mexico Department of Health to see how mould spores living
in the arid soils of the US West, Mexico, Central and South America become airborne,
inhaled and take hold as Valley fever.
Collaborate with the Arizona Department of Transportation to supplement their recently
installed, in situ systems for alerting drivers of blowing dust across a 10-mile segment
of highway (Interstate 10) between Phoenix and Tucson, Arizona.

NOAA Unique Combined Atmospheric Processing System (NUCAPS)
•

•
•

The NOAA Unique Combined Atmospheric Processing System (NUCAPS) was developed
to generate (1) spectrally and spatially thinned radiances, (2) retrieved products such
as profiles of temperature, moisture, trace gases and cloud-cleared radiances, and (3)
global validation products such as radiosonde matchups and gridded radiances and
profiles.
Assess NUCAPS skill in multi-dimensional profiling of the Saharan Air Layer (SAL) over
the north Tropical Atlantic basin.
NUCAPS was advertised to weather forecasting field offices in Florida and Puerto Rico
and other Caribbean counterparts; and civilian and government agencies within the
greater Caribbean.

Satellite Observations Suggest To Efficient Dust Removal in Models
(Yu et al., 2019)
•

•
•
•

Decade-long (2007-2016) records of CALIOP, MODIS, MISR, and IASI observations are
used to quantify dust deposition flux and loss frequency (LF) over the tropical Atlantic
Ocean.
Deposition flux and LF show distinct variations in season and space.
The satellite observations suggest that models remove dust too fast (that is LF
being 2-5 times higher) along the trans-Atlantic transit.
This has led to an ongoing analysis of models to better define model deficiencies.

EMIT (Earth Surface Mineral Dust Source Investigation)
•

The source region composition for the Earth’s mineral dust cycle is poorly known.
Source knowledge is required to model the dust cycle and assess future scenarios.
EMIT has two objectives:
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•

•

Constrain the sign and magnitude of dust-related RF at regional and global scales.
EMIT achieves this objective by acquiring, validating and delivering updates of
surface mineralogy used to initialize ESMs.
Predict the increase or decrease of available dust sources under future climate
scenarios. EMIT achieves this objective by initializing ESM forecast models with the
mineralogy of soils exposed within at-risk lands bordering arid dust source regions.

Plans for 2020
American Meteorological Society (AMS) Annual Meeting, Boston, MA, January 2020 scientific
session was entitled “Highlighting the Work of the Pan-American Node of the WMO Sand and
Dust Storm Warning Advisory and Assessment System” and was a part of the programme of
the 22nd Conference on Atmospheric Chemistry.
Further validation and evaluation of the CIMH WRF-Chem will be possible through the project
“Early Warning of Synoptic Air Quality Events to Improve Health and Well Being in the Greater
Caribbean Region” where we collaborate with colleagues from the University of Puerto Rico and
several other institutions to constitute a multidisciplinary team of universities, agencies and
non-governmental organizations located in the Caribbean region that will characterize two
major air quality processes that affect the health of people in small island states (SIS)- African
Dust and local aerosol pollution.
As a major part of this aforementioned initiative we will be involved in a field project in the
summer of 2020, with collaboration of other Caribbean locations where we will forecast and
monitor dust events so we can compare the model against in situ observations at Barbados,
Martinique, Guadeloupe, Puerto Rico, Cayenne (French Guiana), Merida (Mexico) and Miami.
The Pan-American Node of the SDS-WAS is also planning to redesign its webpage to offer a
suite of information and access to products across the Pan-American region. We hope to tap
into the in situ observations (both surface and remote sensing), model products and other
outputs offered by our Pan-American institutions.

_______
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CHAPTER 4. RESEARCH HIGHLIGHTS OF 2019
4.1

Priority area: address limitation

4.1.1

Redetection of dust sources in the Asian area and their impact on
simulations of a severe SDS

The accuracy of dust emission is determined in particular by the erosion database, which
includes detailed soil (size distribution, texture and composition) and land surface information
(land use/cover, roughness length, etc.). As the dust source region determines where dust is
emitted into the air at certain wind speed, major efforts have been made to improve the global
dust source distributions through satellite aerosol optical depth (AOD) data (Ginoux et al.,
2012); updating land use/cover information of the Asian source area information every five
years (Liu et al., 2002; Zhang et al., 2014); and by updating the 1-km global map on SDS
sources (UNCCD report delivered at UNCCD COP14, Sep 2019, New Delhi, India). SDSs in
Central and East Asia usually occur associating with the Siberian High, which can produce
massive clouds that shade the SDS signals from satellite detection, so the satellite data are not
sufficient to determine dust source areas in Mongolia and Central Asia, which are essential
upstream dust source areas for SDS in northeastern Asia. Based on the observed
meteorological SDS phenomena, especially the severe SDSs and normal SDSs that are
probably mainly formed directly by local emissions, we have updated the erodibility of the
Asian source (Zhou et al., 2019). SDS observations from meteorological stations from 2000 to
2017 were used to update the source that resulted in an overestimated dust flux in Central
Asia and an underestimated dust flux in central and northern Mongolia in CUACE/Dust
(Figure 4.1).
DUST SOURCE RE-DETECTION IN CENTRAL ASIA: The percentage of the erosion area in the
two deserts Kyzylkum and Karakum were reduced based on the surface observations, as
shown in Figure 4.1. The erodibility of much of this region decreased to less than 70%, which
is much lower than the original value of 100%. The region between the Aral Sea and Balkash
Lake is a sensitive source region for the cold air mass of the Siberian High that sweeps
downwind areas of East Asia. As shown in the new desertification distribution areas, the
erosion percentage of the Aralkum Desert and the erosion area around Balkash Lake has
decreased.

Figure 4.1. The ratio of desertification distribution for CTL test (a) and test T1 (b).
1. Aralkumm, 2. Kyzylkum,3 Karakum, 4. Gobi, 5. Taklimakan, 6. Mu Us, 7. Onqin Daga,
8. Herqin, 9. Gurbantungut.
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DUST SOURCE RE-DETECTION IN MONGOLIA: SDSs are most frequent in southeastern
Mongolia, with a rate of about 20–50 times per year in spring (Figure 4.1). This character is
consistent with the initial treatment of Gobi Desert distributions in CUACE/Dust (Figure 4.1a).
However, SDSs are also observed relatively frequently in northern Mongolia, even though the
land use there is defined as steppe, forest-steppe, and mountain steppes (Jugder et al., 2018).
These types of land-use patterns are re-detected as active dust sources in Mongolia in spring.
Thus, the original dust source area in southeast Mongolia has remained. Erodibility has
rediscovered to increase more than 30% in many places in northern Mongolia (Figure 4.1b).
DUST SOURCE RE-DETECTION IN CHINA: The ecosystems of the Onqin Daga and Horqin
deserts, and that of the Mu Us Desert, were significantly improved by the implementation of
the Program for Conversion from Cropland to Forest and Grassland in China since 1999. The
erodibility of these three dusty areas, which were considered to be three source areas in our
CUACE system (Figure 4.1a), has been found to be reduced, as in Central Asia (Figure 4.1b).
In the Gurbantungut Desert in North Xinjiang, no SDSs have been observed, but floating dust
phenomena have been observed. Precipitation is evenly distributed around the year and
diverse plants grow in this desert. Therefore, this desert is less active than before and
desertification has decreased to less than 20% (Figure 4.1b).
The readjusted dust source data improve the forecast of CUACE/Dust both in terms of largescale SDS episodes and microphysics in emission, station mass concentrations and size
distributions (Figure 4.2).

Old sources

New sources

Mar. 25

Mar. 26

Mar. 27

Figure 4.2. New dust sources detected and their impact on simulations of severe SDS in Asia.
Blue symbols (S) indicate the weather stations where dust was recorded.
Source: Zhou et al., 2019
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4.1.2

Indirect dust-atmosphere interactions: experimental ice nucleation
predictions

The formation of cold clouds is enhanced if ice nuclei (IN) are available. Cold clouds contribute
at a global scale with 60% in precipitation and their presence significantly affects the
atmospheric radiation properties. Observations show that mineral dust particles are the
dominant residuals found in cloud ice (see, for example, Cziczo et al., 2013). It is expected
that a better description of the IN process should substantially improve cloud parameterization
and increase the accuracy of both - climate simulations and numerical weather prediction.
The regional dust DREAM model in the Republic Hydrometeorological Service of Serbia has
been extended by adding a parameterization of IN (Nickovic et al., 2016; Nickovic et al., 2015)
using simulated dust concentration, moisture and temperature (Demott et al., 2015; Steinke et
al., 2016). This is a first step towards using predicted IN concentration as an input in the cold
cloud physics model. By such two-way coupling, the indirect dust-cloud interactions will be
taken into account. Since June 2016, daily forecasts of IN are semi-quantitatively compared
against Ice Water Path as observed by the MSG satellite (Figure 4.3) at the web page of the
Institute of Physics Belgrade http://dream.ipb.ac.rs/ice_nucleation_forecast.html.

Figure 4.3. Example of predicted and observed cold cloud cover. Left: predicted load of
Log10 (IN); right: observed via MSG-SEVIRI Ice Water Path.
Source: S. Nickovic

4.1.3

Soil moisture change in the Asian area and its importance in SDS forecast

Soil moisture content is one of the most important parameters as input conditions in the
forecasting model of SDS. Soil moisture content influences the threshold friction velocity at
which dust particles escape from the surface, and thus controls the amount of dust emitted
into the atmosphere from the surface.
The mean volumetric soil moisture content at 0-0.1m depth in most parts of the main SDS
influence areas was less than 30% during springtime in Asia. Meanwhile, its value in dust
source areas was about 20%, and the annual mean variation was between 0.2 and 0.5. In the
past decade, soil moisture in Asian dust source areas is found to be increasing gradually, which
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reduced the intensity and frequency of SDS (An et al., 2018). The change related to change in
vegetation cover, surface temperature, precipitation, snow cover, and also somewhat related to
artificial afforestation in north China.
Considerable uncertainty would be coursed in the simulation results of the SDS forecast model
due to the lack of timely, accurate and high coverage of soil moisture data input. Observation
of soil moisture mostly from the agrometeorological stations, which are rare in dust source
areas and usually located in areas where people are on duty, sometimes even next to farmland.
As a result, the values are higher than those in deserts and Gobi. Soil moisture products of
satellite remote sensing were applied to the CUACE\Dust forecasting system in the Asian Node
of SDS-WAS, which adequately compensated for the lack of ground monitoring. The results
indicated that it could make a more accurate quantitative forecast of the temporal and spatial
distribution of dust aerosol emissions in the Asian area.
4.2

Priority area: advance method

4.2.1

Whether aerosol, including dust, variability could afford some
predictability in the subseasonal-to-seasonal forecast

Aerosols are important players in the Earth’s radiation balance. Several studies have shown the
importance of characterizing aerosols, in particular dust, to constrain surface radiative fluxes
and temperature in climate runs. In numerical weather prediction, however, there has not been
definite proof that interactive aerosol schemes are needed to improve the forecast.
Climatologies are instead used that allow for computational efficiency and reasonable accuracy.
Starting from the assumption that the aerosol effects can be more important at longer
timescales, Benedetti and Vitart (2018) investigated whether aerosol variability could afford
some predictability in the subseasonal-to-seasonal forecast, considering that it is likely that
persisting aerosol biases might manifest themselves more over time scales of weeks to months
and create a non-negligible forcing. The paper explored this hypothesis using the ECMWF`s
Ensemble Prediction System including interactive prognostic aerosols. Four experiments were
conducted with the aim of comparing the monthly prediction by the default system, which uses
aerosol climatologies, with the prediction using radiatively interactive aerosols. Only the direct
aerosol effect was considered. Twelve years of reforecasts with 50 ensemble members were
analysed on a monthly scale. Results indicated that the interactive aerosols have the capability
of improving the subseasonal prediction at the monthly scales for the spring/summer season.
It was shown that this is predictability is afforded by the aerosol variability connected to the
different phases of the Madden-Julian oscillation, particularly the variability of dust and
carbonaceous aerosols. The degree of improvement depends crucially on the aerosol
initialization, which stresses the importance of having accurate aerosol analysis, well
constrained by observations. As an additional benefit, the authors demonstrated the possibility
of having skilful dust forecasts at the monthly scale, as illustrated in Figure 4.4. The forecasts
initialized from the CAMS Interim Reanalysis (Flemming et al., 2017) are more skilful than
persistence. This is a first promising attempt to establish dust forecasting at the extended
range using an ensemble approach.
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Figure 4.4. The skill of the dust forecast over a month measured by the ranked probability skill
score (RPSS) for experiments PROG1 (orange) in which the aerosols were initialized using the
CAMS Interim Reanalysis and PROG2 (green) in which the aerosols were initialized with an
aerosol climatology with respect to a persistence forecast (blue)
of dust optical depth for the tropics
Source: Benedetti and Vitart, 2018

More work is required to fully assess the potential of interactive aerosols to increase
predictability at the subseasonal scales. This will be addressed in a series of experiments
coordinated by the WMO Working Group on Numerical Experimentation (WGNE), the
subseasonal-to-Seasonal (S2S) project and the Global Atmosphere Watch which will
investigate the role of aerosols in numerical weather prediction at different timescales.
4.2.2

Seasonal Asian dust prediction in East Asia using GloSea5-ADAM

In the SDS-WAS Asian Node, the Korea Meteorological Administration (KMA) has been carrying
out seasonal forecasting of Asian dust using statistical techniques such as genetic algorithm
and deep learning. To compensate for the shortcomings of these statistical methods, KMA
started numerical model-based seasonal forecasting of Asian dust using the Global Seasonal
Forecasting System (GloSea5), a dynamics-based seasonal prediction model used
operationally by KMA (Ryoo et al., 2020).
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Figure 4.5. Seasonal forecasting of Asian dust using GloSea5-ADAM. a) is the averaged dust
concentration from 1999 to 2010 (hindcast). b), c), d) shows the difference between the
forecasted level and hindcast value for 2017, 2018 and 2019, respectively.
Source: Ryoo et al., 2020

To improve the model’s performance in Asia, the Asian Node team at KMA replaced the dust
generation algorithm GloSea5 over the East Asia region with the dust generation algorithm of
the Asian Dust and Aerosol Model version 3 (ADAM3). The hindcast climatology for the
spring-mean dust amount was constructed for the 20 years from 1991 to 2010 using
GloSea5-ADAM (Figure 4.5). Figures 4.5b) to 4.5d) show the predicted dust anomalies for
spring 2017, spring 2018 and spring 2019, respectively. This seasonal Asian dust prediction study
by the SDS-WAS Research and Application Team is a positive step towards long-term SDS
prediction.
4.2.3

Whether aerosols, including dust, will have a significant impact on
weather forecasting

The influence of aerosols on the forecast of meteorological elements is an essential issue for
chemical weather forecasting. Simulation studies by a two-way coupled mesoscale
weather-chemical model, GRPAES_CUACE, by the China Meteorological Administration (CMA),
which includes sea salt, sand/dust, black carbon, organic carbon, sulphates, nitrates and
ammonium product (Wang et al., 2018), show that aerosol particles, including dust, can induce
or strengthen the local thermal inversion, affording humidification in the layer of aerosol
primarily due to the aerosol-radiation interaction during a heavy aerosol pollution episode (HPE)
of a duration of at least three days in the North China Plain. The aerosol-induced temperature
drop causes a decrease in turbulence diffusion and further reduces the boundary height that
leads to a rapid rise, or even an explosive increase in aerosol concentration. The reduction in
turbulence diffusion of chemical tracers results in a near-zero turbulent diffusion named
“turbulent intermittent” atmosphere state (Ren et al., 2019). Understanding this two-way
feedback effect between heavy aerosol pollution and meteorological conditions in the planetary
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boundary layer (Zhong et al., 2017; Wang et al., 2015; Zhang et al., 2019) is crucial for
improving simulation and forecasting of the underestimated explosive growth of aerosols
(Figure 4.6), and even weather forecasting during HPEs.
More work is needed to fully assess the extent to the effect of aerosols, including dust, on the
daily numerical weather forecast routine.

Figure 4.6. Hourly changes of PM2.5 and the diffusion coefficient (DC) of experiments EXP1,
EXP2, and EXP3 from 15 to 22 December 2016 in Xingtai
Source: Wang et al., 2018

4.2.4

The assimilation data using FY-4A IDDI to improve the SDS forecast

Using satellite retrieval AOD to indicate the optical thickness of dust aerosols has uncertainties
due to interference from other types of aerosols, especially outside the source area of the SDS.
The Asian Node has been using an SDS IDDI (Infrared Difference Dust Index) retrieval from
Chinese Fengyun geostationary weather satellites into its data assimilation system. From the
very beginning, a 3D-Var assimilation scheme to assimilate visibility and satellite retrieval IDDI
from FY-2C (Hu et al., 2008) for an SDS operational forecast system-CUACE/Dust to improve
the forecasting accuracy (Niu et al., 2008). Since 2017, the updated SDS IDDI data are from
FY-4A satellite data (Figure 4.7). The SDS forecast improves arrogantly with afforded FY-4A
data. For instance, data assimilation improves the forecast results for severe SDS, which
occurred on 27 March 2018. The dust plume covers a vast area from Mongolia to Inner
Mongolia and Northeast China. Due to the uncertainties of dust emission in those areas, the
forecast with initial conditions without assimilation exhibits some missing for the SDS (Figure
4.8a; c). The forecast with assimilation with FY-4A SDS IDDI improved substantially (Figure
4.8b; d)
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Figure 4.7. SDS IDDI retrieved from FY-4A on 04/05/2017

Figure 4.8. Seasonal forecasting of Asian dust using GloSea5-ADAM. a) is the averaged dust
concentration from 1999 to 2010 (hindcast). b), c), d) shows the difference between the
forecasted level and hindcast value for 2017, 2018 and 2019, respectively.
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In the future, as more lidar observation becomes available, the assimilated data should be
further expanded and refined by using the near real-time vertical profiles of the SDS,
especially in the source region.
4.2.5

Ongoing project of measure the mineral compositions of the arid land dust
source regions

The Earth Surface Mineral Dust Source Investigation (EMIT) is being undertaken to measure
the mineral compositions of the arid land dust source regions of the Earth from the
International Space Station (ISS) (Figure 4.9). Global comprehensive measurements of the
composition of the Earth’s dust source regions are not currently available. This knowledge gap
is limiting avenues of mineral dust research in the Earth system. The EMIT mission will use
imaging spectroscopy spanning the visible to short-wavelength infrared (VSWIR) region of the
electromagnetic spectrum to record and analyse the distinct spectral signatures of a set of
designated dust source minerals. EMIT measurements of the Earth`s dust source regions are
planned to be acquired from the ISS in the 2021-22 time frame. These new measurements and
related data products will be validated and used to update the initialization of state-of-the-art
Earth System Models. With improved initialization, these models will be used by the EMIT team
to investigate the radiative forcing impacts of mineral dust aerosols in the Earth system. Both
current impacts and impacts under future climate scenarios will be assessed. EMIT data
products will be delivered to NASA Land Processes Distributed Active Archive Centre archive
and made available to the full science community for the range of additional investigations that
they enable.

Figure 4.9. Schematic diagram of the Earth Surface Mineral Dust Source Investigation (EMIT)
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4.3

Priority area: new observation

4.3.1

New instrumental developments to measure atmospheric mineral dust

THE NEW ZEN R-52 MULTICHANNEL RADIOMETER: The ZEN R-41 multichannel radiometer
(Almansa et al., 2017) has been improved with the new ZEN R-52 version (Figure 4.10). The
new radiometer has been specifically designed to monitor dust aerosols and atmospheric water
vapour in remote desert regions with a high degree of autonomy and robustness (Almansa et
al., 2020, paper submitted to Remote Sensing). The new ZEN-R52 device has a reduced field
of view, an increased signal to noise ratio, better stray light rejection and an additional channel
(940 nm) for perceptible water vapour (PWV) retrieval as remarkable differences. Aerosol
Optical Depth (AOD) and PWV are inferred from the ZEN-R52 downwelling Zenith Sky
Radiances (ZSR) measurements using a lookup table (LUT) methodology as done for ZEN-R41
model. The ZSR measurements of the ZEN-R41 prototype and the new ZEN-R52 radiometer
been compared with a collocated Aerosol Robotic Network (AERONET) Cimel CE318 (CE318AERONET) standard instrument, in case of AOD and PWV, and with a Fourier Transform
Infrared spectrometer (FTIR) for PWV, at the Izaña WMO GAW and CIMO-tested Observatory.
The results from the 10 months (August 2017 to June 2018) of quasi-simultaneous (±30 s)
measurements show an improved performance of the ZEN-R52 compared with previous
versions, showing a good correlation in AOD between both datasets (≈0.97) and low rootmean-squared-errors (RMSE) values (0.010 to 0.012). The PWV comparison between ZEN-R52,
AERONET, and FTIR, showed also a reasonably good agreement, with a high coefficient of
determination (0.90) and a mean bias of 0.033 cm.

Figure 4.10. The new ZEN-R52 zenith radiometer

SPECTRAL AOD DETERMINATION AND IMPACT OF MODERATE-TO-HIGH DUST LEVELS: Spectral
direct UV-Visible normal solar irradiance (DNI) measured with an EKO MS-711
spectroradiometer at the Izaña Atmospheric Observatory (IZO, Spain) has been used to
determine spectral aerosol optical depth in its whole spectral range (300 and 1100 nm)
(García-Cabrera et al., 2019). The EKO-711 DNI spectroradiometer has been designed for solar
radiation monitoring, so its field of view (FOV=5°) is twice that recommended for
sunphotometers by WMO for AOD determination. The AOD comparison from EKO-711 DNI
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spectroradiometers and the AERONET was held at Izaña Observatory between April and
September 2019, showed a very good agreement. The AOD differences compared against the
AERONET Cimel reference instrument used in this comparison (FOV=1.2°) were fairly small,
although under relatively high dust-AOD the differences growth due to the increase of the near
forward aerosol scattering because of the relatively large circumsolar radiation (CSR) due to
the large EKO MS-711 FOV, resulting in a small but significant AOD underestimation in the UV.
Under high dust levels the AOD differences decreased considerably when CSR corrections,
estimated from LibRadtran radiative transfer model simulations, were performed, obtaining
RMS of 0.006 (14.9%) at 340 and 380 nm, and 0.005 (11.1%) for longer wavelengths. The
percentages of 2-minute synchronous EKO AOD-Cimel AOD differences within the WMO
traceability limits were >95% in all channels, except at 340nm, after applying the CSR
corrections, see Figure 4.11 below. Interim Reanalysis (Flemming et al., 2017) is more skilful
than persistence.

Figure 4.11. AOD differences (EKO AOD – Cimel AOD) versus the optical air mass (ma).
Black lines represent the U95 uncertainty limits
Source: García-Cabrera et al., 2019

4.3.2

Observation support of aerosol radiative properties from CARSNET, CMA to
SDS-WAS

Sun photometers (CE-318, Cimel Electronique, Paris, France) were first installed at 20 China
Aerosol Remote Sensing Network (CARSNET) sites in 2002 and have now been installed at a
total of 50 CARSNET sites (Figure 4.12). These sites include five sites in desert regions
affected by mostly dust aerosols and two sites in regions affected by both dust and
anthropogenic activities on the Loess Plateau. The AODs and extinction Ångström exponents
(EAEs) at these sites varied from 0.21 to 0.60 and 0.25 to 1.03, respectively. The fine-mode
fractions (FMFs) were 0.35 to 0.78, suggesting that there were higher relative abundances of
mineral dust at these sites than at other sites in eastern and southern China. The annual
single-scattering albedos (SSAs) at these sites were about 0.86 to 0.92, which demonstrates
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the scattering and absorption capacities of mineral aerosols in different regions. Indeed, in the
spring, dust aerosols with light-absorbing properties occur more frequently in north-eastern
China than in the southern areas, leading to the absorption of aerosol optical depth (AAOD)
values being about 0.02 to 0.05. A large direct aerosol radiative effect at the bottom of the
atmosphere (DARE-BOA) (~-37.14 to -91.20 W m-2) occurred around this region, and this fact
implied a substantial surface cooling effect caused by mineral dust. A classification method
based on SSAs, FMFs and EAEs showed that coarse-mode particles (mainly dust) (Group VII,
EAE ≤ 0.60, SSA ≤ 0.95) were dominant at the arid and semi-arid sites, with proportions of
about 35% to 20% at most sites, with FMFs being 0.40 to 0.50.

Figure 4.12. Annual spatial distributions of (a) aerosol optical depth (AOD) at 440nm,
(b) extinction Ångström exponent (EAE) 440–870nm, (c) ﬁne-mode fraction (FMF), (d) the
single-scattering albedo (SSA) at 440nm, (e) absorption aerosol optical depth (AAOD) at
440nm, and (f) direct aerosol radiative effect at the bottom of the atmosphere (DARE-BOA)
at the China Aerosol Remote Sensing Network (CARSNET) 50 sites.
Source: These figures are adapted from Che (Che et al., 2019).

4.3.3

Absorbing and non-absorbing dust particle retrieval from satellite
observation

The implementation of multi-wavelength, multi-angle and polarization measurement
capabilities has made the POLDER space instrument possible to derive particle properties that
are essential for characterizing and estimating aerosol components. The POLDER/PARASOL
observations globally were processed by the aerosol component retrieval algorithm to assess
the measurement-based global distribution and seasonal variability of the non-absorbing
component and absorbing component in mineral dust (Figure 4.13). The retrievals clearly show
a “hot spot” of coarse mode non-absorbing dust over the Bodélé depression, located between
the Tibesti Mountains and Lake Chad, and known as the most active dust source in the Sahara
desert. Figure 18a also shows that the coarse mode non-absorbing dust appears over the
Middle East, the Arabian Peninsula and extends over Asia, which is known as the global dust
belt. The high absorbing dust (FeOx) concentrations are observed during MAM and JJA over
western Africa, the Arabian Peninsula and the Taklimakan desert located in northwest China
(Figure 4.13b). It is worth noting that the maximum of absorbing dust (FeOx) and nonabsorbing dust do not always coincide, reflecting the different percentage of iron oxides in
desert dust that is varying depending on the soil mineralogy of the source region. Calculations
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of the ratio of absorbing dust (FeOx) to mineral dust concentrations over the African continent
provided values of up to about 0.05, which is consistent with up to 3 to 5 % iron oxides in
desert dust.

Figure 4.13. Seasonal variability of (a) the coarse mode non-absorbing dust, (b) the coarse
mode absorbing dust (FeOx) column volume concentration over the globe in 2008 as retrieved
by the GRASP/Component algorithm from POLDER/PARASOL satellite observations.
Source: These figures are adapted from Li (Li et al., 2019)

4.4

Priority area: application:

4.4.1

Warning Advisory System for Sand and Dust Storm in Burkina Faso

Burkina Faso is a landlocked African country lying in the transition zone between the Sahara to
the north and the humid equatorial region to the south. It has a primarily tropical climate with
a rainy season from May/June through September, a little shorter in the northern part of the
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country, and a dry season, when a hot dry wind called harmattan blows from the Sahara.
During the dry season, frequent dust storms are one of the main meteorological hazards
affecting the population. Airborne dust presents serious risks for human health. Particles
smaller than 10 microns may penetrate the respiratory tract and cause or exacerbate
pulmonary and cardiovascular diseases, especially among the most sensitive segments of the
population (children, pregnant women, the sick or the elderly). Some infectious diseases have
also been associated with airborne dust. Outbreaks of meningococcal meningitis, a bacterial
infection of the thin tissue layer that surrounds the brain and spinal cord, occur worldwide, yet
the highest incidence is found in the “meningitis belt”, a part of sub-Saharan Africa extending
from Senegal to Ethiopia and including the entire territory of Burkina Faso.
A warning advisory system for sand and dust storm has been launched for the 13 administrative
regions into which the territory of Burkina Faso is divided: https://sds-was.aemet.es/forecastproducts/burkina-faso-warning-advisory-system. Its core is a universally understood product
based on colour-coded maps that indicate the risk of high dust concentrations during the next 48
hours (Figure 4.14). The warning levels are computed using the dust surface concentration
predicted by the SDS-WAS multi-model median, which is daily generated from twelve numerical
predictions released by different meteorological services and research centers around the world.
Regarding the warning thresholds - different for each region - they have been set based on the
climatology of the prediction product itself, using a percentile-based approach.

Figure 4.14. Warning advisory product released on 23 March 2018 valid for 25 March 2018

This system has been designed and is operated by AEMET and the Barcelona Supercomputing
Center in collaboration with the Burkina Faso National Meteorological Agency. It is released by
the World Meteorological Organization’s SDS-WAS (Figure 4.15).
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Figure 4.15. Mass vaccination campaigns have led to a sharp reduction of meningitis cases in
the African meningitis belt
Source: World Health Organization

The SDS-WAS team now has the first feedback about this warning advisory system from ANAM
(Agence National de la Météorologie - Burkina Faso). This report points out that this WAS is
being used by the weather forecasters in their daily working routine and it provides valuable
information about dust situations helping them to assess them quickly (Figure 4.16). This
shows that this kind of tailored products is a huge time-saver for weather forecasters, thanks
to the capability of summarizing a lot of information in just one graph.
A final remark suggests that the number of warnings should be reduced in order to have a
better agreement with the observed dust situations. Hence, the next step will be to adjust the
province warning thresholds by choosing new percentiles of the multimodel median time series.
Besides, the last two years will be added to the time series to have a longer model climatology.
On the other hand, Météo Burkina has been asked to provide more detailed information about
dust events such as event duration, visibility reduction, wind speed and deposition observed,
which will help us to improve the WAS evaluation.
The first attempt of an evaluation of this WAS is now being carried out using visibility reduction
data from the SYNOP and METAR reports to have a qualitative assessment of the WAS
performance.
To improve the evaluation and take a step further to provide a quantitative forecast, the
SDS-WAS NAMEE RC in collaboration with several projects led by WMO and AEMET plan to install
several PM (particulate matter) sensors in the Sahel region to conduct a measurement campaign
of dust surface concentration. Furthermore, these measurements will allow us to revise the
current warning thresholds, which are calculated from our ensemble of dust models.

35

Figure 4.16. Extremely high (red colour) dust surface concentration forecast for all provinces
(10/02/2020) (left panel); SDS-WAS NAMEE RC visibility product (10/02/2020) Range of
visibility reduction in Burkina Faso by dust: 700 m - 1800 m (right panel).

4.4.2

Icelandic high-latitude dust (hld) experimental forecasts

The WMO Airborne Dust Bulletin No. 2 (WMO, 2018) has reported on the high-latitude dust
(HLD) which is a mineral aerosol with the potentially important environment and climate
impacts. Icelandic deserts being the largest European source of mineral dust in the Arctic
region is of the particular general public and research interest. Emitted dust particles under
strong wind conditions are mainly of volcanic origin. Under favourable conditions, Icelandic
dust (ID) can be transported downwind up to a thousand km (Arnalds et al., 2016). More than
a quarter of a year, there are dusty days in Iceland during which air quality is often
substantially reduced thus potentially affecting human health. Road traffic is also affected due
to reduced visibility under such conditions (Figure 4.17). Several car accidents are reported
due to dust storms in South Iceland each year. ID, having several times more iron oxides than
for example Saharan dust, is likely an important primary nutrient of the high-latitude marine
environment. Finally, this kind of dust plays a role in the Earth's climatic system: when
deposited over terrestrial surfaces, it changes the albedo of snow and glacial areas while it
reduces the acidity of the HL ocean where acidity has increased over last decades due to
climate change.

Figure 4.17. Reduced visibility and air quality in Iceland during a SDS event
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Tourism in Iceland exceeds more than six times the number of local inhabitants with over 2
million tourists per year. Several tens of km long parts of roads are often subjected to dust
storms and pose danger. Iceland is also one of the top cycle tourism destinations without an
awareness of dust storm danger as depicted in Figure 4.17. Dust forecast is crucial for road
safety in South and Northeast Iceland.
Several recent modelling studies have been performed to simulate transport of ID and its
effects (Groot Zwaaftink et al., 2017; Kylling et al., 2017), but none of them with operational
capabilities and with no dust concentration continuity equation online driven by an atmospheric
model).

Figure 4.18. Example of the operational Icelandic dust forecast

The Republic Hydrometeorological Service of Serbia, in collaboration with the Agricultural
University of Iceland (AUI), has applied a version of the Dust Regional Atmospheric Model
(DREAM), modified to function over the corresponding geographical domain. In this
collaboration, AUI has provided detailed data on dust sources in Iceland (The AUI Soil Erosion
Database and a survey of dust hot-spots as described in Arnalds et al. (2016). For the first
time, the operational prediction of dust process in high latitudes is available, see Figure 4.18
(http://www.seevccc.rs/?p=8; select Dream8iceland). The new forecasting system thus
achieves the objective of SDS-WAS to deliver timely and quality SDS forecasts to users for this
particular region.
The interest in HLD processes and impacts on the environment and climate has been
significantly increased over the last decade. Most of the cryospheric regions have undergone
severe changes in the last decades. Such areas have been more fragile and less adaptable to
global climate changes. HLD particles have a direct effect on the radiative budget of the
atmosphere; they also act as efficient cloud ice and condensation nuclei. Dust deposition at
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high latitudes can also provide nutrients to terrestrial systems. Studying linkages between HLD
processes and snow and ice (locally, regionally and at a global scale) becomes of substantial
importance.
Following the interest of the community for HLD, the SDS-WAS has included in its research
programme modelling and monitoring of HLD originating from Iceland. There are also several
other international initiatives/projects dealing with a similar issue, including, for example
InDust COST Action (International Network to Encourage the Use of Monitoring and
Forecasting dust Products), ICEDUST (The Icelandic Aerosol and Dust Association), High
Latitude and Cold Climate Dust network.
The Republic Hydrometeorological Service of Serbia, is using the HLD forecasts system applied
to function with a horizontal resolution of ~12km over Iceland and the surrounding
geographical domain (Nickovic et al., 2018). In collaboration with the Agricultural University of
Iceland (AUI), a special effort has been made to specify high-resolution dust sources (Figure
4.19). As a part of the further research, the geographical distribution of dust-productive
Icelandic soils has been specified to identify sources and amounts of iron in soils to provide
input to a version of the modelling system capable of simulating atmospheric processing of Fe
carried by Icelandic dust. Such modelling facilities will be used to assess how much soluble
(bio-available) iron deposited over the ocean is affecting the marine biochemistry.

Figure 4.19. Icelandic dust sources: Left - original AUI 500m resolution geo-referenced data;
Right: sources after re-gridding into the model.

4.4.3

inDust project for bettering dissemination and use of SDS-WAS services

Sand and Dust Storms play a significant role in different aspects of the Earth system and
represent a serious hazard for life, health, property, environment and economy. Understanding,
managing and mitigating SDS risks and effects requires fundamental and cross-disciplinary
knowledge.
The EU-funded COST Action “International Network to Encourage the Use of Monitoring and
Forecasting dust Products” (inDust, www.cost-indust.eu) was launched in 2017. Its main goal
is to create a network of researchers and users that can achieve a social impact through the
co-design of dust-oriented services.
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In line with this main objective, InDust is promoting public engagement in relation to the
potential impacts of SDS and is building capacity through the organization of different events
over the year (as training schools and user workshops), as well as releasing of printed (see
Figure 4.20) and multimedia materials that are publicly available. These dissemination actions
are helping on the identification and engagement of representatives of SDS-affected socioeconomic sectors (focused on air quality, health, aviation and solar energy) from different
countries in Europe but also including the participation of North African, the Middle Eastern and
South African, American and Asian partners. Currently, the network consists of more than 200
participants from 45 countries and from 27 different disciplines that span from Earth and
Engineering Sciences to Social and Economic Sciences.
One of the first outcomes of this collaborative exercise is the creation of a dust products
catalogue which includes an overview of (ground-based and satellite) observations and model
products. This catalogue will be publicly available through the SDS-WAS NAMEE Regional
Centre.

Figure 4.20. Dust atmospheric processes and its impacts
(inDust leaflet, https://cost-indust.eu/media-room/resources)

4.4.4

FRAGMENT: a project to understand the size-resolved mineralogy of
emitted dust and its relationship with the parent soil

Soil dust aerosols are mixtures of different minerals, whose relative abundances, particle size
distribution (PSD), shape, surface topography and mixing state influence their effect upon
climate. At present, Earth System models represent poorly the local/regional variations in dust
mineral composition mainly because 1) our knowledge of the global soil-surface mineralogical
composition is limited due to a lack of observations, and 2) there is an incomplete
understanding of the emitted dust PSD in terms of its constituent minerals that results from
the fragmentation of soil aggregates during wind erosion (Figure 4.21). The first challenge is
being tackled by the Earth Surface Mineral Dust Source Investigation (EMIT), which will use a
hyperspectral sensor mounted to the exterior of the International Space Station (ISS) to
determine the mineral composition of natural sources that produce dust aerosols around the
world.
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Emission of minerals
wind

FRAGMENTation of aggregates
Figure 4.21. The FRAGMENT project aims to understand the size-resolved
emission of dust minerals

FRontriers in Dust minerAloGical coMposition and its Effects upoN climaTe (FRAGMENT) is an
European Research Council Consolidator Grant started in October 2018 whose main goals are
to 1) understand the emitted dust PSD and mineralogy and its relationship with the parent soil,
2) anticipate new methods to efficiently use in models the wealth of surface mineralogical
information that will be provided by EMIT in the near future, and 3) contribute to understand
the role of mineralogy on climate through modelling. There was a first FRAGMENT field
campaign in Morocco in September 2019 and two other campaigns planned in the US and
Iceland that have been postponed due to the covid-19 pandemic.

_______
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CHAPTER 5. COLLABORATION WITH UNITED NATIONS COALITION TO
COMBAT SAND AND DUST STORMS
A United Nations Coalition to Combat Sand and Dust Storms was formally launched on
6 September 2019 at the 14th Conference of Parties (COP14) to the United Nations Convention
to Combat Desertification (UNCCD) in New Delhi, India. At launch, the Coalition comprised 15
member organizations, including WMO, UNCCD and the United Nations Environment
Programme (UNEP). The Coalition has a mandate to promote and coordinate a collaborative
United Nations system response to SDS issues at local, regional and global levels, to facilitate
the exchange of knowledge, data and best practices among Coalition members, to encourage
collaboration on initiatives and action among Coalition members regarding SDSs, to facilitate
dialogue and collaboration among affected countries and within the United Nations system with
respect to SDS issues, to facilitate capacity-building in the Member States, and to raise
Member States’ awareness of SDSs and enhance their preparedness for and response to SDSs.
The Coalition has adopted a disaster risk management life cycle approach to its work and has
created five working groups: Prevention, Mitigation, Preparedness, Response and Recovery.
The WMO SDS-WAS Steering Committee (SC) will be leading the Preparedness (Monitoring,
prediction and warning systems for SDS) working group.
In the fifth session of the SDS-WAS SC (Hangzhou, China, 13–14 November 2019), SDS-WAS
SC, the representatives of UNCCD, UNEP and the Economic and Social Commission for Asia
and the Pacific/Asian and Pacific Centre for the Development of Disaster Information
Management (ESCAP/APDIM) introduced the Coalition's ongoing and future SDS projects and
activities. The representatives expressed their willingness to strengthen cooperation with
SDS-WAS. SDS-WAS SC suggested increasing the role and the contribution of SDS-WAS in the
United Nations Coalition to Combat Sand and Dust Storms and increasing collaboration with
other partners in the areas of SDS impact-based warning, assessment and source
management.
Within the United Nations Coalition to Combat Sand and Dust Storms, ESCAP/APDIM is trying
to facilitate a regional plan of action for information sharing and capacity development related
to combating SDSs in Asia and the Pacific. SDS-WAS SC suggests sharing data with
ESCAP/APDIM in the 10–15 year long-term reanalysis of SDSs in the Asian area. This
information will help ESCAP/APDIM plan for a longer-term overview of the hazardous impacts
of SDSs in specific locations in the Asia Pacific region. The Japan Meteorological Agency (JMA),
representing SDS-WAS, will share SDS reanalysis data at 120-60 km resolution with
ESCAP/APDIM by 2021.
SDS-WAS SC also discussed with the representative of UNCCD collaborating and sharing the
data obtained from a 1-km global map of SDS sources coordinated by UNCCD. This is another
concrete action which would strengthen cooperation within the United Nations Coalition to
Combat Sand and Dust Storms in order to better forecast SDSs in areas where sources change
greatly and in order to better forecast small-scale SDS events, such as haboobs.

_______
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CHAPTER 6. CONCLUDING REMARKS
The WMO Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS)
continues its R&D and operational activities (SDS forecast and assessments) by the SDS-WAS
global steering committee and its regional Nodes/Centres according to the WMO SDS-WAS
Science and Implementation Plan (SIP) (WMO, 2015) within the concept of the Global Dataprocessing and Forecasting Systems (GDPFS). More than 25 organizations currently provide
daily global or regional dust forecasts in different geographic regions, including 9 global models
and more than 15 regional models contributing to SDS-WAS. The WMO SDS-WAS, which is a
global federation of partners organized around regional nodes, integrates research and user
communities (such as health, climate, energy, transport, aeronautical, and agricultural users).
Presently there are three Regional Nodes: the Northern Africa-Middle East-Europe Node (with
its Centre hosted by Spain), the Asian Node (with its Centre hosted by China) and the
Pan-American Node (hosted by Barbados and the USA) with their global coordination by the
SDS-WAS Steering Committee (SC) (see: https://www.wmo.int/sdswas).
The eighteenth World Meteorological Congress approved in June 2019 the Resolution 19
(Cg-18) - Enhancing cooperation for monitoring and forecasting sand and dust storms.
Congress noted the progress with the implementation of the Sand and Dust Storm Warning
Advisory and Assessment System and suggested that Member Countries promote international
cooperation to combat sand and dust storms through the exchange of knowledge, experiences,
best practices and by launching training courses. Congress also suggested that Member
Countries enhance capacity building and technical assistance for monitoring and forecasting
sand and dust storms and to support the implementation of national, regional, and global
action plans of affected countries. For the realization of this Resolution and further
development of SDS-WAS, the SDS-WAS SC formulated further science priorities and is
currently working on drafting the next SIP for 2021-2026.
During the reporting period several improvements and research developments in the SDS-WAS
have been achieved and realized, in particular:
•
•
•
•

High-latitude dust (establishing Iceland dust experimental forecasts)
Hot-spot sources in high-resolution mode experiments
New dust sources detected in Central/East Asia and their impact on simulations of a
severe sand and dust storm
Direct (radiation) and indirect (clouds) dust-atmosphere interactions are included.

The following emerging SDS-WAS research issues have been formulated:
Address limitation
•
Physical processes leading to specific types, very small scale of SDS, like haboob, etc.
•
Interaction among dust aerosol and radiation and clouds
•
Heterogeneous reaction on dust interface
Advance method
•
Retrieving dust mineralogy from spaceborne measurements
•
Data assimilation of SDS
•
Sub-seasonal to seasonal forecast of SDS
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Attribution (source attribution)
•
Attributing changes in dust sources to land mismanagement, desertification and climate
change.
Application
•
Better coordinating and harmonizing the process of transferring dust observations and
predictions to users (in aviation, solar energy, health, air quality, climate service
communities).
New observation
•
New technique and methodology of observation of atmospheric aerosols optimized to
mineral dust.

_______

43

REFERENCES
Almansa, A.F., et al., 2017: A new zenith-looking narrow-band radiometer-based system (ZEN)
for dust aerosol optical depth monitoring. Atmospheric Measurement Techniques, 10(2):
565-579.
Almansa, A.F. et al., 2020: Column Integrated Water Vapor and Aerosol Load Characterization
with the New ZEN-R52 Radiometer. Remote Sensing, 12, 1424.
An, L. et al., 2018: Temporal and spatial variations in sand and dust storm events in East Asia
from 2007 to 2016: Relationships with surface conditions and climate change. Science
of the Total Environment, (633) 15, 452-462.
Amosov, P., A. Baklanov, O. Rigina, 2014: Numerical Modeling of Tailings’ Dusting Processes.
pp.109. Lambert Academic Publishing.
Arnalds, O., P. Dagsson-Waldhauserova, and H. Olafsson, 2016: The Icelandic volcanic aeolian
environment: Processes and impacts — A review. Aeolian Research, 20: 176-195.
Benedetti, A. and F. Vitart, 2018: Can the Direct Effect of Aerosols Improve Subseasonal
Predictability? Monthly Weather Review, 146.
Che, H., X. Xia, H. Zhao, O. Dubovik, B.N. Holben, P. Goloub, E. Cuevas-Agulló, V. Estelles,
Y. Wang, J. Zhu, B. Qi, W. Gong, H. Yang, R. Zhang, L. Yang, J. Chen, H. Wang,
Y. Zheng, K. Gui, X. Zhang, and X. Zhang, 2019: Spatial distribution of aerosol
microphysical and optical properties and direct radiative effect from the China Aerosol
Remote Sensing Network. Atmospheric Chemistry and Physics, 19(18): 11843-11864.
Cuevas, E., 2013a: Establishing a WMO Sand and Dust Storm Warning Advisory and
Assessment System Regional Node for West Asia: Current Capabilities and Needs.
WMO–UNEP Technical Report. WMO–No. 1121. World Meteorological Organization,
Geneva, Switzerland. Available online:
http://library.wmo.int/pmb_ged/wmo_1121_en.pdf
Cuevas, E., 2013b: Establishing a WMO Sand and Dust Storm Warning Advisory and
Assessment System Regional Node for West Asia: Current Capabilities and Needs.
WMO–UNEP Executive summary. WMO–No. 1122. World Meteorological Organization,
Available online: http://library.wmo.int/pmb_ged/wmo_1122_en.pdf
Cziczo, D.J., K.D. Froyd, C. Hoose, E.J. Jensen, M. Diao, M.A. Zondlo, J.B. Smith, C.H. Twohy,
and D.M. Murphy, 2013: Clarifying the Dominant Sources and Mechanisms of Cirrus
Cloud Formation. Science, 340(6138): 1320-1324.
Demott, P.J., A.J. Prenni, G.R. McMeeking, R.C. Sullivan, M.D. Petters, Y. Tobo, M. Niemand,
O. Mohler, J.R. Snider, and Z. Wang, 2015: Integrating laboratory and field data to
quantify the immersion freezing ice nucleation activity of mineral dust particles.
Atmospheric Chemistry and Physics, 15(1): 393-409.
Flemming, J., A. Benedetti, A. Inness, R.J. Engelen, L. Jones, V. Huijnen, S. Remy, M.
Parrington, M. Suttie, A. Bozzo, V.H. Peuch, D. Akritidis, and E. Katragkou, 2017: The
CAMS interim Reanalysis of Carbon Monoxide, Ozone and Aerosol for 2003–2015.
Atmospheric Chemistry and Physics, 17(3): 1945-1983.
García-Cabrera, R.D., E. Cuevas-Agulló, Á. Barreto, V.E. Cachorro, M. Pó, R. Ramos, and
K. Hoogendijk, 2019: Characterization of an EKO MS-711 spectroradiometer: aerosol
retrieval from spectral direct irradiance measurements and corrections of the
circumsolar radiation. Atmospheric Measurement Techniques, Discuss., 2019: 1-26.
Gelaro, R., W. Mccarty, M.J. Suárez, R. Todling, and B. Zhao, 2017: The Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA-2). Journal of
Climate, 30(14).

44

Ginoux, P., J.M. Prospero, T.E. Gill, N.C. Hsu, and Z. Ming, 2012: Global-scale attribution of
anthropogenic and natural dust sources and their emission rates based on MODIS Deep
Blue aerosol products. Reviews of Geophysics, 50(3).
Groot Zwaaftink, C.D., Ó. Arnalds, P. Dagsson-Waldhauserova, S. Eckhardt, J.M. Prospero, and
A. Stohl, 2017: Temporal and spatial variability of Icelandic dust emissions and
atmospheric transport. Atmospheric Chemistry and Physics, 17, 10865–10878,
https://doi.org/10.5194/acp-17-10865-2017
Hu, X.Q., N.M. Lu, T. Niu, and P. Zhang, 2008: Operational retrieval of Asian sand and dust
storm from FY-2C geostationary meteorological satellite and its application to real time
forecast in Asia. Atmospheric Chemistry and Physics, 8(6): 1649-1659.
Jugder, D., B. Gantsetseg, E. Davaanyam, and M. Shinoda, 2018: Developing a soil erodibility
map across mongolia. Natural Hazards.
Klose, M., Y. Shao, X. Li, H. Zhang, M. Ishizuka, M. Mikami, and J.F. Leys, 2014: Further
development of a parameterization for convective turbulent dust emission and
evaluation based on field observations. Journal of Geophysical Research Atmospheres,
119(17): 10441-10457.
Kylling, A., C.D. Groot Zwaaftink, and A. Stohl, 2018: Mineral dust instantaneous radiative
forcing in the Arctic. Geophysical Research Letters 45, 4290–4298,
doi: 10.1029/2018GL077346
Li, L., O. Dubovik, Y. Derimian, G.L. Schuster, T. Lapyonok, P. Litvinov, F. Ducos, D. Fuertes,
C. Chen, Z. Li, A. Lopatin, B. Torres, and H. Che, 2019: Retrieval of aerosol components
directly from satellite and ground-based measurements. Atmospheric Chemistry and
Physics, 19(21): 13409-13443.
Liu, J., M. Liu, X. Deng, D. Zhuang, Z. Zhang, and D. Luo, 2002: The land use and land cover
change database and its relative studies in China. Journal of Geographical Sciences(3):
275-282.
Nickovic, S., S. Petkovic, G. Pejanovic, and F. Madonna, 2015: Modelling ice nucleation due to
dust, Egu General Assembly Conference.
Nickovic, S., B. Cvetkovic, F. Madonna, M. Rosoldi, G. Pejanovic, S. Petkovic, and J. Nikolic,
2016: Cloud ice caused by atmospheric mineral dust - Part 1: Parameterization of ice
nuclei concentration in the NMME-DREAM model. Atmospheric Chemistry and Physics,
16: 11367-11378.
Nickovic, S., B. Cvetkovic, G. Pejanovic, L. Ilic, P. Dagsson Waldhauserová, Ó. Arnalds, S. Helgi
Brink, J. Nikolic, and S. Petkovic, 2018: Predicting atmospheric dust process from
Icelandic soil sources, 20th EGU General Assembly, EGU2018, Proceedings from the
conference held 4-13 April, 2018 in Vienna, Austria, pp. 10338.
Niu, T., S.L. Gong, G.F. Zhu, H.L. Liu, X.Q. Hu, C.H. Zhou, and Y.Q. Wang, 2008: Data
assimilation of dust aerosol observations for the CUACE/dust forecasting system.
Atmospheric Chemistry and Physics, 8(13): 3473-3482.
Ren, Y., H. Zhang, W. Wei, B. Wu, X. Cai, and Y. Song, 2019: Effects of turbulence structure
and urbanization on the heavy haze pollution process. Atmospheric Chemistry and
Physics, 18(23): 17717-17733.
Ryoo, S. et al., 2020: Seasonal Asian Dust Forecasting Using GloSea5-ADAM. Atmosphere,
11, 526.
Steinke, I., C. Hoose, O. Mohler, P. Connolly, and T. Leisner, 2016: A new temperature- and
humidity-dependent surface site density approach for deposition ice nucleation.
Atmospheric Chemistry and Physics, 15(7): 3703-3717.
Tackett, J.L., D.M. Winker, B.J. Getzewich, M.A. Vaughan, S.A. Young, and J. Kar, 2018:
CALIPSO lidar level 3 aerosol profile product: version 3 algorithm design. Atmospheric
Measurement Techniques, 11(7): 4129-4152.

45

Terradellas, E., J.M. Baldasano and E. Cuevas, 2014: Regional Center for Northern Africa,
Middle East and Europe of the WMO Sand and Dust Storm Warning Advisory and
Assessment System: Activity Report 2010-2012. World Meteorological Organization,
Geneva, Switzerland.
Wang, H., G.Y. Shi, X.Y. Zhang, S.L. Gong, S.C. Tan, B. Chen, H.Z. Che, and T. Li, 2015:
Mesoscale modelling study of the interactions between aerosols and PBL meteorology
during a haze episode in China Jing–Jin–Ji and its near surrounding region – Part 2:
Aerosols radiative feedback effects. Atmospheric Chemistry and Physics, 15(6):
3277-3287.
Wang, H., Y. Peng, X. Zhang, H. Liu, M. Zhang, H. Che, Y. Cheng, and Y. Zheng, 2018:
Contributions to the explosive growth of PM2.5 mass due to aerosol–radiation feedback
and decrease in turbulent diffusion during a red alert heavy haze in Beijing–Tianjin–
Hebei, China. Atmospheric Chemistry and Physics, 18(23): 17717-17733.
WMO, 2015: Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS)
Science and Implementation Plan for 2015-2020. World Meteorological Organization,
Geneva, Switzerland, WWRP Report 2015-1 (available on:
https://wmoomm.sharepoint.com/:b:/s/wmocpdb/EchKG7H_LhhLgW2EbQWO_cUB5FaI
4yMf2ds8rqsXE_pr5g
WMO, 2017: Airborne Dust Bulletin No.1, World Meteorological Organization, Geneva,
Switerland. https://library.wmo.int/index.php?lvl=bulletin_display&id=3902#.XxbtPgzZBw
WMO, 2020: Airborne Dust Bulletin No.4, World Meteorological Organisation, Geneva,
Switzerland, https://library.wmo.int/index.php?lvl=notice_display&id=19826
Yu, H., Q. Tan, M. Chin, L.A. Remer, R.A. Kahn, H. Bian, D. Kim, Z. Zhang, T. Yuan, A.H. Omar,
D.M. Winker, R.C. Levy, O. Kalashnikova, L. Crepeau, V. Capelle, A. Chedin, 2019:
Estimates of African dust deposition along the trans-Atlantic transit using the decadelong record of aerosol measurements from CALIOP, MODIS, MISR, and IASI. Journal of
Geophysical Research – Atmospheres, 124, 7975-7996, 2019.
https://doi.org/10.1029/2019JD030574.
Zarasvandi, A., E.J.M. Carranza, F. Moore, and F. Rastmanesh, 2011: Spatio-temporal
occurrences and mineralogical–geochemical characteristics of airborne dusts in
Khuzestan Province (southwestern Iran). Journal of Geochemical Exploration, 111(3):
138-151.
Zhang, X., E. Terradellas, S. Nickovic, A. Sealy, I. Baklanov, E. Cuevas, K. Gui, L. Chen,
S. Basart, E. Werner, N. Hanrieder, A. Prasad, Y. Wang, H. Gui, T. Maki, S.B. Ryoo,
S. Sehatkashani, P. Dagsson-Waldhauserova, O. Arnalds, S. Karami, M. Rahnama, and
A. Ranjbar, 2019: Airborne Dust Bulletin No.3, World Meteorological Organization,
Geneva, Switzerland. https://library.wmo.int/doc_num.php?explnum_id=6268
Zhang, Z., X. Wang, X. Zhao, B. Liu, L. Yi, L. Zuo, Q. Wen, F. Liu, J. Xu, and S. Hu, 2014:
A 2010 update of National Land Use/Cover Database of China at 1:100000 scale using
medium spatial resolution satellite images. Remote Sensing of Environment, 149:
142-154.
Zhong, J., X. Zhang, Y. Wang, J. Sun, Y. Zhang, J. Wang, K. Tan, X. Shen, H. Che, and
L. Zhang, 2017: Relative Contributions of Boundary-Layer Meteorological Factors to the
Explosive Growth of PM2.5 during the Red-Alert Heavy Pollution Episodes in Beijing in
December 2016. Journal of Meteorological Research, 31(5): 809-819.
Zhou, C., H. Gui, J. Hu, H. Ke, Y. Wang, and X. Zhang, 2019: Detection of new dust sources in
central/East Asia and their impact on simulations of a severe sand and dust storm.
Journal of Geophysical Research: Atmospheres, 124.

46

LIST OF RECENT GAW REPORTS*
253. Research Infrastructure Quality Assurance - International Comparison of Dobson
Spectrophotometers, Pretoria, Gauteng Province, South Africa, 7-18 October 2019.
252. Research Infrastructure Quality Assurance - System and Performance Audit of Surface Ozone,
Carbon Monoxide, Methane, and Carbon Dioxide at the Global GAW Station Ushuaia, Argentina,
November 2019, WCC-Empa Report No. 19/3.
251. Research Infrastructure Quality Assurance - System and Performance Audit of Surface Ozone,
Carbon Monoxide, Methane, Carbon Dioxide and Nitrous Oxide at the Global GAW Station Izaña,
Spain, May 2019, WCC-Empa Report No. 19/2.
250. Global Atmosphere Watch Expert Meeting Workshop on Measurement-Model Fusion
for Global Total Atmospheric Deposition (MMF-GTAD), Geneva, Switzerland, 26-27 February 2019.
249. Report of the Fifth Session of the CAS Environmental Pollution and Atmospheric Chemistry
Scientific Steering Committee (EPAC SSC), Geneva, Switzerland, 5-6 November 2018, 2020.
248. Twelfth Intercomparison Campaign of the Regional Brewer Calibration Center Europe, El Arenosillo
Atmospheric Sounding Station, Huelva, Spain, 27 May–9 June 2017, 2019.
247. Izaña Atmospheric Research Center Activity Report 2017-2018, 2019.
246. Thirteenth Intercomparison Campaign of the Regional Brewer Calibration Center Europe (RBCC-E),
Arosa Lichtklimatisches Observatorium, Switzerland, 30 July to 8 August 2018.
245. An Integrated Global Greenhouse Gas Information System (IG3IS) Science Implementation Plan,
2019.
244. Report of the 2017 Global Atmosphere Watch Symposium and Fourth Session of the CAS
Environmental Pollution and Atmospheric Chemistry Scientific Steering Committee
(EPAC SSC), Geneva, Switzerland, 10-13 April 2017, 2019.
243. Report of the Fifth Erythemal UV Radiometers Intercomparison, Buenos Aires, Argentina, 2019.
242. 19th WMO/IAEA Meeting on Carbon Dioxide, Other Greenhouse Gases and Related Tracers
Measurement Techniques (GGMT-2017), Dübendorf, Switzerland, 27-31 August 2017, 2018.
241. SPARC/IOC/GAW Report on Long-term Ozone Trends and Uncertainties in the Stratosphere, SPARC
Report No. 9, WCRP-2017/2018, GAW Report No. 241, 2018.
240. Report of the Second International UV Filter Radiometer Intercomparison UVC-II, Davos,
Switzerland, 25 May-5 October 2017, 212 pp., 2018.
239. Calibration Methods of GC-µECD for Atmospheric SF6 Measurements, 26 pp., 2018.
238. The Magnitude and Impacts of Anthropogenic Atmospheric Nitrogen Inputs to the Ocean, Reports
and Studies GESAMP No. 97, 47 pp., 2018
237. Final Report of the 44th Session of GESAMP, Geneva, Switzerland, 4-7 September 2017, Reports
and Studies GESAMP No. 96, 115 pp., 2018.
236. Izaña Atmospheric Research Center: Activity Report 2015-2016, 178 pp., 2017.
235. Vegetation Fire and Smoke Pollution Warning and Advisory System (VFSP-WAS): Concept Node and
Expert Recommendations, 45 pp., 2018.

A full list is available at:
http://library.wmo.int/opac/index.php?lvl=etagere_see&id=144#.WK2TTBiZNB

For more information, please contact:

World Meteorological Organization
Science and Innovation Department
7 bis, avenue de la Paix – P.O. Box 2300 – CH 1211 Geneva 2 – Switzerland
Tel.: +41 (0) 22 730 81 11 – Fax: +41 (0) 22 730 81 81
Email: GAW@wmo.int

JN 20574

Website: https://public.wmo.int/en/programmes/global-atmosphere-watch-programme

