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S. Rémy1, A. Benedetti2, A. Bozzo3, T. Haiden4, L. Jones5, M. Razinger6, J. Flemming7, R.J. Engelen8, V.H. Peuch9,
and J.N. Thepaut10
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Abstract.
Aerosols affect the atmosphere through the aerosol-

radiation and the aerosol-clouds interactions. In this paper
we report in detail on two feedbacks whereby the radiative
effect of dust on surface radiative fluxes acts to decrease5

or increase the dust loading of the atmosphere via modifi-
cation of boundary-layer stability, thereby acting to modify
the radiative aerosol effect. These feedbacks between dust
and boundary layer stability occurred during a series of dust
storms in the Sahara and the Eastern Mediterranean in April10

2012, which were studied using the Monitoring Atmospheric
Composition and Climate - Interim Implementation (MACC-
II) system.

The radiative fluxes in the short-wave and long-wave
spectra were both significantly affected by the prognostic15

aerosols-radiation interaction, which in turn impacted the
meteorological simulation. Reduced incoming solar radia-
tion below the aerosol layers caused a decrease in maxi-
mum surface temperatures, and consequently a more stable
thermal stratification of the lower atmosphere. The increased20

thermal stability led to decreased surface wind speeds and
therefore to smaller amounts of dust emissions. On the other
hand, horizontal gradients of surface temperature were in-
creased at the edge of the dust plume, which led to local in-
creases of surface wind speeds.25

Larger downwelling long-wave fluxes were associated
with the opposite processes: less stable thermal stratification
at night, brought mainly by higher minimum temperatures
at the surface, caused stronger surface winds. Regarding dust
emissions, the impact by the short-wave radiative forcing was30

slightly more important than the long-wave contribution; this
is in accordance with several previous studies. For surface

temperature, short-wave and long-wave contribution appear
to be close in intensity.

These feedbacks were amplified when taken into account35

in the aerosol analysis of the MACC-II global system. Tak-
ing them into account led to an improvement in forecasts of
thermal radiative fluxes, minimum surface temperatures and
dust Aerosol Optical Depth (AOD).

40

1 Introduction

1.1 Aerosol impacts on meteorology

Aerosol particles play an important role in the atmosphere
through various mechanisms. They impact air quality and
represent a serious public health issue, as shown by recent45

Particulate Matter (PM) pollution events in Western Eu-
rope and China (Zhang et al. (2013), Sun et al. (2013)).
Aerosol particles also influence the atmospheric radiative
budget through the aerosol-radiation interaction, also called
aerosol direct effect(Yu et al. (2006),Bellouin et al. (2005)),50

by scattering and absorbing short-wave and long-wave radi-
ation, and through the aerosol-clouds interaction or aerosol
semi direct and indirect effect, by influencing the concen-
tration, size and chemical composition of the cloud con-
densation nuclei (CCN), which in turn impacts the life cy-55

cle, the optical properties and the precipitation activity of
clouds (Koch et al. (2010), Painemal et al. (2013), Hoose
and Möhler (2012), Niemand et al. (2012)).

The aerosol direct effect consists of the sum of two phe-
nomena: scattering/absorption of incoming solar radiation60

and absorption/emission of long-wave radiation. The former
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reduces the amount of solar energy that reaches the surface
and can cause a warming of the aerosol layer because of ab-
sorption. Aerosols also absorb and re-emit long-wave radi-
ation, which increases down-welling long-wave radiation in65

and below the aerosol layer, and reduces night-time cooling
of the surface. An aerosol layer thus acts on the radiative
budget at the surface and in the lower atmosphere similar
to a thin layer of clouds. The radiative impact of aerosols
is very dependent on their vertical distribution: Choi and70

Chung (2014) showed that whether the aerosol layer is be-
low or above a cloud layer will impact their radiative impact
by an order of magnitude. Overall, on climatic time scales,
the cooling impacts at the surface caused by the aerosol di-
rect effect dominate over the warming effect: the radiative75

contribution of aerosols at the surface is estimated by the
Intergovernmental Panel on Climate Change (IPCC) to be
in the range of -0.3 W/m2 (Clouds and Aerosols. In: Cli-
mate Change 2013: The Physical Science Basis. Contribu-
tion of Working Group I to the Fifth Assessment Report of80

the IPCC (2013)). This is in line with the results of the Aero-
Com project (Schulz et al. (2006), Stier et al. (2013)), with a
mean radiative impact of aerosols evaluated at -0.22 W/m2.
In both cases, uncertainties on the radiative impacts of the
aerosols are relatively high, associated with uncertainties on85

the quantification of aerosol sources and the interaction of
aerosols with themselves and with the hydrological cycle in-
teraction (Clouds and Aerosols. In: Climate Change 2013:
The Physical Science Basis. Contribution of Working Group
I to the Fifth Assessment Report of the IPCC (2013)).90

As aerosol particles impact the radiative budget at the sur-
face and also the thermal stratification of the lower atmo-
sphere through the direct effect, other atmospheric processes
are affected as well, in the Planetary Boundary Layer (PBL)
and above. Increased surface temperatures at night will de-95

crease the stability of the lower atmosphere, thus enhanc-
ing turbulent diffusion. Lower maximum temperatures will
on the other hand decrease turbulent diffusion of heat. Since
temperature and wind patterns are linked, the presence of an
aerosol layer will also have an impact on wind patterns. Dif-100

ferent heat diffusion and wind patterns can influence meso-
scale and synoptic weather systems: Reale et al. (2011) for
example showed that the African Easterly Jet (AEJ) was fore-
casted at an altitude and position that was closer to observa-
tions with interactive aerosols radiative effect. Heinold et al.105

(2008) also showed how the radiative effects of aerosols im-
pacted the Low Level Jet (LLJ) in the Bodele depression of
South Sahara, thus enhancing dust production. Dust aerosol
events over the Eastern Atlantic could also impact hurricane
activity over the Atlantic and Caribbean areas (Kamal et al.110

(2012) and S.H. Chen, personal communication, 2014).
Mineral dust are produced from arid or semi-arid ar-

eas and lifted into the atmosphere, if surface winds are
strong enough, through the saltation process (Marticorena
and Bergametti (1995)). Global emissions are estimated by115

numerical models to be in the range of 500 to 4400 Tg per

year (Huneeus et al. (2011)). The large spread in emissions
estimate reflect the fact that no observations of the dust emis-
sion amount are available. Out of the global amount, the Sa-
hara desert contributes an estimated 400 to 2200 Tg per year.120

Major dust outbreaks frequently affect the Mediterranean,
the Red Sea and the Atlantic : an estimated 20-30 Tg of dust
is deposited each year in the Amazon Basin and contributes
to the fertilization of the Amazon Basin (Yu et al. (2015)).

Most climate models now include aerosols and take into125

account their radiative impact on the atmosphere (Bellouin
et al., 2011). For operational Numerical Weather Prediction
(NWP) models, Tompkins et al. (2005) and Rodwell and
Jung (2008) both showed that forecasts from European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) opera-130

tional model are improved when using an aerosol climatol-
ogy to compute the aerosol radiative impacts. Mulcahy et al.
(2014) investigated several configurations for the inclusion of
interactive aerosol direct and indirect effects in the Met Of-
fice Unified Model (MetUM) and managed to correct a sig-135

nificant bias in the outgoing long-wave radiative fluxes over
the Sahara that was diagnosed by Haywood et al. (2005).

Mineral dust and their impacts on climate have been the
subject of intensive studies (eg Perez et al. (2006),Stanelle
et al. (2010),Spyrou et al. (2013)), using numerical models140

developed by Tegen et al. (1996), Nickovic et al (2001) and
Woodward (2001) amon others. Several results are summed
up in Miller et al. (2014), which emphasizes the diversity of
the results obtained in terms of radiative forcing by mineral
dust.145

This paper aims to document the interaction between the
lower atmosphere and dust during a series of dust storm in the
Sahara. In particular, the various feedbacks between the ra-
diative impact of dust on the short-wave or long-wave spectra
on one hand, and boundary layer meteorological processes150

on the other hand, were analyzed. The interaction of prog-
nostic aerosols and meteorology were included at first only
in the forward model, without any impact on the dust ini-
tial conditions. In a second step, they were included in the
aerosol assimilation system so that the initial conditions of155

dust also took into account the impact of this interaction.
Experiments using prognostic aerosols on one hand, and an
aerosol climatology on the other hand for the computation
of the aerosol-radiation interaction were compared. This al-
lowed to assess the benefits of using prognostic aerosols in-160

stead of a climatology to estimate the aerosol impacts on me-
teorological fields.

1.2 The MACC global atmospheric composition fore-
casting system

The Monitoring Atmospheric Composition and Climate - In-165

terim Implementation (MACC-II) is a European funded pro-
gram that aims at monitoring and forecasting atmospheric
composition. It is the precursor of the broader Copernicus
Atmosphere Monitoring Service. MACC-II’s aim is to create
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and operate an assimilation and forecasting system for moni-170

toring aerosols, greenhouse gases and reactive gases, using
satellite observations and a combination of global and re-
gional models (Hollingsworth et al. (2008), Peuch and En-
gelen (2012)).

Aerosols are forecasted within the MACC-II global system175

by a forward model (Morcrette et al. (2009), based on earlier
work by Reddy et al. (2005) and Boucher et al. (2002)) that
uses five species: dust, sea-salt, black carbon, organic carbon
and sulphates. Dust aerosols are represented by three prog-
nostic variables that correspond to three size bins, with bin180

limits of 0.03, 0.55, 0.9 and 20 µm. The main processes that
are taken into account are production of dust through salta-
tion and removal by dry deposition and sedimentation. The
areas likely to produce dust are diagnosed as a function of
surface albedo, moisture of the first soil level and bare soil185

fraction. Dust emissions are then parameterized, following
Ginoux (2001), as a function of the cubic power of 10m wind
speed. Dry deposition depends on a prescribed deposition ve-
locity and on aerosol concentration in the lowermost model
level above the surface. Sedimentation is currently applied190

only to the largest dust bin and depends on a fixed settling
velocity and the concentration at each model level.

In the pre-operational version of the global MACC-II sys-
tem, the radiative impact of aerosols is taken into account us-
ing the aerosol monthly climatology of Tegen et al. (1997).195

In an experimental version of the model, the aerosol direct
effect can be computed from the prognostic aerosols pro-
vided by the MACC aerosol module. It is also possible to
activate only the short-wave or the long-wave components
of the aerosol direct effect separately. One of the objective200

of this study is to compare the results of this experimental
version of the MACC-II system, which uses radiatively in-
teractive aerosols, with the pre-operational setup, which uses
an aerosol climatology to compute dust-radiation interac-
tion. The radiative properties of aerosols were provided by E.205

Highwood from University of Reading; the experiments were
also carried out with the radiative properties of aerosols used
in the Hadley Centre climate model (Woodward (2001)) with
similar results.

The global MACC-II forecasting system provides aerosol210

analysis by assimilating total Aerosol Optical Depth (AOD)
observations provided by the Moderate Resolution Imaging
Spectroradiometer (MODIS) instruments on-board NASA’s
polar orbiting satellites Aqua and Terra in a 4D-Var assim-
ilation algorithm, as described in Benedetti et al. (2009).215

The product used in the assimilation step is the Dark Tar-
get retrieval, hence not available in regions with high surface
albedo, such as desert areas. The use of the MODIS Deep
Blue product, aimed at bright surfaces, is currently under in-
vestigation.220

1.3 Evaluating aerosol impacts on Numerical Weather
Prediction: WGNE model inter-comparison

The Working Group on Numerical Experimentation
(WGNE) was jointly established by the Commission
for Atmospheric Sciences of the World Meteorological225

Organization (WMO) and the World Climate Research
Programme (WCRP). It has the responsibility of fostering
the development of atmospheric circulation models for use
in weather, climate, water and environmental prediction on
all time scales and diagnosing and resolving shortcomings230

of these models. WGNE has recently launched a model
inter-comparison aimed at improving the understanding of
aerosol impacts on numerical weather prediction. Three
case studies were proposed to the participants: a severe
anthropogenic pollution case in January 2013 in Northern235

China, a biomass-burning event in Brazil in September 2012
and a dust storm over Egypt on 18th of April 2012. This
paper focuses on the dust episode of 18th of April 2012 over
the Eastern Mediterranean. Another dust storm, which took
place on 12th and 13th of April 2012 in the Central Sahara240

region was also studied, as more ground observations were
available.

2 Dust episodes of April 2012 in the Sahara and Eastern
Mediterranean

2.1 Available observations245

Surface observations of meteorological parameters in Alge-
ria and Egypt were used to analyze the meteorological sit-
uation. Observations were not available over Libya because
of the political situation in this period. Daily weather charts
from the Berlin University and the UK Met Office were also250

used to assess the synoptic evolution of the dust storm.
Observations are much sparser for radiative fluxes than for

meteorological parameters. The Baseline Surface Radiation
Network (BSRN) (Heimo et al. (1993))maintains two sta-
tions in the area of interest: Tamanrasset (Mimouni (2013))255

in Southern Algeria and Sede Boqer in Israel (Lyuban-
sky (2012)). Unfortunately, observations from Sede Bo-
qer were not available in April 2012. Downwelling surface
flux of short-wave and long-wave radiation at Tamanrasset,
in Southern Algeria, were measured with a frequency of 1260

minute. A climatology of daily downward surface solar flux
has been established by Satellite Application Facility on Cli-
mate Monitoring (CM-SAF, Stengel et al. (2013)), derived
from remote sensing by the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) sensor onboard MeteoSat Second265

Generation (MSG), with an accuracy of 20 W/m2.
Finally AOD observations were available from the

AErosol RObotics NETwork (AERONET, Holben et al.
(1998)) of ground observations. The stations used in this
study are Tamanrasset, collocated with radiative fluxes ob-270



4 S. Rémy et al.: Feedbacks of dust on atmospheric stability

servation from BSRN, and Cairo in Egypt. As these obser-
vations are provided by sun photometers, they are available
only during the day. To supplement the absence of AOD ob-
servations at some stations, simulated AOD was also plot-
ted to provide a qualitative assessment of the presence of275

dust. Total AOD observations are also available from MODIS
over desert areas, using the Deep Blue algorithm (Shi et al.
(2013)).

2.2 Sahara dust storms of April 2012: synoptic evolu-
tion280

Dust storms are a frequent occurrence in the Sahara, where
dust production areas are widespread. As the soil is gener-
ally very dry in these regions and predominantly composed
of sand, surface temperatures can reach very high values in
April. Higher altitude colder air from Mediterranean lows285

occasionally affects the area. The severe dust storm that af-
fected Libya, Egypt and most of the Eastern Mediterranean
basin on 17th-18th of April 2012 was produced by the con-
junction of a deep low circulating over the Mediterranean
and of a heat low that originated over Western Libya-Eastern290

Tunisia on 16th of April 2012, caused by very high tem-
peratures over the desert areas. Figure 1 shows mean sea-
level pressure analyses over Northern Sahara and Southern
Mediterranean from 17th to 19th of April 2012. The merging
and interaction of the heat low and the Mediterranean low295

that is associated with mid-tropospheric colder air is clearly
shown. This interaction, and the development of a powerful
anticyclone over the central Sahara, led to the rapid deep-
ening of a low between Crete and Greece on 18th of April.
The heat low moved in a North-Easterly direction, left West-300

ern Egypt in the night of 17th to 18th of April, and was then
absorbed by the larger and fast moving Mediterranean low,
which then moved quickly towards the North on 19th of April
2012.

The synoptic situation led to high and sustained winds on305

17-18 of April over North East Libya and Egypt associated
with a cold front crossing these regions, reaching 11 to 14
m/s for more than 24 hours, according to model forecasts and
observations. This led to the suspension of a very high load
of dust, with AOD reaching 4.5 in Cairo at noon on 18th of310

April. Besides the dust plume, the sky was entirely clear over
Egypt and Libya during 17th and 18th of April, which makes
these two days a perfect case study for aerosol-radiation in-
teraction.

The interaction between dust and the synoptic situation is315

shown by Figure 2, which shows daily AOD over Eastern Sa-
hara from the Deep Blue algorithm applied to MODIS/Aqua
observations. The large dust load that was lifted by cold front
associated with the heat low was then advected Northwards
by the deep Mediterranean low, towards Israel, Turkey and320

the Eastern Mediterranean on 18-19 April 2012.
Figure 3 shows the evolution of the dust storm as analysed

and forecasted by the MACC system, from 17 April 2012

6UTC to 18 April 2012 12UTC. Dust AOD reaches very high
values, locally above 4. The area with AOD above 1 is very325

large throughout the storm.
This dust storm was preceded by another event between

11th and 15th of April 2012, that affected the central Sahara
up to Libya and Western Egypt. This was caused by a persis-
tent and slow moving heat low over central Sahara combined330

with a deep low over Western-central Mediterranean. This
event was also studied as the whole of April 2012 was fore-
casted by the global MACC-II system in the framework of
the WGNE model inter-comparison. This allowed comparing
forecasts of radiative fluxes against ground observations at335

Tamanrasset (Algeria), which was affected by the dust storm
of 11th to 15th of April but not by the following storm of
17-18 April 2012.

3 Methodology

The objective of this study is to assess the impact of the340

aerosol direct effect on the forecasted meteorological param-
eters during the dust storms that affected the Sahara and East-
ern Mediterranean basin in April 2012. To achieve that, the
MACC-II global system was run with the aerosol direct ef-
fect estimated from a climatology, i.e. in its pre-operational345

configuration, or from prognostic aerosols. All runs were car-
ried out with a TL511 horizontal spectral resolution which
corresponds to a grid-box size of about 40km. 60 vertical hy-
brid sigma-pressure levels were used, the lowest level being
17m above the surface.350

3.1 Cycling forecasts

In this configuration, the model is run without assimilat-
ing AOD. The meteorological fields are initialised from the
global MACC-II analysis, and the aerosol fields were ini-
tialised from the MACC re-analysis on the 10th of April 2012355

only and otherwise from the previous 24h forecast. In this
configuration the aerosol fields are not constrained by any
observations and could drift away from observed values.

The main advantage of this configuration comes from
comparing the model outputs with and without radiatively360

interactive aerosols. Since the meteorological analyses are
the same for all the experiments, the differences between the
meteorological forecasts originate only from the way interac-
tion between aerosols and radiation are computed, i.e. using
prognostic aerosols or a climatology. Cycling forecasts are365

thus adequate to assess the aerosols’ impact on forecasted
meteorological fields.

A default for this configuration is that since the mete-
orological analysis are provided by another simulation, in
this case by the MACC-II Near Real Time (NRT) system,370

the interaction between aerosols and meteorology is reset at
every forecasting cycle. Experiments were carried out with
both aerosols and meteorological fields initialised from the
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previous 24h forecast, and they showed the same results
qualitatively than when meteorological fields were initialised375

from the global MACC-II analysis. The amplitude of the
aerosol-meteorology interaction was however significantly
larger since it was also included in the meteorological analy-
sis.

Cycling forecasts were carried out for the period from380

10th to 30th of April 2012, every 24h, with runs starting at
00UTC. July 2012 was also run, in order to check if the con-
clusions reached for April 2012 are also valid globally for
other periods of time.

3.2 Short-wave and long-wave aerosol direct impact385

Since the physical phenomena that underlie the aerosol di-
rect effect are not the same in the short-wave and in the long-
wave spectra, these two contributions can be separated in the
MACC-II global system. It is now possible to compute the
total radiative impacts of aerosols, using prognostic aerosols390

in the short-wave spectrum and the aerosol climatology of
Tegen et al. (1997) in the long-wave spectrum, and vice-
versa. As a consequence, it is possible now to decompose the
prognostic aerosol direct effect (or ”Total aerosol effect”) in
its ”Short-wave aerosol direct effect” and ”long-wave aerosol395

direct effect” components.
The following experiments were carried out with cycling

forecasts:

– NOAER : experiment with no dust aerosols,

– REF: Reference experiment with the aerosol direct ef-400

fect computed from an aerosol climatology,

– LW: The long-wave component of the aerosol direct ef-
fect is computed using prognostic aerosols, the short-
wave part is computed with an aerosol climatology,

– SW: The short-wave component of the aerosol direct405

effect is computed using prognostic aerosols, the long-
wave part is computed with an aerosol climatology,

– TOTAL: Both the short-wave and the long-wave com-
ponents of the aerosol direct effect are computed using
prognostic aerosols410

Our reference run uses aerosol direct effect computed from
an aerosol climatology, as this corresponds to the current pre-
operational configuration of the system. This allows us to
compare the current configuration of the model with the en-
visaged evolution towards using interactive aerosols to com-415

pute dust-radiation interaction. Figure 4 shows the time evo-
lution at Tamanrasset of observed and forecasted downward
radiative fluxes and 2m temperature for the NOAER and REF
experiments. As the Tegen aerosol climatology that is used
in the REF experiments provide rather small values of dust420

AOD for this period, close to 0.3, the impact on radiative

fluxes is also rather small: in the order of 1W/m2 for long-
wave fluxes and 20-30 W/m2 for short-wave fluxes. Maxi-
mal and minimal temperatures are slightly effected by this
changes in radiative fluxes, by around 0.1 to 0.2K.425

3.3 Assimilation runs

In this configuration the model is run with the full 4DVar
data assimilation, providing initial conditions for both the
aerosol and meteorological variables. The following exper-
iments were carried out with assimilation runs:430

– REF ASSIM: Reference experiment with the aerosol
direct effect computed from an aerosol climatology,

– TOTAL ASSIM: the aerosol direct effect is computed
using prognostic aerosols.

Runs were carried out at 0 and 12 UTC every day for the435

whole of April 2012, with an assimilation window of 12
hours. However, only the runs of 00UTC go beyond 12 hours
of forecast time. As a follow-up to cycling forecasts, assim-
ilation runs will allow to study how using radiatively inter-
acting aerosols in the forward model affect initial conditions440

through the data assimilation.
Table 1 provides a summary and a short description of the

experiments carried out.

4 Impact of the dust on radiative fluxes

In this section, forecasts of the REF and TOTAL experiments445

are evaluated against ground observations of radiative param-
eters. Figure 5 shows a time-series of observed and modelled
surface downward long-wave and short-wave radiative fluxes
at the surface, top of atmosphere (TOA) and AOD at Taman-
rasset and Cairo. Tamanrasset was mostly affected by the450

dust storm from 12th to 14th of April; high clouds were also
present at times from 10th to 13th of April whereas Cairo
was impacted by high dust load mainly on 15 and 18 April.

It is hard to separate the effect from the radiative impact
of clouds and of aerosols during 10-13 April at Tamanrasset.455

Observations show that during this period, when clouds and
aerosols are present, the diffuse component of incoming solar
radiation is increased (not shown) whereas direct solar radi-
ation is nearly halved: maximal total solar radiation is 200
to 300 W/m2 smaller on 12 and 13 April compared to 14-18460

April. Observed downward long-wave fluxes at the surface
are on average around 60 W/m2 higher on these two days.
As the observed clouds are mainly high clouds, which have
little effect on the downward long-wave flux at the surface,
it is likely that this difference in the observations is caused465

mainly by the presence of dust particles on 12-13 April.
LW downward radiation is increased by 10-20 W/m2 on

12-13 April at Tamanrasset, and by 20-30 W/m2 on 15 and 18
April at Cairo, showing that the aerosol burden provided by
the aerosol scheme is larger than what is given by the Tegen470
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climatology. This increase helps reduce a negative bias of
close to 20 W/m2 in the forecasted LW fluxes at Tamanras-
set. The downward solar surface flux (DSSF) is decreased by
50 to 100 W/m2 on 12-13 April at Tamanrasset, and by more
than 250 W/m2 on 18 April at Cairo, reflecting the scattering475

effect of the aerosol layer. On 14, 16 and 17 April, at Tam-
nrasset, the predicted dust AOD is very low, lower than the
values provided by the Tegen climatology : this is reflected
in the slightly higher forecasted DSSF by TOTAL on these
days.480

At TOA, outgoing long-wave radiation (OLR), is smaller
for TOTAL by 5-10 W/m2 on 12-13 April at Tamanrasset
and by up to 20 W/m2 at Cairo. The negative sign corre-
sponds to a convention at ECMWF whereby fluxes from sur-
face are negative and fluxes towards the surface are positive.485

The order of magnitude in OLR difference between REF and
TOTAL is in agreement with the results of Haywood et al.
(2005) and Mulcahy et al. (2014). The difference is most
important during day-time because, in the absence of clouds,
OLR is driven mainly by surface temperature, which is lower490

for TOTAL as compared to REF during day-time. The overall
effect is rather small : on average, the OLR at TOA is only
2-3W/m2 smaller for TOTAL. SW radiation is also smaller
at TOA for TOTAL because of increased columnar absorp-
tion over the bright desert surface. The difference reaches495

30-50 W/m2 at Tamanrasset on 12-13 April and more than
100 W/m2 at Cairo on 18 April. On average, SW radiation at
TOA is 14-16 W/m2 lower for TOTAL.

5 Impact of the dust-short-wave radiation interaction
on boundary layer meteorological processes500

In this section, the impact of the solar aerosol-radiation inter-
action on meteorological parameters and dust production is
investigated. Figure 6 shows observed (when available) and
forecasted meteorological parameters, dust production flux
and 550nm AOD at Cairo and at the Siwa Oasis, which lies505

at 29 °12’N, 25 °29’E, for the REF and the SW experiments.
The latter location was chosen because it was affected by the
dust storm from the morning of 17 April to the afternoon of
18 April whereas Cairo was mainly affected around midday
on 18 April. Sensible heat flux is negative during the day510

because of a sign convention at ECMWF : a negative value
indicates that the surface heats to the atmosphere, a positive
one, that the surface cools it.

The strong radiative forcing in the short-wave (cf figure 5)
influences maximum temperatures : they are 3 degrees lower515

for the SW experiment on 18 April at Cairo, and 2-3 degree
lower on 17 April at Siwa. On average, this increases a small
negative bias, from -0.1K for REF to -0.4K for SW at Cairo,
and from -0.8K to -1 K a Siwa. As the surface is less hot
during the day with SW, the sensible heat flux also decreases520

by up to 150 W/m2 on 18 April 2012 at Cairo. The impact is
small at Siwa, since the impact of lower solar ration on 2m

temperature, representative of surface heating, was mainly
felt after the solar maximum of 17 April and before the so-
lar maximum of 18 April. The sensible heat flux is lower by525

around 50 W/m2 on 17 April.
Associated with lower maximal temperature and sensible

heat flux at midday is a decrease of wind speed at 10m. Wind
speed during day-time is 1 to 1.5 m/s smaller with the SW
experiment on 17 April at Siwa and on 18 April at Cairo.530

This can be explained by the fact that with lower maximum
temperatures the planetary boundary layer (PBL) is less un-
stable; as a consequence the wind profile associated with the
thermal stratification tends to be more logarithmic and sur-
face winds tend to be weaker. For surface winds, bias and535

root mean square error (RMSE) are very close between SW
and REF.

Not unexpectedly, dust production is smaller with SW be-
cause of lower wind speed at surface. The dust production
flux is nearly 25% lower with REF at midday on 18 April540

at Cairo, and 15-25% lower in the second half of 17 April
and also at midday on 14 April at Siwa. Since dust produc-
tion is around 30 times larger at Siwa than at Cairo during
the storm, because of stronger winds, the absolute impact on
dust production is much larger for Siwa : the difference be-545

tween REF and SW is around 20 times larger at Siwa than
at Cairo. The fact that dust production is more active at Siwa
than at Cairo shows that the dust layer is mainly advected at
Cairo, whereas it is both advected and produced at Siwa.

As a consequence of smaller emissions, AOD itself is over-550

all slightly lower for SW. The impact is rather small at Cairo,
where the dust storm is mainly advected from the West : dust
AOD is on average 0.03 lower for SW, the difference reach-
ing 0.2-0.3 on the morning of 18 April. At Siwa, where dust
production contributes significantly to the dust layer, AOD555

is lower by 0.05 on average, and by more than 0.5 on the
afternoon and evening of 17 April. A bit further to the North-
West, closer to the heart of the dust storm, the AOD differ-
ence reaches nearly 1.

To better understand the interaction between dust and me-560

teorology, Figure 7 shows the difference between SW and
REF for a set of meteorological parameter, for a 36h fore-
cast starting on 17 April 2012 0UTC. This is close to the
local solar maximum in Egypt and Libya. The region where
2m temperature is lower for SW matches nicely the region565

where dust AOD is high, as shown on Figure 3. Tempera-
ture at 850 hPa is also generally lower for SW as compared
to REF, but by a smaller margin as compared to 2m temper-
ature. While for 2m temperature the difference between the
two experiments is 1-3K in the regions with AOD above 1, at570

850 hPa, the difference is between 0.5 to 1.5K. This differ-
ential impact of surface and 850 hPa temperature affects the
thermal stratification of the PBL and is one cause for gener-
ally lower wind speed at 10m and dust production. A band of
higher surface wind speed and dust production lies at the W575

of Lake Nasser, showing that the modification of the thermal
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stratification of the atmosphere is not the only phenomenon
that impacts winds and dust production.

Stronger or weaker winds can be caused by a combination
of the following factors:580

– Synoptic causes: the pressure gradient and geostrophic
component of winds could be larger or smaller,

– Dynamic thermal causes: the horizontal temperature
gradient impacts the wind speed,

– Local causes: a different thermal stratification of the585

boundary layer modifies the vertical structure of the
winds in the boundary layer.

Figure 7 also shows the difference between SW and REF
for mean sea-level pressure and wind speeds at 925 hPa.
Wind speeds at 925 hPa are less influenced by surface prop-590

erties and should be more representative of the large-scale
component of wind speed. They are less impacted by SW
as compared to surface wind speeds, which shows that syn-
optic factors are less important than the local factors to ex-
plain the lower wind speeds of SW. Surface pressure is ev-595

erywhere higher with SW by 0.5 to 1 hPa in general. As this
increase is rather low, and since its repartition is quite uni-
form (it is well collocated with the area where 2m tempera-
ture is significantly lower with SW), geostrophic wind is not
much changed between SW and REF : synoptic factors are600

not the predominant cause of the wind speed and dust pro-
duction decrease under the dust layer.

However, thermal stratification doesn’t account for the
higher wind speed and dust production at the Eastern edge
of the dust storm, W of Lake Nasser. Figure 8 shows that the605

area where surface wind speed is higher for SW corresponds
to an area of important horizontal thermal gradient associated
with the cold front that is causing the dust storm. From E to
W, 2m temperature decreases by more than 10K in no more
than a few hundred kilometers along the 22N parallel. The610

western part of this high gradient area is heavily impacted by
the reduced incoming solar radiation : 2m temperature there
is up to 2K smaller with SW. The eastern part is in front of
the dust storm and not yet affected by it : the dust load is not
very high there and temperatures are reduced by 0.5 to 1K.615

The differential impact of the dust layer on 2m temperature
thus increases the horizontal gradient in this region by more
than 1K.

This is clearly shown by figure 9, which presents a cross-
section of surface pressure, temperature and wind speed620

along the 22N parallel. The pressure gradient is slightly
larger for SW than for REF : 1.2 hPa against 1 hPa. The hor-
izontal thermal gradient is 5K from 29 to 30E for REF, more
than 6K for SW. Thermal wind is directly impacted by the
horizontal gradient of temperature through the thermal wind625

equation (Holton (2004)) :

vT =
R

f
ln

[
p0

p1

]
k×∇pT̄ (1)

Where R is the specific gas constant for air, f is the Cori-
olis parameter, k is the vertical unit vector and the subscript
p on the gradient operator denotes a gradient on a constant630

pressure surface. In this case, the increase in the horizontal
gradient of surface temperature is the predominant factor of
an increase of surface wind by around 2m/s at 22N 29.5E.

To sum up, the aerosol-radiation interaction in the short-
wave is at the origin of two feedbacks between aerosol and635

meteorology : a negative one that is driven by the differen-
tial changes between temperature at surface and at the top
of the PBL, which in turn increases thermal stability of the
PBL, decreases surface winds and dust production. A local
positive feedback can occur at the edge of the dust layer,640

where during day-time the horizontal temperature gradient is
locally increased by the differential impact of the dust layer
on surface temperatures. This increase in horizontal gradi-
ent increases in turn wind speed and thus dust production.
As Figure 10 shows, the overall difference SW-REF for dust645

AOD is negative, which means that the negative feedback,
driven by local factors, is predominant compared to the local
positive feedback driven by dynamical factors.

6 Impact of the dust-long-wave radiation interaction on
boundary layer meteorological processes650

In this section, the impact of the thermal aerosol-radiation in-
teraction on meteorological parameters and dust production
is investigated. Figure 11 shows observed (when available)
and forecasted meteorological parameters, dust production
flux and 550nm AOD at Cairo and at the Siwa Oasis for the655

REF and the LW experiments.
2m temperature is higher during the nights for the LW ex-

periment, since the dust aerosol layer emits downwards in the
long-wave (cf Figure 5). The overall impact is rather small,
0.3K at Cairo and 0.4K at Siwa, but on the nights concerned660

with high dust load, the difference can reach up to 1.5K for
Cairo the nights of 17-18 and 18-19 April, and up to 2K
for Siwa the night of 17-18 April, which helps to reduce a
cold bias. At Cairo, the day-time temperatures are also sig-
nificantly higher with LW, by 0.5 to 1K. This translatesinto665

slightly larger sensible heat fluxes, by close to 30 W/m2 at
midday on 18 April at Cairo. At Siwa, night-time cooling
is significantly reduced, and even partially reversed, on the
night of 17-18 April. At the beginning of the night, the sen-
sible heat flux is slightly positive for REF, which indicates a670

cooling of the surface, and slightly negative for LW.
Clear-sky nights are generally characterized by very stable

PBLs over the desert since the heat capacity of sand is small
compared to other soil types. This very stable PBL is in turn
at the origin of the nocturnal low level jet (NLLJ). NLLJs in675

North Africa can be formed by different mechanisms; here
the driving mechanism is an inertial oscillation (Knippertz
(2008), Van de Wiel et al. (2010)), which compensates the
low value of surface winds caused by surface friction and



8 S. Rémy et al.: Feedbacks of dust on atmospheric stability

very high PBL stability by a low-level jet that lies under680

the top of the PBL, with wind values above the geostrophic
wind values. NLLJs are an important driver for dust emis-
sion in North Africa (Fiedler et al. (2013),Heinold et al.
(2013),Heinold et al. (2014)). Higher nocturnal surface tem-
peratures under the layer of dust with LW decrease the PBL685

stability, thus locally increasing surface wind speeds. This
interaction between aerosol and meteorology might weaken
the NLLJs over this area.

The impact on surface wind speed is very small at both
Cairo and Siwa. As dust production is a cubic function of sur-690

face wind speed, the impact of the small increase of the sur-
face wind speed is significant on dust production. It is larger
with LW by up to 15% at midday on 18 April at Cairo, and
by up to 20% in the evening of 17 April at Siwa. This affects
only marginally AOD at Cairo, however the difference is not695

negligible at Siwa, where AOD maximum during the night of
17-18 April is increased by nearly 0.5. Figure 10 shows that
on the night of 17-18 April, the area where AOD is larger by
more than 0.3 with LW is important and is well collocated
with the area of high dust load (cf Figure 3).700

Figure 12 shows the difference on 18 April 0UTC between
LW and REF for a set of meteorological parameters as well
as dust production. 2m temperature is larger for LW on most
continental surfaces, by 0.3 to 0.5K in regions where the dust
load is not very important, and by 1 to 2.5K in regions where705

dust AOD exceeds 2. This difference is caused by emission
in thermal spectrum by the dust layer. Most this layer lies
below 850 hPa in the nocturnal PBL. Temperatures at 850
hPa are affected in a different measure as surface tempera-
ture and over most areas they are slightly lower for LW. Over710

a band that corresponds to the cold front, 850 hPa temper-
ature is higher by 0.2-0.5K. This different impact of long-
wave aerosol-radiation interaction between surface and 850
hPa affects strongly the stability of the PBL.

A less stable boundary layer with LW is associated with715

slightly stronger winds at surface, by 0.3-1 m/s over most
areas. The area of higher 850 hPa temperatures with LW is
associated with weaker surface winds, by 0.5 to 1 m/s. At
925 hPa, the pattern of wind change is more complex, with a
marked dipole pattern, which suggest that the cold front char-720

acteristics are modified by the LW experiment. Higher tem-
peratures at surface are associated with lower surface pres-
sure, by 0.5 to 1hPa. As the decrease in pressure decrease
occurs behind the cold front, in a region where pressure is
building up after the front, this process decreases slightly the725

pressure gradient and thus geostrophic wind behind the cold
front.

The predominant increase in surface winds translates into
mostly larger dust emissions. The notable exception is the
area with lower surface wind speeds that lies just before the730

cold front. As a consequence, dust AOD is generally larger
for LW (see Figure 10); however, values are significantly
lower just before the cold front.

To understand better the phenomena taking place around
the cold front, Figure 13 presents a cross-section of various735

meteorological parameters along the 22N parallel. The pres-
sure gradient along 22N is only marginally modified by LW.
However, 2m temperature is more than 1.2K higher with LW
at 22E, and only 0.6K higher at 22.5E. This increases the hor-
izontal temperature gradient and thus thermal wind directed740

towards the West. As the synoptic wind associated with the
cold front blows from the West, this increase in thermal wind
actually provokes an important decrease in 10m wind speed.
This is especially apparent in the longitudinal component of
10m wind, which contributes to a large part of the decrease745

in surface wind between 22.5E and 23E. The same horizon-
tal thermal gradient factor can explain the increase of surface
winds for LW between 23E and 23.5E. The pressure gradient
between 23E and 23.5E is nearly flat for LW, significantly
lower than for REF; as a consequence, geostrophic winds750

are also lower. The fact that surface winds are stronger there
for LW can also weaken the NLLJ mechanism, which would
contribute to a lower wind speed at 925 hPa.

The mechanism whereby thermal winds are increased, and
surface wind speed decreased, by a differentiated aerosol-755

radiation interaction in the long-wave is actually a self-
enhancing one, i.e. a positive feedback. Lower dust AOD
in front of the dust storm means a less intense night-time
warming by thermal radiation by the dust layer. This in turn
increases Westward thermal wind, as the temperature gradi-760

ent increases more with LW under the cold front than just
before. This in turn decreases surface wind speed, as the in-
creased thermal component of the wind goes against synop-
tic winds from the West associated with the cold front. This
reduces dust emissions and in turn dust AOD. This positive765

feedback is apparent in figure 10 : the area before the cold
front with lower dust AOD is larger and more intense after
36h of forecast as compared to 24h forecast.

To sum up, the aerosol-radiation interaction in the long-
wave is at the origin of two feedbacks between aerosol and770

meteorology : a positive one that is driven by the differential
changes between temperature at surface and at the top of the
PBL, which in turn decreases thermal stability of the PBL, in-
creases surface winds and dust production. A local negative
feedback can occur at the edge of the dust layer, where during775

night-time the horizontal temperature gradient is locally in-
creased by the differential impact of the dust layer on surface
temperatures. This increase in horizontal gradient increases
in turn thermal wind towards the cold front, which decreases
surface winds as it blows mainly from the cold front. Dust780

production and AOD are likewise affected, thus enhancing
this negative feedback.

7 Interaction of total aerosol radiative impact

In this section, the reference experiment is compared against
TOTAL, which uses prognostic aerosols to compute aerosol-785
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radiation interaction in both SW and LW spectra. Figure 14
shows 3-24h forecasts of a set of meteorological parameters
together with dust production and AOD at 550nm for REF
and TOTAL, at Cairo and Siwa Oasis.

At Cairo, which was affected by the dust storm mainly dur-790

ing day-time on 18 April, sensible heat flux and 10m wind
speed are very close between the SW and TOTAL experi-
ments. For 2m temperature however, the impact of the short-
wave and of the long-wave is equally felt : maximum temper-
ature on 18 April is significantly lower than REF with both795

SW and TOTAL, but more so with SW (3K difference) than
with TOTAL (2K). The thermal emissions of the dust layer
also play a role, with slightly higher minimal temperatures
on the mornings of 15, 18 and 19 April. On average, the bias
on 2m temperature is unchanged for TOTAL as compared800

to REF, against an increase of the cold bias from -0.1K to
-0.4K for SW, and a warm bias of 0.2K for LW. While bias
is unchanged with TOTAL, RMSE is slightly decreased as
compared to REF.

As the dust production maximum occurs at midday on 18805

April at Cairo, the impact of SW aerosol-radiation interac-
tion is predominant; however, the LW aerosol-radiation in-
fluence is not negligible as dust production is around 10%
larger to TOTAL as compared to SW. At the height of the
dust storm, dust production is reduced by around 10-15% for810

TOTAL against 25% for SW as compared to REF. Similarly,
dust AOD is reduced with TOTAL as compared to REF, but
by a much smaller amount as compared to the reduction with
SW.

At Siwa, the dust storm lingered on longer than at Cairo,815

was more intense, and was most intense during the night.
Depending on the weather parameters and of the time scales
of the meteorological processing affecting them, the influ-
ence of the SW or of the LW aerosol-radiation interaction
was predominant. For 2m temperature, the impact of SW was820

noticeable on the maxima on 17 April. The LW impact was
felt mainly on the nights of 15 and 18 April, and on aver-
age temperature was marginally higher for TOTAL as com-
pared to REF, but by a smaller amount as compared to LW.
Sensible heat fluxes were also larger for TOTAL, but the de-825

crease in sensible heat caused by reduced incoming solar ra-
diation on 17 April caused this increase to be smaller than for
LW. 10m wind speed was not much affected by both LW and
SW, this is is the same for TOTAL, with values marginally
smaller than for REF on average, but slightly larger on the830

early morning of 18 April. Likewise, dust emissions are sig-
nificantly smaller for TOTAL on 14 April, with a dust lift-
ing episode occurring nearly entirely during day-time, and is
at times smaller at times larger for the dust storm of 17-18
April. Dust emissions are smaller by around 10% with TO-835

TAL during day-time of 17 April, and 5-10% larger in the
early morning of 18 April. Dust AOD at 550nm reflects the
influences of both dust-SW and LW radiation. In the evening
of 17 April, after several hours with smaller dust emissions
with TOTAL, dust AOD is lower by around 0.4, i.e. 12% of840

the total. Dust AOD then increases faster with TOTAL than
with REF, and values are very similar for both experiments
on 18 April.

Figure 15 shows the difference between TOTAL and REF
for 2m temperature, 10m wind speed, dust emissions and845

dust AOD at 550nm, at 0UTC and 12 UTC on 18 April for
a simulation starting on 17 April at 0UTC. These hours were
chosen as they are close to the peak of impact of dust-LW
and SW interaction respectively, Figure 15 can be compared
with Figure 12 and Figure 7. The radiative impact in the SW850

and LW are evident in the 2m temperature difference plots:
the areas where temperature is more than 1K higher with TO-
TAL at 3UTC and where temperature is more than 1K lower
with TOTAL at 12UTC are in the same range. Compared to
the values of SW and LW experiments on Figures 7 and 12,855

the differences are smaller. This is expected, as higher mini-
mal temperatures mitigate the impact of weaker solar heating
during the day, and vice-versa.

The impact on wind speed is similarly of the same nature
as SW and LW for day and night respectively, but reduced860

in amplitude. As for SW and LW, a positive (resp. negative)
feedback develops at the edge of the dust plume, just before
the cold front. As these feedback are symmetrical between
SW and LW, they are destroyed when the driving forcing,
i.e. reduced solar heating and thermal emission by the dust865

layer respectively, is replaced by the alternative forcing. This
is why the areas where thermal winds change affect winds
and dust emission are the same between SW during the day,
LW during the night on one hand, and TOTAL and the other
hand, but much reduced in intensity. As these structures are870

transitory, they have less impact on dust emissions and dust
AOD than in the SW and LW experiments. The areas where
winds are decreased (by 0.2-0.8 m/s) or increased (by 0.5-
1 m/s) by the changes in thermal stratification of the PBL
are on the other hand clearly visible; dust emissions reflect875

the changes in wind speed. The impact of these two conflict-
ing changes appear to be of similar amplitude, as total AOD
changes are much smaller for TOTAL as compared to SW or
LW.

Figure 16 presents vertical profiles of dust mixing ratio,880

temperature and wind speed over the Siwa Oasis, at 15UTC
on 17 April and 12 UTC on 18 April, for a simulation starting
on 17 April 0UTC and for REF and TOTAL. The cold front
passed in between the two forecast times, which is clearly
shown in 850 hPa temperatures, which are more than 10K885

colder at 3UTC than at 15UTC on 17 April.
The mixing ratio profiles show that dust is mainly confined

in the boundary layer, the top of which is at around 800 hPa
at 15 UTC and just above 950 hPa at 3UTC. The impact of
the meteorology on dust emissions, already noted, is again890

clear here : dust mixing ratio is 20 to 50% lower with TO-
TAL at 15 UTC, and is slightly larger at 3UTC. The impact
on temperatures is clear : light scattering occurs in the dust
layer and reduces temperatures by 1-2K below 925 hPa at 15
UTC for TOTAL, and by a smaller amount, less than O.5K,895
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between 800 and 925 hPa. At 3UTC, thermal radiation from
the dust layer provoke a small increase in temperature for
TOTAL very close to the surface, below 970 hPa. Above that
height, temperature is slightly lower for TOTAL, because the
dust layer absorbs a part of the radiation from the surface.900

Winds for TOTAl are slightly weaker at 15 UTC at surface,
and slightly stronger at 3 UTC. Above the surface, winds are
mostly stronger at 15 UTC, by up to nearly 1m/s at 750 hPa.
At 925 hPa with TOTAL, there is a small temperature inver-
sion, as the aerosol layer cools the atmosphere below that905

height. Associated with this small temperature inversion is
a significant increase of wind speed, by around 1m/s. At 3
UTC, winds are stronger just above the top of the PBL, by
around 1m/s.

To sum up, TOTAL is a composition of LW and SW: the910

mainly positive feedback between dust and meteorology as-
sociated with LW and the mainly negative feedback associ-
ated with SW co-exist and also impact each other. The local
feedbacks before the cold front, driven by horizontal thermal
gradients, neutralize each other and are thus much smaller915

in amplitude in TOTAL as compared to SW and LW. This
shows that the timing of the storm, and whether it is pri-
marily affected by the dust-SW or LW radiation interaction
are of great importance to understand how the dust layer im-
pacts meteorology and vice-versa. In this case, it appears that920

the dust-radiation interaction didn’t impact much the synop-
tic situation, i.e. the motion of the highs and lows as well
as the movement and intensity of the cold front that caused
the storm. Cycling experiments, with a meteorological anal-
ysis that is provided by the NRT MACC-II system, are not925

the best tool however to assess the synoptic impact of dust-
radiation interaction. Assimilation runs provide a better in-
sight into this issue.

8 Assimilation runs

Figure 17 shows the differences between the experiments930

TOTAL ASSIM and REF ASSIM for 2m temperature, 10m
wind speed, dust production and dust AOD at 550nm for
the runs starting at 00UTC on 17 April 2012, 24 and 36h
forecasts. This figure can be compared to Figure 15 which
shows the same differences for REF and TOTAL. For 2m935

temperature, the magnitude of the changes brought by in-
teractive aerosol-radiation interaction is similar in the exper-
iments with and without assimilation. This is rue for both
the SW and LW dust-meteolorogy feedbacks. However, the
impact on surface winds and dust production are more im-940

portant with assimilation runs. This different behaviour can
be explained by the fact that the time scales are different
for the surface temperature and for wind speed adjustments
to the radiative forcings. The heat capacity of sand is low,
which makes the thermal inertia of desertic soils small as945

well: surface temperature adjusts quickly to a change in the
radiative fluxes. As a consequence, the fact that there the

analysis takes into account dust-radiation interaction from an
aerosol climatology or from interactive aerosols doesn’t have
such a large impact, as surface temperature adjusts quickly950

to the radiative forcings during the forecast. However, for
winds, the adjustment takes more time since the changes are
driven by vertical and horizontal temperature gradients, and
the changes concern the whole boundary layer (see Figure
16). As a consequence, it seems that the fact that interactive955

dust-radiation is taken into account in the analysis of TO-
TAL ASSIM, through the first guess, enhances the feedback
between radiation and surface winds as compared to TOTAL.
The weight of the fist guess in the analysis is amplified by the
fact that the dust storm of 17-18 April 2012 occurred in a re-960

gion where both meteorological and total AOD observations
are sparse.

The impact on dust production is clear : the difference be-
tween TOTAL ASSIM and REF ASSIM is more marked, at
0UTC and at 12UTC, than the difference between TOTAL965

and REF. However, the feedbacks associated with dust-SW
and LW radiation interaction, even if they are more intense
as compared to TOTAL, appear to attenuate the impact of
each other: in the dust storm, the difference in AOD seldom
exceeds 0.1 between TOTAL ASSIM and REF ASSIM. A970

few hundred of kilometers East of the storm, the impact is
not negligible, with dust AOD being reduced by 0.2 to 0.3
with TOTAL ASSIM, at 0 and 12UTC.

8.1 Impact on the quality of temperature and AOD fore-
casts by the MACC global system975

The previous sections showed that surface temperature is sig-
nificantly affected by how the aerosol radiative effect is com-
puted. The impact on AOD is more localized but not negli-
gible. This sections aims to assess whether using prognos-
tic aerosols to compute the aerosol radiative effect is benefi-980

cial for the forecasts of these two parameters. As assimilation
runs are considered, the configuration is very close to that of
the NRT global MACC-II system.

8.1.1 Temperature forecasts

Temperature forecasts of TOTAL ASSIM are evaluated985

against observations for several stations in Egypt. As the res-
olution was rather crude, several stations were not taken into
account because of land-sea representativity problems. Fig-
ure 14 showed that using prognostic aerosols has a beneficial
impact on temperature forecasts with cycling experiments: a990

negative bias on minimum temperatures is diminished and
RMSE is decreased. In this section a more general approach
is followed: forecasts are evaluated for the period from 10th
to 25th of April 2012, over the whole of Egypt, for runs start-
ing at 00UTC. Only REF ASSIM and TOTAL ASSIM will995

be assessed as they correspond to the operational setup of the
MACC global system. The evaluation will be carried out for
2m temperature because it is the meteorological parameter
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that was the most impacted by the interactive aerosols radia-
tive effect and for which observations are widely available.1000

Tables 2 and 3 show the RMSE and bias of the
REF ASSIM and TOTAL ASSIM, over a selection of sta-
tions in Egypt and Israel, for forecast times ranging from 0
to 48h. The analysis of 2m temperature is significantly im-
proved both in terms of RMSE and bias, respectively up 10%1005

and 20%. This shows that with assimilation runs, the impact
of using prognostic aerosols radiative effect is important for
the analysis and for short-term forecasts. 24h forecasts also
show an improvement of close to 20

12 and 36h Forecasts show no improvement of TO-1010

TAL ASSIM compared to REF ASSIM in terms of RMSE.
The bias decreases significantly for both forecast times,
which leads to a small cold bias at 12h forecast, and an im-
provement of the warm bias at 36h forecast time.

It appears that the overall improvement brought by TO-1015

TAL ASSIM is important for the initial conditions and fore-
casts of temperatures at night, and smaller during the day.
The positive impact on RMSE for nocturnal temperatures
appear to be smaller and smaller with forecast time. This is
probably because the errors on the amount of dust and on the1020

location/timing of the dust storm increase with forecast time.
As a consequence, errors caused by the radiative impact of
aerosols also grow with forecast time, which counterbalance
the positive impact that the prognostic aerosols radiative im-
pact show on the analysis and short-term forecasts.1025

8.1.2 AOD forecasts

Figure 18 shows the RMSE and bias of AOD forecasted by
REF ASSIM and TOTAL ASSIM against 228 AERONET
stations over the globe, as a function of forecast times. Over
the globe, the interaction between aerosol and SW radiation1030

appear to be predominant over the interaction with LW radi-
ation, since the bias is slightly reduced by TOTAL ASSIM.
This is a improvement for forecast times up to 4 days, and
a small degradation after that. The improvement in RMSE is
larger than the improvement of the bias, showing that tak-1035

ing into account interactive aerosol-radiation interaction im-
proves the representation of aerosols in the model. While the
bias reduction increases with forecast time, the improvement
in RMSE is comparable at day+5 and day+1.

9 Summary1040

A series of interactions between aerosols and meteorology
was highlighted in this study, driven by the forcings in the
short-wave and in the long-wave. In the short-wave, lower
maximum temperatures increased lower atmosphere stabil-
ity, which brought in turn a decrease in wind speed and in1045

dust production through saltation processes. Locally, at the
edge of the dust plume and before the cold front, the forc-
ings in incoming solar radiation brought differentiated cool-

ing, which increased the horizontal temperature gradient and
thermal winds. As thermal wind and synoptic winds were in1050

the same direction, this process locally increased sharply sur-
face winds and dust production.

Thermal emissions of the dust layer brought opposite feed-
backs: warmer temperatures at night decreased the stability
of the PBL, thus strengthening surface winds and dust emis-1055

sions. As with short-wave forcing, contrasted heating of the
surface at night increased the horizontal temperature gradient
at the edge of the dust plume. As the increased thermal wind
and synoptic winds were in opposite directions, the conse-
quence was locally weaker winds and dust emissions.1060

Assimilation runs confirmed these feedback, as they trans-
lated into the initial conditions of both aerosols and temper-
ature. Since the considered region doesn’t have much ob-
servations of both temperature and total AOD from MODIS
to constrain the initial conditions, the first guess has an un-1065

usually large importance in the initial conditions. The syn-
optic situation wasn’t much changed between REF ASSIM
and TOTAL ASSIM. Scores on surface temperatures and on
AOD showed that the forecasts were of better quality when
using prognostic aerosols instead of the Tegen aerosol cli-1070

matology to compute the aerosols-radiation interaction, for
forecast times up to 48h.

10 Conclusions

We studied feedback effects between dust and radiation and
associated changes in the meteorological parameters in the1075

PBL with the MACC-II global system during the dust storm
of 17th-19th of April 2012 in the Eastern Mediterranean.
Simulations that use either the Tegen aerosol climatology or
the prognostics aerosol forecast by the MACC model to com-
pute the aerosol direct effect were compared. Dust aerosols1080

were shown to have significant impact on downward radia-
tive fluxes, reducing the short-wave component and increas-
ing the long-wave one. That radiative impact affected in
turn surface temperature, and thus lower atmosphere stabil-
ity. This in turn led to local increases or decreases in wind1085

speeds and dust production. Overall, for this situation, the
dust-radiation interaction on the long-wave spectrum and the
in the short-wave spectrum both had a strong impact on at-
mospheric stability and dust production. This highlights how
important accurate forecasts of the timing of the storm are,1090

since depending on the local time of the dust lifting episodes,
the interaction between aerosol and boundary layer meteorol-
ogy are of a very different nature.

Compared against observations, downward radiative
fluxes, especially in the long-wave spectrum, are better fore-1095

casted in this situation when using interactive aerosols to
compute the aerosol-radiation interaction. Surface tempera-
tures and dust AOD itself were better forecasted for short-
term forecasts, as the aerosol plume is by then forecasted
with a relatively small error. For larger forecast times, the1100
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fact that errors in the prediction of the location and timing
of aerosol layers are larger can make the prognostic aerosol
direct effect have a negative impact. There exist however al-
ternatives between full prognostic aerosol direct effect and
climatological aerosol direct effect. Prognostic aerosol direct1105

effect can be used only in the short forecast that is used as the
first guess in the assimilation step for example, thus bring-
ing an improvement in the aerosol and temperatures analy-
sis. Prognostic aerosol direct effect could also be relaxed to-
wards climatological aerosol direct effect, depending on the1110

forecast time.
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14 S. Rémy et al.: Feedbacks of dust on atmospheric stability

Van de Wiel B., Moene A., Steeneveld G., Baas P., Bosveld F.,
Holtslag A.:A Concep- tional view on Inertial Oscillations and
Nocturnal Low-Level Jets. J Atmos Sci 67:2679-2689, doi:
http://dx.doi.org/10.1175/2010JAS3289.1, 2010.

S. Woodward: Modeling the atmospheric life cycle and radia-1335

tive impact of mineral dust in the Hadley Centre climate
model, J. Geophys. Res., vol. 106, No. D16, p.18,155, DOI:
10.1029/2000JD900795, 2001.

Yu, H., Kaufman, Y. J., Chin, M., Feingold, G., Remer, L. A., An-
derson, T. L., Balkanski, Y., Bellouin, N., Boucher, O., Christo-1340

pher, S., DeCola, P., Kahn, R., Koch, D., Loeb, N., Reddy,
M. S., Schulz, M., Takemura, T., and Zhou, M.: A review
of measurement-based assessments of the aerosol direct ra-
diative effect and forcing, Atmos. Chem. Phys., 6, 613-666,
doi:10.5194/acp-6-613-2006, 2006.1345

Yu, H., M. Chin, T. Yuan, H. Bian, L. A. Remer, J. M. Prospero,
A. Omar, D. Winker, Y. Yang, Y. Zhang, Z. Zhang, and C. Zhao,
The fertilizing role of African dust in the Amazon rainforest: A
first multiyear assessment based on data from Cloud-Aerosol Li-
dar and Infrared Pathfinder Satellite Observations. Geophys. Res.1350

Lett., 42, 1984–1991. doi: 10.1002/2015GL063040, 2015.
Zhang, J. K., Sun, Y., Liu, Z. R., Ji, D. S., Hu, B., Liu, Q.,

and Wang, Y. S.: Characterization of submicron aerosols dur-
ing a serious pollution month in Beijing (2013) using an aero-
dyne high-resolution aerosol mass spectrometer, Atmos. Chem.1355

Phys. Discuss., 13, 19009-19049, doi:10.5194/acpd-13-19009-
2013, 2013.
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Fig. 1. Analysis of mean sea-level pressure over Northern Sahara and Southern Mediterranean from 17 April 2012 00UTC to 19th of April
2012 00UTC.
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Fig. 2. AOD at 550nm from MODIS on Aqua, deep blue algorithm, daily average for 16th, 17th, 18th and 19th of
April 2012. On the bottom, visible image from MODIS/Terra acquired on 18 April 2012 at 9h local time. Source
http://modis.gsfc.nasa.gov/gallery/individual.php?db date=2012-04-22
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Fig. 3. AOD at 550nm from 17 April 2012 6 UTC (top left) to 18 April 12 UTC (bottom right), REF experiment starting on 17 April 2012
0UTC and 18 April 2012 0UTC.
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Fig. 4. 3 to 24h forecasts and observations of downward short-wave, long-wave radiation fluxes at the surface and 2m temperature at
Tamanrasset. REF experiment is in blue, NOAER is in red, observations in black. The bias and RMSE of forecasts against observations for
the whole period is also indicated on top.
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Fig. 5. 3 to 24h forecasts and observations (when available, in black) of downward short-wave and long-wave radiation fluxes at the surface
and 550nm AOD at Tamanrasset (left) and Cairo (right). REF experiment is in blue, TOTAL is in red, observations in black. The bias and
RMSE of forecasts against observations for the whole period is also indicated on top.
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Fig. 6. REF vs SW experiment, 3 to 24h forecasts and observations of 2m temperature (in °c), sensible heat flux (in W/m2), 10m wind speed
(in m/s), dust production flux (in kg/m2.s) and AOD at 550nm. Figures at Cairo are on the left panel and at Siwa Oasis on the right.
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Fig. 7. Simulations starting on 17 April 2012, 36h forecast. Difference of SW - REF for 2m temperature (top left), 850 hPa temperature (top
right), 10m wind speed (middle left), dust production (middle right), wind at 925 hPa (bottom left), sea-level pressure (bottom right). The
red line on the 10m wind speed and 2m temperature panels indicate the cross-section of Figure 9.
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Fig. 8. Simulation starting on 17 April 2012. REF experiment for 2m temperature, 24h forecast time (left), 36h forecast time (right).

Fig. 9. Simulations starting on 17 April 2012, 36h forecast, cross-section at 22°N . Mean sea-level pressure (top), 2m temperature (middle)
and 10m wind speed (bottom) for REF (blue) and SW (red).
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Fig. 10. Simulations starting on 17 April 2012, 24h forecast (left) and 36h (right) forecast time. Difference of AOD at 550nm, SW - REF
(top), LW - REF (bottom) .
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Fig. 11. Same as Figure 6 for REF vs LW experiments.



S. Rémy et al.: Feedbacks of dust on atmospheric stability 25

Fig. 12. Simulations starting on 17 April 2012, 24h forecast. Difference of LW - REF for 2m temperature (top left), 850 hPa temperature
(top right), 10m wind speed (middle left), dust production (middle right), wind at 925 hPa (bottom left), sea-level pressure (bottom right).
The red line on the 10m wind speed and 2m temperature panels indicate the cross-section of Figure 14
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Fig. 13. Simulations starting on 17 April 2012, 24h forecast, cross-section at 22 °N . Mean sea-level pressure (top), 2m temperature (middle
top), 925 hPa wind speed (middle), 10m wind speed (middle bottom) and U component of 10m wind (bottom) for REF (blue) and LW (red).
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Fig. 14. Same as Figure 6 for REF vs TOTAL experiments.



28 S. Rémy et al.: Feedbacks of dust on atmospheric stability

Fig. 15. Simulations starting on 17 April 2012, 24h forecast (left) and 36h (right) forecast time. Difference of TOTAL - REF for 2m
temperature (top), 10m wind speed (middle top), dust production (middle bottom), dust AOD (bottom).
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Fig. 16. Vertical profile of dust mixing ratio (top), temperature (middle) and wind speed (bottom) at Siwa Oasis. Forecasts starting on 17
April 2012 0UTC, lead time 15h (left) and 27h (right). REF is in blue, TOTAL in red.
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Fig. 17. Simulations starting on 17 April 2012, 24h forecast (left) and 36h (right) forecast time. Difference of TOTAL ASSIM - REF ASSIM
for 2m temperature (top), 10m wind speed (middle top), dust production (middle bottom), dust AOD (bottom).
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Table 1. Summary of the experiments carried out.

Station

Name Short description SW Dust-radiation computed with LW dust-radiation computed with

NOAER No dust no dust no dust

REF Reference experiment Tegen aerosol climatology Tegen climatology

SW SW dust-radiation interaction only interactive dust Tegen climatology

LW LW dust-radiation interaction only Tegen climatology interactive dust

TOTAL dust-radiation interaction interactive dust interactive dust

REF ASSIM reference experiment,
initial conditions from assimilation

Tegen climatology Tegen climatology

TOTAL ASSIM dust-radiation interaction,
initial conditions from assimilation

interactive dust interactive dust

Table 2. 2m temperature, RMSE of REF ASSIM (left) and TO-
TAL ASSIM (right) for forecast times 0, 12, 24 and 36h, average
for the period of 10th to 25th of April 2012. Stations considered are
Hurguada, Luxor, Kosseir, Siwa, Wadi el Natroon, Cairo, Port Said
and Ras Sedr in Egypt, and Ben Gurion airport close to Tel Aviv in
Israel.

Forecast time 0h 12h 24h 36h 48h

REF ASSIM 1.46 1.48 1.5 1.62 1.53

TOTAL ASSIM 1.32 1.49 1.43 1.6 1.58

Table 3. 2m temperature, bias of REF ASSIM (left) and TO-
TAL ASSIM (right) for forecast times 0, 12, 24 and 36h, average
for the period of 10th to 25th of April 2012 over the same selection
of weather stations as table 2.

Forecast time 0h 12h 24h 36h 48h

REF ASSIM -0.87 -0.05 -0.73 0.48 -0.47

TOTAL ASSIM -0.65 -0.18 -0.58 0.2 0.26
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Fig. 18. RMSE (top) and bias (bottom) of forecasted total AOD against L2.0 Aeronet AOT at 500nm over 228 Voronoi-weighted sites
globally, as a function of forecast time. REF ASSIM is in green, TOTAL ASSIM in red.


