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Abstract. Aerosols affect the atmosphere through direct in-

teraction with short-wave and long-wave radiation and the

microphysical properties of clouds. In this paper we report in

detail on several mechanisms by which the short-term impact

of dust on surface radiative fluxes can affect the dust load-

ing of the atmosphere via modification of boundary-layer

meteorology. This in turn affects the aerosol radiative forc-

ing itself. Examples of these feedbacks between dust and

boundary layer meteorology were observed during a series

of dust storms in the Sahara and the eastern Mediterranean

in April 2012. These case studies have been analysed using

the Monitoring Atmospheric Composition and Climate – In-

terim Implementation (MACC-II) system.

The radiative fluxes in the short-wave and long-wave

spectra were both significantly affected by the prognostic

aerosol–radiation interaction, which in turn impacted the me-

teorological simulation. Reduced incoming solar radiation

below the aerosol layers led to a decrease in maximum sur-

face temperatures and to a more stable thermal stratification

of the lower atmosphere. This in turn forced weaker surface

wind speeds and eventually smaller dust emissions. More-

over, we also observed a secondary impact of the aerosol

radiative forcing, whereby horizontal gradients of surface

temperature were increased at the edge of the dust plume,

which led to local increases of surface wind speeds due to the

thermal wind effect. The differentiated impact of the aerosol

layer on surface pressure also contributed to the increase in

surface wind speed and dust production in the same area.

Enhanced long-wave radiative fluxes by the dust mass

were associated with opposite processes. Less stable thermal

stratification at night, brought mainly by higher minimum

temperatures at the surface, caused stronger surface winds.

At the edge of the dust storm, weaker horizontal temperature

and pressure gradients forced lower winds and reduced dust

production.

Regarding dust emissions, short-wave radiative forcing

had a larger impact than long-wave radiative forcing, cor-

roborating several previous studies. For surface temperature,

short-wave and long-wave contribution were close in inten-

sity.

These feedbacks were amplified when using data assim-

ilation to build the aerosol analysis of the MACC-II global

system. This led to an improvement in the short-term fore-

casts of thermal radiative fluxes and surface temperatures.

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 recent

particulate matter (PM) pollution events in western Europe

and China (Zhang et al., 2014; Sun et al., 2013). Aerosol

particles also influence the atmospheric radiative budget di-

rectly by scattering and absorbing short-wave and long-wave

radiation (aerosol direct effect; e.g. Yu et al., 2006; Bellouin

et al., 2005), and indirectly affecting the concentration, size

and chemical composition of the cloud condensation nuclei

(CCN), which in turn impacts the life cycle, the optical prop-
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erties and the precipitation activity of clouds (Koch and Del

Genio, 2010; Painemal and Zuidema, 2013; Hoose and Möh-

ler, 2012; Niemand et al., 2012).

The aerosol direct effect consists of the sum of two phe-

nomena: scattering/absorption of incoming solar radiation

and absorption/emission of long-wave radiation. The former

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 downwelling long-wave radiation in

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 and surrounding en-

vironment: Choi and Chung (2014) showed that whether the

aerosol layer is below or above a cloud layer will impact their

radiative impact on the surface and on the atmosphere by an

order of magnitude.

Mineral dusts are produced in arid or semi-arid areas

and lifted into the atmosphere, if surface winds are strong

enough, through the saltation process (Marticorena and

Bergametti, 1995). Global emissions are estimated by nu-

merical models to be in the range of 500 to 4400 Tg per year

(Huneeus et al., 2011). The large spread in emissions esti-

mate reflects 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.

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 into

account their radiative impact on the atmosphere (Bellouin

et al., 2011). For short-term forecasts by operational nu-

merical weather prediction (NWP) models, Tompkins et al.

(2005) and Rodwell and Jung (2008) both showed the im-

provement brought by more realistic aerosol climatologies

on the forecasts from European Centre for Medium-Range

Weather Forecasts (ECMWF) operational model. Mulcahy

et al. (2014) investigated several configurations for the inclu-

sion of interactive aerosol direct and indirect effects in the

Met Office Unified Model (MetUM) and managed to correct

a significant bias in the outgoing long-wave radiative fluxes

over the Sahara that was diagnosed by Haywood et al. (2005).

Mineral dusts and their short-term impacts on the atmo-

sphere have been the subject of intensive studies (e.g. Perez

et al., 2006; Stanelle et al., 2010; Spyrou et al., 2013), us-

ing numerical models developed by Tegen and Lacis (1996),

Nickovic et al. (2001) and Woodward (2001) among oth-

ers. Several results are summed up in Miller et al. (2014),

who emphasize the diversity of the results obtained in terms

of radiative forcing by mineral dust. Miller et al. (2004)

and Perez et al. (2006) described a feedback between total

aerosol forcing and atmospheric stability whereby lower sur-

face temperatures increased atmospheric stability, thus de-

creasing surface winds and dust production. This feedback

was also noted in Ahn et al. (2007). Heinold et al. (2008) in-

vestigated the impact of dust radiative forcing on nocturnal

low-level jets (NLLJs) and found a local increase in intensity

of NLLJs caused by a more stable boundary layer.

This work focus on short-term radiative effects of dust. It

aims first to complete the description of the dust–radiation

feedback by Perez et al. (2006) and Miller et al. (2004) by

decomposing the feedback into two components driven by

dust forcing on short-wave radiation and long-wave radiation

respectively. Our objective is also to identify other aerosols–

boundary layer meteorology interactions. One of the objec-

tives of this study is to compare the results of an experimen-

tal version of the Monitoring Atmospheric Composition and

Climate – Interim Implementation (MACC-II) system, which

uses radiatively interactive aerosols, with the pre-operational

setup, which uses an aerosol climatology to compute dust–

radiation interaction.

We analyse the various feedbacks between the radiative

impact of dust on the short-wave and long-wave spectra and

boundary layer meteorological processes, comparing exper-

iments with prognostic aerosol fields against experiments

with a climatological distribution. The interaction of prog-

nostic aerosols and meteorology is included at first only in

the forward model, without any impact on the meteorologi-

cal initial conditions. In a second step, we add them also in

the aerosol assimilation system so that the initial conditions

of dust also take into account the impact of this interaction.

1.2 The MACC global atmospheric composition

forecasting system

The Monitoring Atmospheric Composition and Climate – In-

terim Implementation (MACC-II) is a European-funded pro-

gram that aims to monitor and forecast atmospheric compo-

sition. It is the precursor of the broader Copernicus Atmo-

sphere Monitoring Service. The aim of MACC-II is to create

and operate an assimilation and forecasting system for moni-

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 Enge-

len, 2012). The MACC-II global system is based on the In-

tegrated Forecast System (IFS) meteorological model, main-

tained and developed by ECMWF; the version used in this

work corresponds to cycle 40R1 of the IFS for which a de-

tailed description can be found at https://software.ecmwf.int/

wiki/display/IFS/CY40R1+Official+IFS+Documentation.

Aerosols are forecasted within the MACC-II global sys-

tem 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 sulfates. Dust aerosols are represented by three

prognostic variables that correspond to three size bins, with

bin limits of 0.03, 0.55, 0.9 and 20 µm. The main processes
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that are taken into account are the production of dust, through

saltation, and the removal of dust, by wet and dry deposition

and sedimentation. The areas likely to produce dust are di-

agnosed as a function of surface albedo, moisture of the first

soil level and bare soil fraction. Dust emissions are then pa-

rameterized, following Ginoux et al. (2001), as a function of

the cubic power of 10 m wind speed. Dry deposition depends

on a prescribed deposition velocity and on aerosol concen-

tration in the lowermost model level above the surface. Sedi-

mentation is currently applied only to the largest dust bin and

depends on a fixed settling velocity and the concentration at

each model level. Scavenging did not occur during the period

under scrutiny since there were very little clouds and no rain

at all.

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). In

an experimental version of the model, the aerosol direct ef-

fect can be computed from the mass mixing ratio of the prog-

nostic aerosols provided by the MACC aerosol module. The

computation of the radiative impact of aerosols was modi-

fied for this study so that it is now possible to activate only

the short-wave or the long-wave components of the aerosol

direct effect separately.

The radiative impact of the aerosols in the radiative trans-

fer code of the ECMWF model is parameterized as func-

tion of the mass-extinction coefficient (k), single-scattering

albedo (ω) and asymmetry parameter (g) for the shortwave,

while only the emission from the aerosol layer is considered

in the longwave and the scattering is neglected. These optical

properties are available from look-up tables computed offline

for the spectral bands of the radiation code (Morcrette et al.,

2009). This introduces an additional source of uncertainty as

the refractive indices for mineral dust have been highlighted

as the single most important factor for the large uncertainty

in the radiative impact of mineral dust (Myhre and Stordal,

2001).

In MACC two sets of optical properties are available. One

is derived from the refractive index used in the Hadley Cen-

tre climate model (Woodward, 2001), which is a compila-

tion of refractive indices estimated from various measure-

ments (Carlson and Benjamin, 1980; Sokolik et al., 1993,

1998; WMO, 1983). Another is based on the refractive index

detailed in Fouquart et al. (1987). Highwood et al. (2003)

suggests the use of the refractive index from Fouquart et al.

(1987) as it appears to give a better agreement with the obser-

vations from the SHADE field campaign. This set of refrac-

tive index was also used in Myhre et al. (2003). Our exper-

iments were carried out using both refractive indices but we

will report only the results using the Fouquart et al. (1987)

aerosol model. Results using the Woodward (2001) refrac-

tive index are close to this situation and do not contradict

the conclusions reached in this paper. The optical properties

are computed for each size bin using a standard Mie scatter-

ing algorithm (Ackerman and Toon, 1981), hence assuming

Figure 1. Dust optical properties used in the MACC system: mass

extinction coefficient (top), single-scattering albedo (middle) and

asymmetry parameter (bottom) as a function of wavelength for the

three dust bins (no. 1 is the smallest bin, no. 3 is the largest), com-

puted using the refractive indices of Woodward (2001) and Fouquart

et al. (1987).

spherical particles. Mishchenko et al. (1997) show that as-

suming spherical particles for mineral dust introduces only a

modest uncertainty in the calculation of radiative fluxes. The

dust optical properties used in the MACC system for each

dust bin are detailed in Fig. 1. They can be compared to Fig. 1

of Spyrou et al. (2013) and Fig. 1 of Perez et al. (2006).

The global MACC-II forecasting system provides aerosol

analysis by assimilating total aerosol optical depth (AOD)

observations provided by the Moderate Resolution Imaging

Spectroradiometer (MODIS) instruments on-board NASA

polar orbiting satellites Aqua and Terra in a 4D-Var assim-

ilation algorithm, as described in Benedetti et al. (2009). The

product used in the assimilation step is the Dark Target re-

trieval; hence it is not available in regions with high surface
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albedo, such as desert areas. MODIS Deep Blue product,

aimed at bright surfaces, is now used in the most recent ver-

sion of the system.

1.3 Evaluating aerosol impacts on numerical weather

prediction: WGNE model intercomparison

The Working Group on Numerical Experimentation

(WGNE) was jointly established by the Commission for

Atmospheric Sciences of the World Meteorological Organi-

zation (WMO) and the World Climate Research Programme

(WCRP). It has the responsibility of fostering the develop-

ment of atmospheric circulation models for use in weather,

climate, water and environmental prediction on all timescales

and diagnosing and resolving shortcomings of these models.

WGNE has recently launched a model intercomparison

(Freitas, 2015) 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 northern

China, a biomass-burning event in Brazil in September 2012

and a dust storm over Egypt on 18 April 2012. This paper

focuses on the dust episode of 18 April 2012 over the eastern

Mediterranean but we also include the analysis of another

dust storm, which took place on 12 and 13 April 2012 in

the central Sahara region, as more ground observations were

available.

2 Dust episodes of April 2012 in the Sahara and

eastern Mediterranean

2.1 Available observations

Surface observations of meteorological parameters are avail-

able in Algeria and Egypt but not over Libya. Analyses from

the operational ECMWF model were also used.

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)

in southern Algeria and Sede Boqer in Israel (Lyubansky,

2012). Unfortunately, observations from Sede Boqer were

not available in April 2012. Downwelling surface flux of

short-wave and long-wave radiation at Tamanrasset, in south-

ern Algeria, were measured with a frequency of 1 min.

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 observation

from BSRN, and Cairo in Egypt. As these observations are

provided by sun photometers, they are available only during

the day. To supplement the absence of AOD observations at

some stations, simulated AOD was also plotted to provide a

qualitative assessment of the presence of dust. Total AOD ob-

servations 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

evolution

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 lows

occasionally affects the area. The severe dust storm that af-

fected Libya, Egypt and most of the eastern Mediterranean

Basin on 17–18 April 2012 was produced by the conjunction

of a deep low circulating over the Mediterranean and of a

heat low that originated over western Libya–eastern Tunisia

on 16 April 2012, caused by very high temperatures over the

desert areas. Figure 2 shows mean sea-level pressure anal-

yses over the northern Sahara and southern Mediterranean

from 17 to 19 April 2012. The merging and interaction of

the heat low and the Mediterranean low that is associated

with mid-tropospheric colder air is clearly shown. This inter-

action, and the development of a powerful anticyclone over

the central Sahara, led to the rapid deepening of a low be-

tween Crete and Greece on 18 April. The heat low moved

in a north-easterly direction, left western Egypt in the night

of 17 to 18 April and was then absorbed by the larger and

fast moving Mediterranean low, which then moved quickly

towards the north on 19 April 2012.

The synoptic situation led to high and sustained winds on

17–18 April over north-east Libya and Egypt associated with

a cold front crossing these regions, reaching 11 to 14 m s−1

for more than 24 h, according to model forecasts and obser-

vations. This led to the suspension of a very high load of

dust, with AOD reaching 4.5 in Cairo at noon on 18 April.

Besides the dust plume, the sky was entirely clear over Egypt

and Libya during 17 and 18 April, which makes these 2 days

a perfect case study for aerosol–radiation interaction.

The interaction between dust and the synoptic situation is

shown by Fig. 3, 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 the cold

front associated with the heat low was then advected north-

wards by the deep Mediterranean low, towards Israel, Turkey

and the eastern Mediterranean on 18–19 April 2012.

Figure 4 shows the evolution of the dust storm as analysed

and forecasted by the MACC-II system, from 17 April 2012,

06:00 UTC, to 18 April 2012, 12:00 UTC. Dust AOD reaches

very high values, locally above 4. The area with AOD above

1 is very large throughout the storm.

This dust storm was preceded by another event between

11 and 15 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 combined

with a deep low over western-central Mediterranean. This

Atmos. Chem. Phys., 15, 12909–12933, 2015 www.atmos-chem-phys.net/15/12909/2015/
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Figure 2. Analysis of mean sea-level pressure over the northern Sahara and southern Mediterranean from 17 April 2012, 00:00 UTC, to

19 April 2012, 00:00 UTC.

second event allowed forecasts of radiative fluxes to be com-

pared against ground observations at Tamanrasset (Algeria),

which was affected by the dust storm of 11 to 15 April but

not by the subsequent storm of 17–18 April 2012.

3 Methodology

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

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 no dust aerosols, with

the aerosol direct effect estimated from a climatology, i.e.

in its pre-operational configuration, and with the aerosol di-

rect effect estimated from prognostic aerosols. All runs were

carried out with a TL511 horizontal spectral resolution which

corresponds to a grid-box size of about 40 km. 60 vertical hy-

brid sigma-pressure levels were used, the lowest level being

17 m above the surface. The time step was 900 s.

3.1 Cycling forecasts

In this configuration, the model is run without assimilat-

ing AOD. The meteorological fields are initialized from the

global MACC-II analysis, and the aerosol fields were initial-

ized from the MACC reanalysis on 10 April 2012 only, and

on later days from the previous 24 h forecast. The aerosol

fields of analysis are not constrained by any observations and

could drift away from observed values.

The main advantage of cycling forecast simulations comes

from comparing the model outputs with and without radia-

tively interactive aerosols. Since the meteorological analyses

are the same for all the experiments, the differences between

www.atmos-chem-phys.net/15/12909/2015/ Atmos. Chem. Phys., 15, 12909–12933, 2015
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Figure 3. AOD at 550 nm from MODIS on Aqua, Deep Blue algorithm, daily average for 16, 17, 18 and 19 April 2012. Below: visible image

from MODIS/Terra acquired on 18 April 2012 at 09:00 LT. Source: http://modis.gsfc.nasa.gov/gallery/individual.php?db_date=2012-04-22.

the meteorological forecasts originate only from the way that

interaction between aerosols and radiation is computed, i.e.

using prognostic aerosols or a climatology. Cycling forecasts

are thus adequate to assess the aerosols’ impact on forecasted

meteorological fields.

A default for this configuration is that since the meteoro-

logical analyses are provided by another simulation, in this

case by the MACC-II near-real-time (NRT) system, the in-

teraction between aerosols and meteorology is reset at ev-

ery forecasting cycle. Experiments were carried out with

both aerosols and meteorological fields initialized from the

previous 24 h forecast, and they showed the same qualita-

tive results as when meteorological fields were initialized

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 from 10

to 30 April 2012, every 24 h, with runs starting at 00:00 UTC.

We will analyse the prognostic aerosol direct effect (or

“total aerosol effect”) and also separately the short-wave and

the long-wave aerosol radiative forcing. In particular, we per-

formed the following experiments with cycling forecasts:

– NOAER: experiment with no dust aerosols;

Atmos. Chem. Phys., 15, 12909–12933, 2015 www.atmos-chem-phys.net/15/12909/2015/
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Figure 4. AOD at 550 nm from 17 April 2012, 06:00 UTC (top left), to 18 April, 12:00 UTC (middle bottom right); REF experiment starting

on 17 April 2012, 00:00 UTC, and 18 April 2012, 00:00 UTC. At the bottom: simulation starting on 17 April 2012, REF experiment for 2 m

temperature; 24 h forecast time (left), 36 h forecast time (right).

– REF: reference experiment with the aerosol direct effect

computed from an aerosol climatology;

– Longwave (LW): the long-wave component of the

aerosol direct effect is computed using prognostic

aerosols, the short-wave part is computed with an

aerosol climatology;

– Shortwave (SW): the short-wave component of the

aerosol direct 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 aerosols.

www.atmos-chem-phys.net/15/12909/2015/ Atmos. Chem. Phys., 15, 12909–12933, 2015
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3.2 Assimilation runs

In this configuration the model is run with the full 4D-Var

data assimilation, providing initial conditions for both the

aerosol and meteorological variables. The following exper-

iments were carried out with assimilation runs:

– REF_ASSIM: reference experiment with the aerosol di-

rect effect computed from an aerosol climatology;

– TOTAL_ASSIM: the aerosol direct effect is computed

using prognostic aerosols.

Runs were carried out at 00:00 and 12:00 UTC every day

for the whole of April 2012, with an assimilation window of

12 h. However, only the runs of 00:00 UTC go beyond 12 h

of forecast time. As a follow-up to cycling forecasts, assimi-

lation runs will allow the following to be studied: how using

radiatively interacting aerosols in the forward model affects

initial conditions through the data assimilation.

Table 1 provides a summary and a short description of the

experiments carried out.

4 Impact of dust on radiative fluxes

In this section, forecasts of the REF and TOTAL experiments

are evaluated against ground observations of radiative param-

eters. The TOTAL experiment is also compared to NOAER

to assess the impact of aerosols on the radiative fluxes for this

situation.

First, NOAER and REF experiments are compared to

check the impact of the Tegen aerosol climatology on ra-

diative fluxes. This climatology provides rather small val-

ues of dust AOD for this period, close to 0.3, and the im-

pact on radiative fluxes is also rather small: in the order of

1 W m−2 for long-wave fluxes and 20–30 W m−2 for short-

wave fluxes (not shown). Maximal and minimal temperatures

are marginally impacted by this radiative forcing, by around

0.1 to 0.2 K.

Looking at the time series of surface parameters measured

at Tamanrasset and Cairo (Fig. 5), we can see that Tamanras-

set was mostly affected by the dust storm from 12 to 14 April;

high clouds were also present at times from 10 to 13 April.

Cairo was impacted by high dust load mainly on 15 and

18 April.

Aerosols and clouds both impacted radiative fluxes on 10–

13 April at Tamanrasset. Observations of the diffuse and

direct components (not shown) of downward solar surface

flux (DSSF) show a decrease of up to 400–500 W m−2 for

the direct component, matched by an increase of up 200 to

300 W m−2 for the diffuse component during this period.

Total solar radiation was 200 to 300 W m−2 smaller on 12

and 13 April compared to 14–18 April. Observed down-

ward long-wave fluxes at the surface were on average around

60 W m−2 higher than simulated on these 2 days. Since this

is true for both REF and TOTAL, a bias in the model cloud

cover is the likely cause.

Long-wave downward radiation forecasted by TOTAL

was 10–20 W m−2 larger than with REF on 12–13 April at

Tamanrasset, and 20–30 W m−2 larger on 15 and 18 April

at Cairo, showing that the aerosol burden provided by the

aerosol scheme was greater than the values given by the

Tegen climatology. This reduced a negative bias of more than

20 W m−2 (for REF) in the forecasted long-wave fluxes at

Tamanrasset. The DSSF was lower with TOTAL by 50 to

100 W m−2 on 12–13 April at Tamanrasset, and by more than

250 W m−2 on 18 April at Cairo, reflecting the total extinc-

tion effect by the aerosol layer. On 14, 16 and 17 April, at

Tamanrasset, the predicted dust AOD was very low, lower

than the values provided by the Tegen climatology: this was

reflected in the slightly higher forecasted DSSF by TOTAL

on these days.

At the top of the atmosphere (TOA), outgoing long-wave

radiation (OLR) was smaller for TOTAL by 5–10 W m−2 on

12–13 April at Tamanrasset and by up to 20 W m−2 at Cairo.

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 im-

portant during daytime because, in the absence of clouds,

OLR is driven mainly by surface temperature, which was

lower for TOTAL as compared to REF. The overall impact of

prognostic aerosols was rather small: on average, the OLR at

TOA was only 2–3 W m−2 smaller for TOTAL. Short-wave

radiation was also smaller at TOA for TOTAL because of in-

creased columnar absorption over the bright desert surface.

The difference reached 30–50 W m−2 at Tamanrasset on 12–

13 April and more than 150 W m−2 at Cairo on 18 April.

On average, short-wave radiation at TOA was 14–16 W m−2

lower for TOTAL. The values for the aerosol forcing in the

shortwave and in the longwave are consistent with Perez et

al. (2006).

The short-wave forcing at the surface reached

−300 W m−2 at the heart of the dust storm (Fig. 6),

and between −25 and −75 W m−2 at TOA with a minimum

of −150 W m−2. These values are in agreement with values

found in Perez et al. (2006), Heinold et al. (2008), Han et

al. (2013) and Jish Prakash et al. (2015) (the latter study

uses the same dust emission scheme as this study) for the

surface values. At TOA, this study found mostly negative

values above the dust storm during the day, and positive

during the night, as opposed to positive values in the cited

studies (except for Heinold et al., 2008, whose results are

consistent with the results presented here). This could be

caused by differences in single-scattering albedo and in the

surface reflectivity. This could also be due to the fact that

after 36 h of forecast time, the dust storm was located above

the slightly darker surfaces of central and eastern Egypt; the

dust plume was then brighter than the surface underneath,

as shown by Fig. 3. The long-wave forcing was larger for

24 h than for 36 h of forecast time, because the dust load
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Table 1. Summary of the experiments carried out.

Name Short description SW dust–radiation computed

with

LW dust–radiation com-

puted with

NOAER no dust no dust no dust

REF reference experiment Tegen 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, ini-

tial conditions from assimila-

tion

interactive dust interactive dust

Figure 5. Depicted are 3–24 h forecasts and observations (when available, in black) of downward short-wave and long-wave radiation fluxes

at the surface and 550 nm AOD at Tamanrasset (left) and Cairo (right). REF experiment is in blue, TOTAL is in red and observations are

in black. The bias and root-mean-square error (RMSE) of forecasts for observations for the whole period are also indicated on top. By

convention, fluxes from the surface are negative and fluxes towards the surface are positive.

was larger then, as shown by Fig. 4. It exceeded 50 W m−2

at the surface, where the dust load was highest. At TOA, the

forcings were smaller and lay in the 10–30 W m−2 range

above the dust storm. These values are close to values found

by Haywood et al. (2005) when using the Fouquart et al.

(1987) refractive index, and to values found in Perez et al.

(2006), Han et al. (2013) and Jish Prakash et al. (2015).

The difference between radiative forcing at the surface

and at TOA defines the net atmospheric forcing (Perez et

al., 2006); it reached 200 W m−2 in the shortwave during the

day, and between−15 and−40 W m−2 in the longwave. This

means that the radiative forcing in the shortwave provoked a

heating of the atmospheric column above the surface, while

the forcing in the longwave provoked a smaller cooling of

the atmospheric column. These values are consistent with the

case studies of Perez et al. (2006) and Miller et al. (2004).

Radiative efficiency is defined as the aerosol radiative ef-

fect per unit aerosol optical depth (e.g. Helmert et al., 2007).

Figure 7 shows the radiative efficiency corresponding to the

radiative forcings shown by Fig. 6. They ranged from −100
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Figure 6. Simulations starting on 17 April 2012, 24 h forecast (left) and 36 h (right) forecast time. TOTAL–NOAER difference for short-wave

radiation fluxes at the surface (top) and TOA (middle top), for long-wave radiation fluxes at the surface (middle bottom) and TOA (bottom).

By convention, fluxes from the surface are negative and fluxes towards the surface are positive.
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Figure 7. Simulations starting on 17 April 2012, 24 h forecast (left) and 36 h (right) forecast time. TOTAL experiment, clear-sky radiative

efficiency (defined as the aerosol radiative effect per unit aerosol optical depth) for short-wave radiation fluxes at the surface (top) and TOA

(middle top), for long-wave radiation fluxes at the surface (middle bottom) and TOA (bottom).
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to −150 W m−2, with minima of −200 W m−2 in the short-

wave at the surface, which is close to the results shown in

Helmert et al. (2007) and Stanelle et al. (2010). At TOA,

the short-wave radiative efficiency was −20 to −50 W m−2,

with a very localized minimum of around −170 W m−2 N of

the Nile Delta over the Mediterranean Sea. These results are

close to Helmert et al. (2007) but contradict those of Stanelle

et al. (2010) who find mostly positive values. The very low

values over the sea can be explained by the lower surface

albedo: Liao and Seinfeld (1998) and Stanelle et al. (2010)

showed a clear negative correlation between surface albedo

and aerosol radiative forcing. The difference between our re-

sults and the results of Stanelle et al. (2010) for short-wave

radiative efficiency at TOA could be explained by a differ-

ence in the surface albedo over the desert. Our results are

also in broad agreement with the regional averages compiled

in Yu et al. (2006), once the long-wave component is also

taken into account.

The radiative efficiency of dust in the longwave is much

smaller as compared to the shortwave. At surface, it ranges

from 10 to 30 W m−2 in the dust storm. Higher values be-

hind the storm, reaching 50 W m−2 in Cyrenaica, are proba-

bly artifacts provoked by the low values of AOD there at this

time. At TOA, the radiative efficiency lies in the range of 5

to 20 W m−2. The regions with highest AOD are collocated

with the largest long-wave radiative forcing (see Fig. 6);

however the efficiency is lower there. This matches the re-

sults shown in Fig. 9 of Stanelle et al. (2010): the link be-

tween AOD and long-wave radiative forcing at the surface is

not a linear one but rather a logarithmic one (for surface). At

TOA, the relationship between AOD and long-wave radiative

forcing is weak.

5 Impact of the dust–short-wave radiation interaction

on boundary layer meteorological processes

In this section, the impact of the solar aerosol–radiation inter-

action on meteorological parameters and dust production is

investigated. Figure 8 shows observed (when available) and

forecasted meteorological parameters, dust production flux

and 550 nm AOD at Cairo and at the Siwa Oasis, which lies

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.

The strong radiative forcing in the shortwave (see Fig. 6)

had a notable influence on maximum temperatures which are

up to 3◦ lower for the SW experiment on 18 April at Cairo,

and 2–3◦ lower on 17 April at Siwa. This increased a small

negative bias, from −0.1 K for REF to −0.4 K for SW at

Cairo, and from −0.8 to −1 K at Siwa. As the surface is less

hot during the day with SW, the sensible heat flux also de-

creased by up to 150 W m−2 on 18 April 2012 at Cairo and

up to 50 W m−2 at Siwa on 17 April. The impact was smaller

at Siwa because of the timing of the dust storm which oc-

curred during the night of 17–18 April.

Lower maximum temperatures and sensible heat flux in-

creased the stability of boundary layer (BL), similarly to the

process described in Perez et al. (2006) and Miller et al.

(2004). This provoked a decrease of wind speed at 10 m dur-

ing daytime, by up to 1 to 1.5 m s−1 on 17 April at Siwa and

on 18 April at Cairo, with little impact on scores.

Dust production was smaller with SW because of lower

wind speed at the surface, by 25 % lower at midday on

18 April at Cairo, and 15–25 % on the second half of 17 April

and also at midday on 14 April at Siwa. Dust production was

around 30 times larger at Siwa than at Cairo during the storm,

because of higher sustained winds so that the absolute impact

on dust production was much larger for Siwa: the difference

between REF and SW was around 20 times larger at Siwa

than at Cairo. This also shows that the dust layer was mainly

advected at Cairo, while it was both advected and produced

at Siwa.

Lower dust emissions brought an overall decrease of AOD

with SW. The impact was rather small at Cairo, which was

farther from dust sources than at Siwa; dust AOD was on

average 0.03 lower for SW, and up to 0.2–0.3 lower on

the morning of 18 April. At Siwa, closer to the main dust

emitting regions, dust AOD was lower by 0.05 on aver-

age, 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 difference reached nearly 1.

Changes in wind speed can be caused by a combination of

the following factors.

– Synoptic causes: the pressure gradient changes the sur-

face geostrophic wind.

– Dynamic thermal causes: the horizontal temperature

gradient impacts the change in geostrophic wind with

height.

– Vertical stability causes: a different thermal stratifica-

tion of the boundary layer modifies the vertical structure

of the winds in the boundary layer.

The horizontal gradient of surface pressure affects surface

geostrophic wind via the geostrophic wind equation (Holton,

2004):

Ug(0)=
k

fρ
×∇zp(0). (1)

The horizontal gradient of temperature affects the vertical

gradient of geostrophic wind via the thermal wind equation

(Holton, 2004):

V T = Ug(1)−Ug(0)=
R

f
ln

[
p0

p1

]
k×∇pT̄ . (2)

VT is the so-called “thermal wind”, the difference between

geostrophic wind at altitudes (0) and (1). R is the specific gas
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Figure 8. REF (blue) vs. SW (red) experiment, 3 to 24 h forecasts and observations of 2 m temperature (in ◦C), sensible heat flux (in W m−2),

10 m wind speed (in m s−1), dust production flux (in kg m−2 s−1) and AOD at 550 nm. Figures at Cairo are on the left panel and at Siwa

Oasis on the right. For heat flux, negative values indicate that the surface warms the atmosphere.

constant for air, f is the Coriolis parameter, k is the vertical

unit vector, ρ is the air density, (0) denotes the surface and

(1) a specific height above. The subscript p on the gradient

operator denotes a gradient on a constant pressure surface,

and the subscript z a gradient on a constant altitude surface.

The thermal stratification of the boundary layer affects

winds at the surface via a modification of the turbulent mo-

mentum exchange coefficients, which are calculated in the

MACC-II system using the Monin Obukhov similarity the-

ory (more details can be found at https://software.ecmwf.int/

wiki/display/IFS/CY40R1+Official+IFS+Documentation).

A decrease of the vertical gradient of temperature is asso-

ciated with a decrease in sensible heat flux at the surface

(see Fig. 8) and, as described in detail in Perez et al. (2006),

by a decrease in surface turbulent heat and momentum

exchanges, and thus in lower wind speed at the surface.

To better understand the interaction between dust and

meteorology and to help distinguish between the different

causes for the changes in wind speeds brought by SW, Fig. 9

shows the difference between SW and REF for a set of

meteorological parameters, for a 36 h forecast starting on

17 April 2012, 00:00 UTC, close to the local solar maximum.

The region with lower 2 m temperature was nicely collocated

with the region with high AODs (as shown on Fig. 4). Tem-

perature at 850 hPa was also generally lower for SW as com-

pared to REF, but by a smaller margin as compared to 2 m

temperature: 0.5–1.5 K against 1–3 K at 2 m for regions with

AOD above 1. This differential impact of surface and 850 hPa

temperature affected the thermal stratification of the plane-

tary boundary layer (PBL) and was one cause for generally

lower wind speed at 10 m. A band of higher surface wind

speed and dust production lay at the west of Lake Nasser,

showing that the modification of the thermal stratification of

the atmosphere was not the only phenomenon that impacted

winds and dust production.

Figure 9 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-

erties and should be more representative of the large-scale

component of wind speed. They difference between REF and

LW was smaller for 925 hPa winds than for surface winds.

This suggests that the synoptic factors brought a smaller con-

tribution than other factors to the decrease of surface winds

with SW. Surface pressure was everywhere higher with SW,

by 0.2 to 1 hPa in general. The distribution of the differences

is quite uniform except just in front of the storm; it is well

collocated with the area where 2 m temperature is signifi-

cantly lower with SW. As a consequence, surface geostrophic

wind, a good measure of the synoptic component of wind,

generally did not differ much between SW and REF except

locally at the edge of the storm.

Figures 4 and 9 show that the area where surface wind

speed was higher for SW corresponds to an area of important

horizontal thermal gradient associated with the cold front that

was causing the dust storm. From east to west, 2 m tempera-

ture decreased by more than 10 K in no more than a few hun-

dred kilometres along the 22◦ N parallel. The western part of

this high gradient area was heavily impacted by the reduced

incoming solar radiation: 2 m temperature there was up to

2 K lower with SW. The eastern part lay in front of the dust

storm and was not yet affected: the dust load there was not

very high and temperatures were reduced by only 0.5 to 1 K.
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Figure 9. Simulations starting on 17 April 2012, 36 h forecast. Difference of SW–REF for 2 m temperature (top left), 850 hPa temperature

(top right), 10 m wind speed (middle left), dust production (middle right), wind at 925 hPa (bottom left), sea-level pressure (bottom right).

The red line on the 10 m wind speed and 2 m temperature panels indicate the cross section of Fig. 9.

The differential impact of the dust layer on 2 m temperature

thus increased the horizontal gradient in this region by more

than 1 K.

This is confirmed by Fig. 10, which presents a cross sec-

tion of surface pressure, temperature and wind speed along

the 22◦ N parallel. The horizontal pressure gradient between

29◦ and 30◦ E was slightly larger for SW than for REF:

2 hPa/100 km against 1.7 hPa/100 km; this brought an in-

crease in surface geostrophic wind of about 1.5 m s−1, which

is not enough to explain the increase in 10 m wind speed

at the same place, of more than 2 m s−1 at the surface and

3 m s−1 at 925 hPa. Between 29 and 30◦ E, the horizontal

thermal gradient was 5 K/100 km for REF, against more than

6 K/100 km for SW. At 925 hPa, it reached 5 K/100 km for

REF, against 4 K/100 km for SW. This translates into an in-

crease of geostrophic wind between the surface and 925 hPa

of more than 2 m s−1 between REF and SW at this location.

Winds at the surface, 925 and 850 hPa (not shown) in this re-

gion, are all between 2 and 4 m s−1 stronger with SW. This is

in contrast with the general decrease of winds associated with

the changes in thermal stratification, which concerns only the

surface and not higher regions.

To sum up, the aerosol–radiation interaction in the short-

wave is at the origin of two feedbacks between aerosol and

meteorology: a negative one that is driven by the differential

changes between temperature at the surface and at the top of
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Figure 10. Simulations starting on 17 April 2012, 36 h forecast,

cross section at 22◦ N. Mean sea-level pressure (top), 2 m temper-

ature (middle top), 925 hPa temperature (middle), 10 m wind speed

(middle bottom) and 925 hPa wind speed (bottom) for REF (blue)

and SW (red).

the PBL, which in turn increases thermal stability of the PBL,

and decreases surface winds and dust production. This feed-

back was documented by Perez et al. (2006) and Miller et al.

(2004). A local positive feedback occurs at the edge of the

dust layer, where during daytime the horizontal temperature

gradient was locally increased by the differential impact of

the dust layer on surface temperatures. This increase in hori-

zontal gradient in turn locally increased geostrophic wind to

925 hPa and higher, as well as surface wind, and thus dust

production. This local feedback may also be the cause of the

local increase in wind speed noted at the edge of a large dust

plume in Fig. 6b of Ahn et al. (2007).

Surface winds are marginally impacted by changes in sur-

face geostrophic winds brought by surface pressure changes.

They are widely decreased by changes in the thermal strat-

ification, as already noted by Perez et al. (2006). They are

locally increased by changes in geostrophic winds above the

surface caused by differences in the horizontal temperature

gradient. As Fig. 15 shows, the overall difference SW–REF

for dust AOD was negative, which means that the negative

feedback driven by vertical stratification factors is predom-

inant compared to the local positive feedback driven by the

“thermal wind”.

6 Impact of the dust–long-wave radiation interaction

on boundary layer meteorological processes

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 550 nm AOD at Cairo and at the Siwa Oasis for the

REF and the LW experiments.

The level of 2 m temperature was higher during the nights

with the LW experiment, because the dust aerosol layer emits

downwards in the longwave and increases downward long-

wave radiation (cf. Figs. 5 and 6). With high dust load, the

difference reached up to 1.5 K for Cairo, and up to 2 K for

Siwa. This helped to reduce a cold bias for night-time tem-

peratures at Siwa, from−0.8 to 0.4 K over the considered pe-

riod. At Cairo, the daytime temperature on 18 April was also

significantly higher with LW, by 0.5 to 1 K. This translated

into slightly larger sensible heat fluxes, by about 30 W m−2.

At Siwa, night-time cooling on the night of 17/18 April was

significantly reduced and even partially reversed. At the be-

ginning of that night, the heat fluxes indicate a cooling sur-

face for REF and a warming one for LW.

The impact on surface wind speed was small at both Cairo

and Siwa. Dust production, however, which follows a cubic

function of surface wind, was significantly 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. AOD was only

marginally affected at Cairo, which is farther from the main

dust emitting regions; the difference was significant at Siwa,

where AOD maximum during the night of 17–18 April was

increased by nearly 0.5. Figures 15 and 4 show that on the

night of 17–18 April, the area where AOD was larger by

more than 0.3 with LW was extensive and well collocated

with the area with high dust load and larger downward long-

wave fluxes at the surface.

Figure 12 shows the difference on 18 April, 00:00 UTC,

between LW and REF for a set of meteorological parameters

as well as dust production. The level of 2 m temperature was
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Figure 11. Same as Fig. 8 for REF (blue) vs. LW (red) experiments.

larger for LW over most continental surfaces, by 0.3 to 0.5 K

in regions where the dust load was not very important, and by

1 to 2.5 K in regions where dust AOD exceeded 2. This differ-

ence was caused by emission in the thermal spectrum by the

dust layer, which lies mostly below 850 hPa. Temperatures

at 850 hPa were affected in a different measure: over most

areas they were slightly lower for LW. Over a band that cor-

responds to the cold front, 850 hPa temperature was higher

by 0.2–0.5 K. This different impact of long-wave aerosol–

radiation interaction between surface and 850 hPa affected

the stability of the PBL strongly.

A less stable boundary layer with LW was associated with

slightly stronger winds at the surface, by 0.3–1 m s−1 over

most areas. The area of higher 850 hPa temperatures with LW

was associated with weaker surface winds, by 0.5 to 1 m s−1.

At 925 hPa, the pattern of wind change was more complex,

with a marked dipole pattern, which suggests that the speed

of cold front was increased by the LW experiment. This could

also explain the dipole in 850 hPa temperatures. Generally

higher temperatures at the surface were associated with lower

surface pressure, by 0.5 to 1 hPa. As the decrease in pressure

happened behind the cold front, in a region where pressure is

building up after the front, this resulted in a slight reduction

in the pressure gradient and thus surface geostrophic winds

(not shown) behind the cold front. The synoptic impact of

aerosols–long-wave radiation on wind speed was thus nega-

tive for this situation, but it was generally small in intensity,

except at the edges of the dust storm, where the pressure gra-

dient was notably increased. This is clear in the differences in

wind speed at 925 hPa, which shows a band of positive val-

ues that is exactly collocated with the edge of the zone where

surface pressure is different between REF and LW.

The widespread increase in surface winds translated into

mostly larger dust emissions. The notable exception was the

area with lower surface wind speeds that lies just before

the cold front. As a consequence, dust AOD was generally

larger for LW (see Fig. 15); values were however signifi-

cantly lower just before the cold front.

As done for the SW aerosol forcing, to better understand

the phenomena taking place around the cold front, Fig. 13

presents a cross section of various meteorological parameters

along the 22◦ N parallel. The pressure gradient along 22◦ N

was modified by LW, the difference in pressure gradient

reaching 0.3 hPa/100 km between 22 and 23◦ E. This differ-

ence translates into a surface geostrophic wind that is around

1.5 m s−1 lower (Eq. 1) at this location with LW. The level

of 2 m temperature gradient was not very different between

REF and LW; at 925 hPa, the radiative impact of aerosols

in the longwave had a more differentiated effect on temper-

atures: the temperature gradient between 22 and 23◦ E was

smaller by 1 K/100 km with LW. This reduced the “thermal

wind”, i.e. the difference between geostrophic wind at the

surface and at 925 hPa by around 1.5 m s−1 with LW (Eq. 2).

The impact of the decrease of surface geostrophic wind be-

tween 22 and 23◦ E is clear on 10 m winds, which were sig-

nificantly lower there, and on winds at 925 hPa, which were

also lower in this region with LW and very similar elsewhere

in the cross section.

To sum up, the aerosol–radiation interaction in the long-

wave is at the origin of two feedbacks between aerosol and

meteorology: a positive one that is driven by the differential

changes between temperature at the surface and at the top of

the PBL, which in turn decreases the thermal stability of the

PBL and increases surface winds and dust production. This

mechanism is the symmetrical opposite of the one described
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Figure 12. Simulations starting on 17 April 2012, 24 h forecast. Difference of LW–REF for 2 m temperature (top left), 850 hPa temperature

(top right), 10 m wind speed (middle left), dust production (middle right), wind at 925 hPa (bottom left) and sea-level pressure (bottom right).

The red line on the 10 m wind speed and 2 m temperature panels indicates the cross section of Fig. 13.

for the SW experiment and by Perez et al. (2006). A local

negative feedback occurs at the edge of the dust layer, where

during night-time the horizontal temperature gradient is lo-

cally decreased by the differential impact of the dust layer on

temperatures at 925 hPa, thus decreasing geostrophic wind

above the surface. Dust production and AOD are likewise

affected, thus enhancing this negative feedback. In contrast

with the SW experiments, the surface geostrophic wind is

significantly affected by surface pressure changes with LW.

This translates into local increases in winds at 925 hPa and

above.

7 Interaction of total aerosol radiative impact

In this section, the reference experiment is compared against

TOTAL, which uses prognostic aerosols to compute aerosol–

radiation interaction in both SW and LW spectra.

The impact on wind speed was of the same nature as SW

and LW for day and night respectively, but reduced in ampli-

tude. As for SW and LW, a positive (respectively negative)

feedback developed at the edge of the dust plume, just be-

fore the cold front. As these feedbacks are symmetrical be-

tween SW and LW, they are strongly reduced when the two

are combined. This is why the areas where the change of ther-

mal winds affected winds and dust emission are the same be-

tween SW during the day, LW during the night, and TOTAL,
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Figure 13. Same as Fig. 10 for REF (blue) and LW (red), cross

section at 22◦ N, 24 h forecast.

but are much reduced in intensity. These structures have less

impact on dust emissions and dust AOD than in the SW and

LW experiments. The areas where winds were decreased (by

0.2–0.8 m s−1) or increased (by 0.5–1 m s−1) by the changes

in thermal stratification of the PBL are however clearly vis-

ible; dust emissions reflect the changes in wind speed. The

impact of these two conflicting changes appear to be of sim-

ilar amplitude: total AOD changes were much smaller for

TOTAL as compared to SW or LW (see Fig. 15).

Vertical profiles of dust, wind speed and temperature be-

fore and after the passage of the cold front are shown in

Fig. 14. Dust is mainly confined to the boundary layer, the

top of which lay at around 800 hPa at 15:00 UTC and just

above 950 hPa at 03:00 UTC. The impact of the meteorol-

ogy on dust emissions is again clear on this plot: dust mix-

ing ratio was 20 to 50 % lower with TOTAL at 15:00 UTC,

and slightly larger at 03:00 UTC. The impact of aerosols on

temperatures was evident: light scattering occurred in the

dust layer and reduced temperatures by 1–2 K below 925 hPa

at 15:00 UTC for TOTAL and by a smaller amount, less

than 0.5 K, between 800 and 925 hPa. At 03:00 UTC, ther-

mal radiation from the dust layer provoked a small increase

in temperature for TOTAL very close to the surface, be-

low 970 hPa. Above that height, the atmosphere was cooler

with TOTAL, because the dust layer absorbed part of the ra-

diation from the surface. Winds for TOTAL were slightly

weaker at 15:00 UTC at the surface, and slightly stronger at

03:00 UTC. Above the surface, winds were mostly stronger

at 15:00 UTC, by up to nearly 1 m s−1 at 750 hPa. At 925 hPa

with TOTAL, there was a small temperature inversion be-

cause the aerosol layer cooled the atmosphere below that

height. Associated with this small temperature inversion was

a significant increase of wind speed, by around 1 m s−1. At

03:00 UTC, winds were stronger just above the top of the

PBL, by around 1 m s−1.

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 nocturnal low-level jets (NLLJs). NLLJs in

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 for the

low value of surface winds caused by surface friction and

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

the top of the PBL, with wind speed above the geostrophic

wind values. NLLJs are an important driver for dust emission

in north Africa (Fiedler et al., 2013; Heinold et al., 2013,

2015). Heinold et al. (2008) studied the feedback between

dust and NLLJs and found that the intensity of NLLJs was

locally enhanced by the radiative impact of a dust layer on

the shortwave: a more stable boundary layer leads to a more

intense NLLJ. This led to locally stronger winds during day-

time, during the moment of the breakdown of NLLJs. On

the other hand, higher nocturnal surface temperatures under

the layer of dust associated with the long-wave effect of dust

decreased significantly the PBL stability, which could have a

weakening impact on NLLJs. The winds profiles of Fig. 14 at

night show a strengthening of the NLLJ with TOTAL, which

is consistent with the findings of Heinold et al. (2008). In this

situation and for this phenomenon, the impact of dust on so-

lar radiation was predominant over the impact on long-wave

radiation.

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

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. This com-

Atmos. Chem. Phys., 15, 12909–12933, 2015 www.atmos-chem-phys.net/15/12909/2015/



S. Rémy et al.: Feedbacks of dust and BL meteorology 12927

Figure 14. Vertical profile of dust mixing ratio (top), temperature (middle) and wind speed (bottom) at Siwa Oasis. Forecasts starting on

17 April 2012, 00:00 UTC, lead time 15 h (left) and 27 h (right). REF is in blue, TOTAL in red.

pletes the mechanism described in Perez et al. (2006) and

Miller et al. (2004), who concentrated mainly on the SW

radiation–aerosol feedback. The local feedbacks before the

cold front, driven by horizontal thermal gradients, neutral-

ized each other and were thus much smaller in amplitude in

TOTAL as compared to SW and LW. This shows that the

timing of the storm, and whether it is primarily affected by

the dust–short-wave or long-wave radiation interaction, is of

great importance to understand how the dust layer impacts

meteorology and vice-versa. In this case, the dust–radiation

interaction had little impact on the synoptic 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 ex-

periments, with a meteorological analysis that is provided by

the NRT MACC-II system, are not the best tool, however,

to assess the synoptic impact of dust–radiation interaction.

Assimilation runs provide a better insight into this issue.
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Table 2. The level of 2 m temperature, RMSE of REF_ASSIM and

TOTAL_ASSIM for forecast times 0, 12, 24, 36 and 48 h, aver-

age for the period of 10 to 25 April 2012. Stations considered are

Hurghada, Luxor, Kosseir, Siwa, Wadi el Natrun, Cairo, Port Said

and Ras Sedr in Egypt, and Ben Gurion airport, close to Tel Aviv in

Israel.

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

REF_ASSIM 1.46 1.48 1.5 1.62 1.53

TOTAL_ASSIM 1.32 1.49 1.43 1.6 1.58

8 Assimilation runs

Figure 16 shows the differences between the experiments

TOTAL_ASSIM and REF_ASSIM for 2 m temperature,

10 m wind speed, dust production and dust AOD at 550 nm

for the runs starting at 00:00 UTC on 17 April 2012, 24 and

36 h forecasts. For 2 m temperature, the magnitude of the

changes brought by interactive aerosol–radiation interaction

was similar in the experiments with and without assimila-

tion. This is true for both the SW and LW dust–meteorology

feedbacks. However, the impact on surface winds and dust

production was more important with assimilation runs. This

different behaviour can be explained by the fact that the

timescales involved were different for the surface tempera-

ture and for wind speed adjustments to the radiative forcings.

The heat capacity of sand is low, which makes the thermal in-

ertia of desert soils small as well; surface temperature adjusts

quickly to a change in the radiative fluxes. As a consequence,

the fact that the analysis takes dust–radiation interaction from

an aerosol climatology or from interactive aerosols into ac-

count does not have such a large impact, since in any case

surface temperature will adjust quickly to the radiative forc-

ings 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 Fig. 14). As a consequence,

it appears that taking the interactive dust–radiation into ac-

count in the analysis of TOTAL_ASSIM through the first

guess (the previous forecast used in the 4D-Var to build the

initial conditions) enhanced the feedback between radiation

and surface winds as compared to TOTAL. The weight of the

first guess in the analysis was amplified by the fact that the

dust storm of 17–18 April 2012 occurred in a region 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 was more marked,

at 00:00 and at 12:00 UTC, than the difference between TO-

TAL and REF (not shown). However, the feedbacks associ-

ated with dust–short-wave and long-wave radiation interac-

tion, even if they were more intense as compared to TOTAL,

appear to neutralize each other: in the dust storm, the differ-

ence in AOD seldom exceeded 0.1 between TOTAL_ASSIM

Table 3. Levels of 2 m temperature, bias of REF_ASSIM and TO-

TAL_ASSIM for forecast times 0, 12, 24, 36 and 48 h, average for

the period of 10 to 25 April 2012 over the same selection of weather

stations as Table 2.

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

REF_ASSIM −0.87 −0.05 −0.73 0.48 −0.47

TOTAL_ASSIM −0.65 −0.18 −0.58 0.2 0.26

and REF_ASSIM. A few hundred kilometres east of the

storm, the impact was not negligible, with dust AOD being

reduced by 0.2 to 0.3 with TOTAL_ASSIM, at 00:00 and

12:00 UTC.

8.1 Impact on the quality of 2 m temperature forecasts

by the MACC global system

The previous sections showed that surface temperature was

significantly affected by using interactive aerosols to com-

pute the dust–radiation interaction. This sections aims to as-

sess whether this impact improves the quality of 2 m temper-

ature forecasts. Assimilation runs very close to the configu-

ration used for the NRT global MACC-II system are used in

this section.

In this section forecasts are evaluated for the period from

10 to 25 April 2012, over a selection of meteorological sta-

tions over Egypt and Israel, for runs starting at 00:00 UTC.

Since the horizontal resolution was rather crude, several sta-

tions were not taken into account because of land–sea rep-

resentativity problems. Tables 2 and 3 show the root-mean-

square error (RMSE) and bias of the REF_ASSIM and TO-

TAL_ASSIM for forecast times ranging from 0 to 48 h. The

analysis of 2m temperature was significantly improved both

in terms of RMSE and bias, by up to 10 and 20 % respec-

tively. This shows that with assimilation runs, the impact

of using prognostic aerosols’ radiative effect is important

for the analysis and for short-term forecasts. The 24 h fore-

casts also show an improvement of about 20 % for the bias,

and a smaller one for RMSE. The higher minimal temper-

atures associated with the dust–long-wave radiation interac-

tion brought an improvement of both bias and RMSE for the

analysis and the forecasts at 0, 24 and 48 h.

The 12 and 36 h forecasts showed no improvement of TO-

TAL_ASSIM compared to REF_ASSIM in terms of RMSE.

The bias decreased significantly for both forecast times,

which led to a smaller cold bias at 12 h forecast, and an im-

provement of the warm bias after 36 h of forecast time.

To sum up, the overall improvement brought by TO-

TAL_ASSIM was significant for the initial conditions and

forecasts of 2 m temperatures. The positive impact on RMSE

was smaller and smaller with forecast time, turning into a

degradation for forecast times longer than 36 h. This is prob-
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Figure 15. Simulations starting on 17 April 2012, 24 h forecast (left) and 36 h (right) forecast time. Difference of AOD at 550 nm, SW–REF

(top), LW–REF (middle top), TOTAL–REF (middle bottom) and TOTAL_ASSIM–REF_ASSIM (bottom).
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Figure 16. Simulations starting on 17 April 2012, 24 h forecast (left) and 36 h (right) forecast time. Difference of TOTAL_ASSIM–

REF_ASSIM for 2 m temperature (top), 10 m wind speed (middle) and dust production (bottom).

ably because the errors in the amount of dust and in the loca-

tion/timing of the dust storm increased with forecast time.

9 Summary and conclusions

In this study we highlighted a series of interactions be-

tween aerosols and boundary layer meteorology, driven by

the short-wave and long-wave radiative forcing of mineral

dust. In the shortwave, lower maximum temperatures in-

creased lower atmosphere stability, which brought in turn a

decrease in wind speed and in dust production through salta-

tion processes. Locally, at the edge of the dust plume, the

short-wave forcing perturbed the horizontal temperature gra-

dient and geostrophic winds associated with a cold front. Lo-

cal increases in surface pressure gradient also brought local

significant increases in surface geostrophic winds. These two

processes led to sharp increases of surface wind and of local

dust production.

The impact of the dust layer on long-wave radiation

brought opposite feedbacks: warmer temperatures at night

decreased the stability of the PBL, thus strengthening surface

winds and dust emissions. Contrasted heating of the mid-

boundary layer at night decreased the horizontal temperature

gradient at the edge of the dust plume. Associated with lower

pressure gradients, this brought lower geostrophic winds at

the surface and higher, which in turn led to local decreases in

wind speed and dust production.

The SW radiation–dust interaction was more pronounced

than the LW radiation–dust for radiative fluxes and effi-
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ciency. For surface temperature and dust production, the

two feedbacks were of a comparable amplitude. This high-

lights how important accurate forecasts of the timing of the

storm are, since depending on the local time of the dust lift-

ing episodes, the interactions between aerosol and boundary

layer meteorology are of a very different nature.

The dust–boundary layer meteorology feedbacks were

amplified in assimilation runs, because they were also taken

into account in the initial conditions of both aerosols and

temperature. Since the considered region does not have

many observations of both temperature and total AOD from

MODIS, the first guess had an unusually large relative con-

tribution in the initial conditions. Although the synoptic sit-

uation was not much affected by the radiative forcing of the

prognostic aerosols, we report a generally positive impact –

up to a 48 h lead time on the 2 m temperature and forecasts

of surface radiative fluxes.
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