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The mesoscale HARMONIE model is used to investigate the potential influence of aerosols on weather forecasts,
and in particular, on precipitation. The study considers three numerical experiments over the Atlantic–Europe–
Northern Africa region during 11–16August 2010with the following configurations: (a) no aerosols, (b) only the
sea aerosols, and (c) the four types of the aerosols: sea, land, organic, and dust aerosols. The spatio-temporal anal-
ysis of forecast differences highlights the impact of aerosols on the prediction of main meteorological variables
such as air temperature, humidity, precipitation, and cloud cover as well as their vertical profiles. The variations
occur through changes in radiation fluxes and microphysics properties. The sensitivity experiments with the in-
clusion of climatological aerosol concentrations demonstrate the importance of aerosol effects on weather
prediction.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aerosol particles are the essential part of the atmosphere and as such
play an important role in the processes governing the environment. In
particular, they are important for human health. Depending on the
aerosol origin, chemical composition, lifetime, size, shape and optical
properties they can cause many complex effects in the atmosphere on
regional and global scales (Kulmala et al., 2009; Lohmann and
Feichter, 2005; Calvoa et al., 2012). Owing to the aerosol involvement
in a wide range of chemical reactions with subsequent transformation
and atmospheric transport, the aerosol presence in the atmosphere
may vary fromminutes to several years. The complex nature and evolu-
tion of various aerosol species in the atmosphere, their physical proper-
ties and involvement in cloud formation processes are still a challenge
for researchers (Pöschl, 2011). The importance of the aerosol radiative
forcing for the climate prediction is well-known (Wang, 2013). It is
worth to note that the level of scientific understanding of aerosol effects
on atmospheric processes is still low. Many efforts were focused on the
improvements of aerosol observations and the assimilation of the ob-
served data into modeling systems of broad range scales (Mangold
et al., 2011).

At present, the growing attention to the numerical modeling of mi-
crophysical processes and precipitation formation is focused on the
role and mechanisms of aerosol evolution (Muhlbauer et al., 2013;
Levin and Cotton, 2008; Chen et al., 2011). The progress inweather fore-
casting inevitably lies in the adequate and detailed description of a
vo@te.net.ua (S. Ivanov),
).
broad range of atmospheric processes from small- tomesoscale. Simpli-
fied cloud parameterizations are now replacedwithmore advanced and
interactive schemes, which allow for the aerosols as well.

In numericalweather prediction, approaches to the simulation of the
full aerosol effect in mesoscale numerical models are quite different
from those in global climate models. In the latter, the aerosol parame-
terizations are based on aerosol information in statistical and climato-
logical senses. The proper representation of aerosol effects in the NWP
models requires the detailed description of aerosol properties along
with a high-resolution 3D array of aerosol concentration. The assimila-
tion of chemical data including aerosols presents an additional chal-
lenge (Sporre et al., 2012).

The air quality and chemical weather forecast (CWF) models use
meteorological fields and outer boundary conditions as the drivers for
simulating chemical transformations and atmospheric transport
(Baklanov et al., 2011). The comprehensive analysis of operational
regional-scale CWF models in Europe is given by Kukkonen et al.
(2012). That overview highlights 18 models, which were selected due
to their wide usage and availability of documentation. Only three of
those models, Enviro-HIRLAM, WRF-Chem and SK-IRON/Dust are on-
line integratedwith two-way interactions. This allows considering feed-
backs between chemical andmeteorological processes at each time step
of the model integration. Our study focuses on evaluation of the aerosol
influence on weather conditions as it is simulated in the HARMONIE
model.

2. Materials and methods

The non-hydrostatic spectral high-resolution limited area HARMONIE
(Hirlam Aladin Regional/Meso-scale Operational NWP In Europe;
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Driesenaar, 2009) model was used in this retrospective assessment
study. It is a collective development of the HIRLAM-B program in the co-
operation context of HARMONIE, with major scientific and technical
Fig. 1.Weather chart (MetOffice analysis) of the surface pressure on 16 August 2010, 00 UTC (
pressure on 16 August 2010, 12 UTC (b). (a)—http://wetter3.de/fax; (b)—http://modeles.mete
contribution from partners at ECMWF, Meteo-France and members
of the ALADIN consortium. The HARMONIE modeling system is based
on the convection-permitting AROME physics, 3D-VAR upper air
a) and NCEP reanalyzes combined map of geopotential height at 500 hPa with the surface
ociel.fr/modeles/reana/2010/archivesnh-2010-8-16.png.
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assimilation and the interpolation-based surface optimal analysis on a
model grid up to 1-km resolution in horizontal plane and 65 vertical
levels.

In all numerical experiments the setup of parameters was identical
except the inclusion of aerosol. The model domain covered the
Atlantic–Europe–North Africa region with 450 × 360 grid points and
horizontal resolution of 25 km. The forecasts were integrated for
120 h with a time step of 120 s. Initial and boundary conditions were
supplied by the ECMWF-IFS global model with a time interval of 3 h.
The boundary strategy mimicked the behavior of an operational run.
Due to the coarse resolution the ALARO physic was applied. Air–surface
coupling was described by the SURFEX model implemented as a part of
HARMONIE.

Themodel provided thepossibility to consider andmodify four aero-
sol types: sea, land, organic anddust. Aerosolfieldswere initialized from
monthly mean climatologies, and evolved according to the model
Fig. 2.Difference fields (no aerosols− climate aerosols) of short-wave radiation fluxes simulate
August 2010, 06 UTC.
dynamics and physical processes. The climatologies of each type of
aerosol concentrations are initially prescribed as vertically integrated
optical thickness at 550 nm. By default, these concentrations were set
as follows:marine (sea) aerosol is equal to 0.235× 10−2 ppm, continen-
tal (land) aerosol is 0.151 ppm, soot aerosol is 0.01648 ppm, desert
aerosol is 0.02026 ppm, and additional ozone is 0.06369 ppm. The initial
aerosol concentrations were interpolated at each model level according
to the reference profiles, which are greatly dependent on the aerosol
origin.

The first numerical experiment (hereafter referred to as “NO” exper-
iment) was conducted with zero aerosol concentrations. This assumes
an idealized casewith “clean” (i.e. aerosol-free) atmospheric conditions.
In the second experiment, the model took into account only marine
(sea) aerosols (hereafter “SEA” experiment), while the third experi-
ment included all aerosols with their predefined climatologies (“YES”
experiment). The following analysis of the aerosol influence on
d by theHARMONIEmodel (a) at the top of the atmosphere and (b) near the surface on 16

Image of Fig. 2
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atmospheric variables is based on the differences between the NO–YES
and NO–SEA experiments.

3. Results and discussion

The major uncertainties in understanding of the role of aerosols in
the atmosphere are associated with (a) the aerosol radiative forcing;
(b) cloud, water vapor content and lapse rate feedbacks; and (c) the
development of precipitation processes. In this regard, the chain of in-
teractions between aerosols, clouds and precipitation is the largest con-
tributor to the uncertainties in the estimates and interpretations of the
varying energy budget. The reduction of the uncertainties in the aerosol
forcing requires a coordinated strategy that is able to successfully
consolidate observations and numerical modeling (Kaufman et al.,
2002). However, the measurement accuracy required for the adequate
description of aerosol composition is currently not well established.
The aerosol forcing is estimated mainly frommodeled mass concentra-
tions and assumed aerosol properties. Model simulations, in turn,
rely on the representation of processes of the aerosol formation
and evolution in the atmosphere, which are subject to large uncer-
tainties (Stocker et al., 2013). The other aspect of this problem is
the need to treat the aerosol variability in a consistent way. This
need creates a requirement to rationalize the differences in spatial and
temporal resolutions between observational networks and model
grids (Anderson et al., 2003). Otherwise, the representativeness error
arises and becomes considerable (Ivanov and Palamarchuk, 2007). Me-
soscale variability is a common and universal feature in the lower-
tropospheric aerosol distribution. Such variation is below the traditional
synoptic or “airmass” scale, where the aerosol is often assumed to be es-
sentially homogeneous except for plumes from point sources, and
below the scales that are resolved by chemical transport models
(Anderson et al., 2003). Thus, at the moment there is no robust ap-
proach for evaluating the contribution from each element of the chain
of interactions between physical and chemical components in the
atmosphere.

The present study focuses on documenting the role of aerosols in at-
mospheric processes by comparing fields from a number of experi-
ments during 11–16 August 2010 over the North Atlantic and Europe.
The summer atmospherewas characterized by typical synoptic patterns
(Fig. 1). An active lowdominated in the entire tropospherewith amulti-
Fig. 3. Difference fields (no aerosols – sea aerosols only) in short-wave radiation fluxes
centered depression at the surface. A relatively dry cold arctic air mass
was separated from the warm subtropical air by a polar frontal system.
Dynamical activity along the frontal line created favorable conditions
for cyclogenesis over theWestern Atlantic. Deepening and propagation
of the low system caused significant increase in wind speed up to 20–
25 m/s near the ocean surface and well-developed jet streams in the
upper troposphere. Associated precipitation patterns moved along
with the frontal systems. Downdraft of cold and dry air intensified the
processes on the front lines and sharpened the temperature contrasts
near the ocean surface up to ~8–10 °C behind the front. Tropospheric di-
vergence produced favorable dynamic conditions for further deepening
of the low and its shift to the northeast. However, a strong anticyclone
over Russia blocked that eastward propagation. As a result, the high cy-
clone with central pressure of 1006 hPa at the surface and correspond-
ing cold core (−20 °C) at the 500 hPa became stationary over France.
The regular inflow of cold air into the cyclone rear and warm inflow
into its eastern part regenerated the vortex with accompanied heavy
rainfall (more 8mm/h) over Central Europe, especially in the Alpine re-
gion. Awide high pressure ridge from theAzores extended to the north-
east. This had created favorable conditions for transporting a hot sub-
tropical air mass to southern Europe, which subsequently caused fires
in Spain and Portugal. A high-gradient zone developed northeastward
from the eastern coast of the North America. Intensive interactions be-
tween air masses of essentially different characteristics occurred all
the way from the surface to the top of the troposphere.

Themodel results showed that the inclusion of aerosols has resulted
in the changes in most of the atmospheric fields, such as air tempera-
ture, humidity, vertical velocity, cloud cover, precipitation, short-wave
and long-wave radiation fluxes through the low and middle tropo-
sphere. The model results also showed that the inclusion of aerosols
has caused prominent changes in precipitation and other physical at-
mospheric fields. Three-dimensional spatio-temporal analysis of air
temperature, humidity, short-wave and long-wave radiation, vertical
velocity, cloud cover has revealed the complex cross-chain between
those parameters. In a nutshell, aerosols first alter both short- and
long-wave radiation fluxes, which in turn affect the vertical profiles of
temperature and humidity. Subsequently, these processes cause the
modification of vertical velocity profiles and stratification, and finally
have a vague effect on cloudiness and precipitation. Also, changes in
the water content in the atmosphere affect radiation fluxes, which
simulated by the HARMONIE model near the surface on 16 August 2010, 06 UTC.

Image of Fig. 3
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close the chain. So far, themodel simulationswith andwithout aerosols
have shown their role as a trigger-link, which generates the above chain
of interactions between physical atmospheric variables.

As expected, in the “YES” experiment short-wave radiation has in-
creased at the top of the atmosphere by extra ~100 W/m2, while it has
decreased near the surface by extra ~200W/m2 (Fig. 2). Long-wave ra-
diationwas less sensitive to aerosols at clear sky conditions. However, it
became tentative along a front line and at cloudy areas. The changes in
radiation fluxes prevailed over theNorth Africa andweremainly related
to the areas, where the interaction between mid-latitude and tropical
air masses with different thermal characteristics occurred. A large area
of low short-wave radiation at the surface over the Sahara desert exhib-
ited the strong influence of dust particles due to the scattering and ab-
sorption of solar radiation. The absence of similar Sahara cooling in
the “SEA” experiment indicates the leading role of the solid dust parti-
cles over the continental areas (Fig. 3).
Fig. 4.Difference fields (no aerosols− climate aerosols) in temperature (a) and specific humidi
The results obtained describe the air temperature vertical distribu-
tion under the clear and polluted conditions. The largest differences in
the temperature and specific humidity fields are observed within the
500–1500-m layer with the maximum at mid-latitudes just above the
planetary boundary layer (PBL) (Figs. 4–5). The other important detail
is that the domain-averaged values of atmospheric characteristics did
not significantly change during the simulation period. Rather, they oscil-
lated around amean value (Fig. 6). Thus, after the 5-day simulations the
differences between the “NO–YES” experiments for the temperature
fields at single cells reached up to ±5–6 K. They were related to partic-
ular geographical regions, specific patterns of the atmospheric flow and
appeared mainly within PBL. The domain-averaged differences were
less pronounced and showed the increase in air temperature only by
0.2 K in the aerosol-polluted troposphere. However, the opposite effect,
when the clean atmosphere is warmer than polluted, is revealed in the
PBL for the “SEA” experiment (Fig. 6b). This feature can be explained by
ty (b) simulated by the HARMONIEmodel at the level 925 hPa on 16 August 2010, 06 UTC.

Image of Fig. 4
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the intense reflectivity and scattering of the solar radiation from sea salt
sulfate molecules.

The sea aerosolmodified the vertical profiles of local heatfluxeswith
subsequent changes in stratification and suppressed or enforced the
convection. Because the model physics is tuned to convection parame-
ters, the relative humidity varies from 10% for the “NO–YES” experi-
ments to 30% for the “NO–SEA” experiments. Accordingly, the specific
humidity differences demonstrated the model tendency to simulate
higher humidity in the presence of aerosols: at 0.05–0.1 g/kg for
domain-averaged values and ±8–10 g/kg for local variations. Such me-
soscale patchiness in mass distribution resulted in well-developed local
updraft and downdraft motions. The forcing was identified mainly
along the frontal zones over the oceanic surface in mesoscale cells, as
above, in which the vertical velocity differences peaked at ±2.5 m/s.

Regarding themicrophysics, the effect from aerosolswasmanifested
in the increased cloud cover in the lower troposphere, which was
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Fig. 5. Vertical profiles of temperature (a) and specific humidity (b) at the point of maxi-
mum difference (26,129N/42,264W) on 16 August 2010, 06 UTC. Solid lines—“NO”,
dashed lines—“YES”, dotted lines—“SEA” experiments.
accompanied by the drop in precipitation rate (Fig. 6c). This also
changed the conditions of the formation, evolution and destruction of
single clouds, and their lifetime. Such impact was mainly associated
with the frontal zone in the North Atlantic region. The experiments
also showed the significant aerosol impact on the medium and high
clouds. In the “YES” experiment the stronger high cloudiness developed
behind the cold front, while the exclusion of aerosols (the “NO” experi-
ment) led to increased high cloud cover on thewarm side of the frontal
zone.

Changes in humidity mainly occurred in the low troposphere and
were accompanied by extra rain water formation in the 925–850 hPa
layer. Themodel results demonstrated the evident influence of aerosols
in both aerosol scenarios (“YES” and “SEA”). In the cold air mass behind
the arctic frontal system extra precipitation of up to 3.5 g/m2 was
simulated in the polluted atmosphere. Domain-averaged difference
in rain water has increased in the presence of sea aerosols by up to
0.12 × 10−3 g/m2 in aforementioned layer. The total impact of all
aerosol particles (“YES”) was less uniform. The highest differences of
opposite signs from −3.6 × 10−3 g/m2 to 4.5 × 10−3 g/m2 were
associated with mesoscale cells. Those values were compensating each
other and have resulted in the domain-averaged value of about of
0.05 × 10−3 g/m2. Such spatial structurewith intermittent cells of oppo-
site signs is similar to the so-called “phase error” for precipitation fore-
casts, which arises frommistaken locations of precipitation formswhile
the precipitation amount is properly predicted. In our case, aerosols
work as a “sponge”, which accumulates water mass and shifts the pre-
cipitation phase.

Thus, the common feature of the aerosol impact on major physical
fields has been observed in a form of intermittent mesoscale structures,
which are similar to the Benard cells. This phenomenon occurred de-
spite of the homogeneous or smooth distribution of the aerosols climat-
ic concentrations used in the experiments. The major cause of this
mesoscale variability stems from the inner atmospheric dynamics in-
cluding the diversity of non-linear interactions between the tempera-
ture and humidity profiles, updraft and downdraft, microphysics and
radiation processes, which occur on the scales of orders of 10–100 km.
Verification of that composition is a complicate task due to the fact
that present databases do not properly resolve the spatial distribution
of aerosol fields onmesoscales.While only satellites can provide the re-
quired global coverage, remote sensing cannot determine the full range
of chemical composition. Patchy sources, sinks and the short lifetime of
tropospheric aerosols considerably complicate the task of estimation of
global or even regional forcing by aerosols, which is usually accom-
plished by means of space-time integration of extremely variable
properties.

4. Conclusions

Numerical experiments with the HARMONIEmodel have shown the
considerable aerosol influence on most atmospheric variables. The im-
pact occurred through a complex chain of interactions between physical
variables, where aerosols played the role of a trigger. However, they
worked in a different manner depending on a type of aerosols and syn-
optic pattern. Major changes occurred in the planetary boundary layer
and along the frontal zone of high gradients at all levels. The perturba-
tions appeared in a form of mesoscale cells growing with the leading
time, while domain averaged deviations were oscillating around zero
values.

In particular, the largest differences in air temperature and specific
humidity have been observed near the top of PBL. The temperature
discrepancies reached up to ±5 K at single cells depending on geo-
graphical region and vertical level. The domain's average differences
were less pronounced and showed the increase in air temperature by
0.2 K in the aerosol-polluted troposphere. The opposite effect, when
the clean atmosphere is warmer than polluted, is revealed in the PBL
for the “SEA” experiment. Relative humidity varied from 10% for the

Image of Fig. 5
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“NO–YES” experiments to 30% for the “NO–SEA” experiments. Specific
humidity differences demonstrated the model tendency to reproduce
more humid atmosphere in the presence of aerosols (at 0.05–0.1 g/kg)
for the domain-averaged value, while locally they varied at about ±8–
10 g/kg. Short-wave radiation increased at the top of the model atmo-
sphere by extra 100 W/m2, while near the surface it decreased by
200 W/m2. Long-wave radiation was less sensitive to aerosol, with the
exception of frontal zones and cloudy regions. Aerosols have affected
mainly weak rates of precipitation by changing their formation and life-
time. In particular, in the aerosol scenario the larger water amount in
the atmosphere was accumulated and the precipitation was postponed.
Thepresence of aerosols has increased the cloud cover in the lower tropo-
sphere,whichwas accompanied by the decrease in precipitation rate. The
mesoscale patchiness in mass distribution resulted in well-developed
local updraft and downdraft motions associated with the mesoscale
cells, in which the vertical velocity differences reached up to ±2.5 m/s.

It is worth to note that the proper accounting of aerosols in precipi-
tation forecasts will require the accurate information about their phys-
ical properties, concentrations, distribution, and evolution. However,
the lack of high-resolution aerosol observation network and dearth of
data on aerosol composition still hinders the research of their. This evi-
dent problem needs to be addressed. Therefore further studies are
needed to assess the contribution of aerosols to separate modules of
the HARMONIE model. In particular, the model output with a very
short time step will be further used to study the detailed evolution of
the life-time of a single precipitation cell.

Image of Fig. 6
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