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Abstract. In the present work it is investigated the direct ature changes in the latitudinal band®36-45 N over the
shortwave effect of anthropogenic aerosols on the near suBalkan Peninsula is justified from the prevailing northerly
face temperature over Southeastern Europe and the atmdlow advecting the relatively cooler air from the latitudinal
spheric circulation during summer 2000. In summer 2000,band 45 N-50° N towards the lower latitudes. The present
a severe heat-wave and droughts affected many countrieegional climate modeling study indicates the important role
in the Balkans. The study is based on two yearly sim-of anthropogenic aerosols for the regional climate and their
ulations with and without the aerosol feedback of the re-dynamical feedback on atmospheric circulation.

gional climate model RegCM3 coupled with a simplified Keywords. Atmospheric  composition and  structure

aerosol model. The surface radiative forcing associated With(aerosols and particles) — Hydrology (Anthropogenic effects)
the anthropogenic aerosols is negative throughout the Euro* P y 9y Pog

pean domain with the more negative values in Central and:né\ﬂsé?;g?/?y and atmospheric dynamics (Synoptic-scale
Central-eastern Europe. A basic pattern of the aerosol in-
duced changes in air temperature at the lower troposphere is
a decrease over Southeastern Europe and the Balkan Penin-

sula (up to about 1°Z) thus weakening the pattern ofthe cli- 1 |ntroduction

matic temperature anomalies of summer 2000. The aerosol

induced changes in air temperature from the lower tropo-aerosol particles influence climate by modifying both the
sphere to upper troposphere are not correlated with the regobal energy balance through absorption and scattering of
spective pattern of the surface radiative forcing implying the radiation (direct effects), as well as the reflectance and per-
complexity of the mechanisms linking the aerosol radiative sistence of clouds and the development and occurrence of
forcing with the induced atmospheric changes through dy-precipitation (indirect effects) (Hansen et al., 1997; Lohmann
namical feedbacks of aerosols on atmospheric circulationgng Feichter, 2001; Ramanathan et al., 2001). Aerosols en-
Investigation of the aerosol induced changes in the circulahance scattering and absorption of solar radiation and also
tion indicates a southward shift of the subtropical jet streamproduce brighter clouds (enhancement of cloud albedo due to
playing a dominant role for the decrease in near surface aigmaller droplets) with longer cloud lifetime (due to smaller
temperature over Southeastern Europe and the Balkan Penigroplets) that are less efficient at releasing precipitation
sula. The southward shift of the jet exit region over the (Ryckstuhl et al., 2008; Ramanathan and Feng, 2009). These
Balkan Peninsula causes a relative increase of the upwarﬁl, turn lead to |arge reductions in the amount of solar ra-
motion at the northern flank of the jet exit region, a relative giation reaching Earth’s surface causing the so-called “solar
increase of clouds, less solar radiation absorbed at the surfaggmming” effect (Wild et al., 2007). The total direct aerosol

and hence relative cooler air temperatures in the lower troporagiative forcing as derived from models and observations
sphere between 43l and 50 N. The southward extension s estimated to be-0.5:0.4 W n1 2 in global scale (with a

of the lower troposphere aerosol induced negative tempermedium-low level of scientific understanding) while the ra-
diative forcing due to the first indirect effect (cloud albedo
effect or Twomey effect which is that more numerous smaller

Correspondence td?. Zanis cloud particles reflect more solar radiation) is estimated to be
BY (zanis@geo.auth.gr) —0.7 Wn12 (ranging from—1.8 to—0.3 W n12) with a low
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level of scientific understanding (IPCC, 2007). The secondtransformations, transport and removal processes. As a con-
indirect effect (which is that smaller cloud particles decreasesequence the aerosol effects are especially important on re-
the precipitation efficiency that results in prolonging cloud gional scale. Furthermore the radiative forcing of aerosols at
lifetime) is estimated to be roughly as large as the Twomeyregional scale can be much larger than that of the 20th cen-
effect (Lohmann and Feichter, 2005). tury rise in the greenhouse gas concentrations (Ramanathan
These aerosol induced changes of the earth’s radiatioet al., 2001). Regional climate models (RCMs) offer use-
budget (negative radiative forcing) cause changes in atmoful tools to assess the regional impacts of anthropogenic
spheric thermal structure, changes in synoptic and regionaherosols because of their relatively high-resolution, their de-
circulation systems, suppression of rainfall and less efficientailed physical parameterisations and their suitable computa-
removal of pollutants (Ramanathan and Feng, 2009). How+ional cost compared to global climate models (GCMs) and
ever the radiative forcing of absorbing aerosols can be als@hemistry climate models (CCMs) (Solmon et al., 2006).
positive with significant regional climate effects as black car- Relatively few studies have coupled simplified aerosol
bon can absorb radiation and heat the air (semi-direct efmodels to RCMs (e.g. Qian et al., 2001; Giorgi et al., 2002,
fect) resulting in a positive radiative forcing that partly off- 2003; Ekman and Rodhe, 2003; Zakey et al., 2006). For
sets aerosol scattering effects (Jacobson, 2001; Menon et abxample, Giorgi et al. (2002) and Qian et al. (2003) found
2002). Especially, the semi-direct effect could maximize thethat the regional climatic direct and indirect effects of an-
positive radiative forcing when the absorbing aerosols are lothropogenic aerosols over East Asia can partially explain the
cated within the boundary layer (Johnson et al., 2004). How-cooling trend observed over various regions of China during
ever, Lohmann and Feichter (2001) concluded that the abthe last decades of the 20th century. Konare et al. (2008)
sorption of solar radiation by absorbing aerosols (black carinvestigated the effect of the shortwave radiative forcing of
bon) can decrease cloud cover and liquid water path locallySaharan dust on the West African monsoon using a RCM
but the indirect aerosol effects of increasing cloud lifetime coupled to a dust model. Solmon et al. (2008) included in ad-
and cloud albedo dominate. dition the climatic impact of the longwave radiative forcing
Aerosols have both natural sources such as desert dust lifef Saharan dust for the same region. Both studies reported
ing, sea spray, volcanic explosions, biogenic organic emis-a reduction of precipitation over the most of the Sahelian re-
sions and anthropogenic sources such as fossil fuel andion in response to cooling over the Sahara and weakening
biomass burning. The uncertainty in the radiative forcing of of the West African monsoon intensity. Zhang et al. (2009)
Earth’s radiation budget by anthropogenic aerosols, whichreported that the net surface radiative fluxes are decreased by
are present mainly in the lower troposphere, greatly exceedthe shortwave and longwave effects of dust aerosols at East
that of all other forcing mechanisms combined (IPCC, 2001,Asia causing a surface cooling locally up+d°C. Finally,
2007). Hence the study of the anthropogenic component iZakey et al. (2008) studied recently the radiative effects of
crucial in view of assessing the impact of human activitiessea-salt aerosols on regional climate for the first time using a
on climate and air quality. Aerosols of anthropogenic origin RCM.
are mainly composed of sulphates, carbonaceous particles In the present work it is investigated the direct shortwave
(black carbon and organic carbon), nitrates, ammonium angffect of anthropogenic aerosols on the near surface temper-
mineral dust of industrial origin (Ghan and Schwartz, 2007). atures over Southeastern Europe and the atmospheric cir-
Black carbon, sulfate, and organics play a major role in theculation during summer (from June to August) 2000 based
solar dimming at the surface (e.g. IPCC, 2007). Increasing obn simulations performed by the regional climate model
man-made aerosols in the atmosphere over the 20th centufkegCM3 coupled with a simplified aerosol model.
has dimmed the solar radiation at the earth’s surface (Stanhill
and Cohen, 2001), while recent results indicate signs of so-
lar brightening in Europe due to subsequent decreases in ai: Data and methodology
thropogenic aerosol concentrations (Norris and Wild, 2007;
Ruckstuhl et al., 2008). The regional climate model RegCM version 3 (Pal et al.,
In order to study the climate feedback of aerosols it is2007) was used for the regional climate simulations in this
necessary to couple climate and chemistry/aerosol modelstudy. RegCM was originally developed at the National
The interactive coupling of complex climate models and full Center for Atmospheric Research (NCAR) and has been
chemistry schemes is still computationally too demandingmostly applied to studies of regional climate and seasonal
and alternatively simplified chemistry modules have been depredictability around the world (Giorgi et al., 2006). The
veloped to allow chemistry-climate studies (Solmon et al.,dynamical core is based on the hydrostatic version of the
2006). This approach has been mainly applied for globaINCAR-PSU Mesoscale Model version 5 (MM5) (Grell et
models (e.g. Chung and Seinfeld, 2002; Reddy and Bouchegl., 1994). The radiative transfer package is taken from
2004; Kim et al., 2007). Because of the relatively short life- the Community Climate Model version 3 (CCM3) (Kiehl et
time of the aerosols, their spatial distribution is inhomoge-al., 1996). The large-scale cloud and precipitation compu-
neous, basically determined by local sources, rapid chemicaiations are performed by Subgrid Explicit Moisture Scheme
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(SUBEX; Pal et al., 2000). Ocean surface fluxes are com- RegCM3/aerosol simulations were performed over a large
puted according to the scheme of Zeng et al. (1998) andeuropean domain with a grid resolution of 50 kB0 km (18
the land surface physics according to Biosphere-Atmospheréayers up to 50 hPa) forced by the NCEP-DOE AMIP-II Re-
Transfer Scheme (BATS; Dickinson et al., 1993). The analysis dataset (Kanamitsu et al., 2002) for the year 2000.
adopted convective scheme for the RCM simulations in thisln order to investigate the impact of anthropogenic aerosol
study is the Grell scheme (Grell, 1993) with the Fritsch andloading on air temperature and atmospheric circulation pat-
Chappell (1980) closure assumption. terns, two full-year simulations were performed with a spin
The RegCM3/aerosol model is a coupled model betweerup time of 1 month; the control run (Crun) with the chemi-
RegCM3 and a simplified anthropogenic aerosol model,cal tracers only being transported but having no feedback in
which can be used to investigate the aerosol feedback to clithe radiative scheme and one run including the direct aerosol
mate (Solmon et al., 2006). In this model version only thefeedback on the shortwave radiation (AFrun).
direct shortwave effects of anthropogenic aerosols are in- There are a number of limitations to be noted however for
cluded. The aerosol model includes sulphur dioxideX)$O this study. First, the indirect aerosol effects in cloud proper-
sulphate (S@), hydrophobic and hydrophilic carbonaceous ties are not taken into account in the simulations. According
particles such as black carbon (BC) and organic carbon (OC)}o IPCC (2007) the first indirect effect is comparable and can
Conversion of S@to SC; via both aqueous and gaseous be larger than the direct aerosol effect in global scale but is
phase chemical processes has been described by Qian m®iore uncertain. The second indirect effect is estimated to be
al. (2001). Because of its importance in removal processes,oughly as large as the first indirect effect but the uncertain-
optical properties and cloud condensation nuclei formation ties are even larger (Lohmann and Feichter, 2005).
the hygroscopicity of carbonaceous particles is simply ac- The second limitation is that the direct effect of aerosols
counted by considering two states for BC and OC, hydropho-in longwave was also not taken into account in the simula-
bic and hydrophilic. Therefore a total of six tracers are takentions. However, the longwave direct radiative forcing is only
into account by the aerosol model. £@missions are pro- substantial if the aerosol particles are large (such as dust or
vided by the public release of EDGAR (Emission Databasesea salt) and occur in considerable concentrations at higher
for Global Atmospheric Research) global data base in onealtitudes, but this process is not significant for the smaller
degree resolution over the globe. Briefly, this inventory ac-anthropogenic aerosols (IPCC, 2007; Ramanathan and Feng,
counts for fossil and bio -fuel combustions, industrial chem-2009).
ical production, biomass burning and waste treatment. The The third limitation is that the short length of the simula-
calculation of fossil fuel emissions for BC and OC particles tions presented in the study (one particular summer) is not
is based on the Cooke et al. (2002) methodology and it acsufficiently long to establish a climatic signal of the aerosol
counts for different type of fuel combustions and emissionradiative forcing, but this study focuses on the short-term sig-
factors. The inventory for BC and OC is provided in one nals (a particular warm summer in Balkan Peninsula) rather
degree resolution over the globe. The emission inventorieshan the long-term climate signals. An analysis of a 12-years
adopted for this study are representative for the year 2000. simulation is in progress in order to establish a longer-term
A recent evaluation study of RegCM3/aerosol model with climate signal of the anthropogenic aerosols in Europe.
ground-based measurements of,Sm the EMEP Euro- Another limitation of the study is the absence of natural
pean network as well as with aerosol optical depth measureemissions including biogenic particles, dust, sea-salt and for-
ments from ground based and satellite platforms revealed ast fire particles which can contribute significantly for the at-
consistent reproduction by the model of the observed spamospheric air composition of the Balkan Peninsula during
tial patterns (Solmon et al., 2006). Specifically, compari- summer. However the current study is focused solely on the
son with available AERONET (AErosol RObotic NETwork) effect of anthropogenic aerosols.
AOD (Aerosol Optical Depth) values from ground-based re-  Finally another limitation is the fact that only the anthro-
mote sensing instruments revealed a satisfactory agreemepbgenic emissions within Europe are considered and hence
within a factor of 1.5 between simulated and observed AODthe lateral boundaries are restricted in advection from out-
over northern Europe in the visible and UV range for both side. According to another study of this issue, limited area
summer and winter seasons of the year 2000. Furthermorsimulations are unable to provide reasonable assessment of
comparison with the AOD values from satellite platforms the influence of large scale aerosol anomalies on the climate
with the MODIS (Moderate Resolution Imaging Spectro- without a two way feedback interaction at the boundaries of
radiometer) instrument indicated that the position of AOD the regional domain (Sud et al., 2009).
maxima is consistent between RegCM and MODIS results
(Solmon et al., 2006). Nevertheless the MODIS AOD values
found to be about two times larger than both the simulated
and AERONET AOD values, especially over land for sum-
mer 2000 pointing to a significant uncertainty in the observa-
tions themselves (Solmon et al., 2006).
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Temperature at 2m the highest temperature anomalies (in the range of 2@) 2
P = = are observed in Southeastern Europe (the Balkan Peninsula).
a) y - 4 -‘-2.4 Indeed, in summer 2000, a severe heat-wave and droughts
Iz affected many countries in the Balkans. According to the
16 gridded distribution of temperature July 2000 anomalies with
1.2 respect to 1961-1990 base period from the stations of the
oa Global Historical Climatology Network Database, record-
o breaking heat covered the Balkans and parts of the Middle
o East throughout much of the month, where average tempera-
—a4 ture anomalies exceedeti@l (http://www.ncdc.noaa.gov/oa/
—0.s climate/research/2000/jul/global.himl
-1.z
—16 3.2 Aerosol induced changes in air temperature
A 24 The RegCM3/aerosol simulated mean fields in summer 2000
LT A n' ¥ of the aerosol optical depth (AOD) at the visible due to
PTG 0 SR R MR omE o the anthropogenic aerosols (carbonaceous particles and sul-
. phates) indicate higher values in Central Europe extended to
.W'hd fpeéd .Qt ‘300 h‘Pq‘ the Central Eastern Europe mainly in the latitudinal band be-
b) .. e - i, tween 48 N and 55 N (Fig. 2c). This spatial distribution
ol v l5 of the anthropogenic aerosols is associated with: a) higher
: : o~ . emissions in Central Europe as it can be seen in the fields of
o . the EDGAR anthropogenic emissions of SO2 (Fig. 2a) and
2 of black and organic carbon (Fig. 2b) and b) the transport of

the emitted pollutants affected by the mean seasonal synop-
tic circulation with westerly flow above about 948 (in cen-
tral Europe) from the lower to upper troposphere and north-
westerly flow over the Balkan Peninsula in the lower tro-
posphere according to the RegCM3 simulated wind stream-
lines (see Fig. 3). The derived mean summer surface radia-
tive forcing (sRF) field associated with the anthropogenic
e aerosol loadings is illustrated in Fig. 2d. The sRF is nega-
Nailgaalb. . @ = = ' tive (as expected due to the solar dimming effect of anthro-
AT A% S0 st WE W WEMEHE S0 pogenic aerosols) throughout the European domain with the
_ ) o more negative sRF values (less thaB0 W/n? at midday)
Fig. 1. Anom_alles of summer 2000 from the summer climatic mean;, cenra| and Central-eastern Europe (in the latitudinal band
over Fhe period 19611996 f¢a) near surfgce air temperature and |50° N—55° N) where the highest anthropogenic aerosol load-
(b) wind speed at 300 hPa. The contour lines denote the mean val- ~ . . . .
ues of summer 2000. The source of the data is NCEP/NCAR Re "9 1S attained. It should be noted fro.m Fig. 2 the spatial cor-
analysis 1 project (Kalnay et al., 1996). relation between the AOD and sRF fields. For the larger part
of Europe (38N-65"N and 0 E-40C E) it was calculated
an average surface RF ofL6 W n2 for a respective AOD

40

3BNY -

J0M

250 4=

3 Results value of 0.23. Li et al. (2004) calculated due to Saharan dust
aerosols RF values 6£35W m2 for AOD values between
3.1 Air temperature anomalies in summer 2000 0.8 and 1 consistent with observations. Konare et al. (2008)

calculated with RegCM3 shortwave surface radiative forcing
The near surface NCEP/NCAR Reanalysis 1 project air tem+anging from 0 to a maximum of about90 W n2 over the
perature anomalies between summer 2000 and the sun&rea of maximum dust loading.
mer long-term climatic mean of the period 1961-1996 (see As it is illustrated in Fig. 4a, the radiative forcing of the
Fig. 1a) indicates a dipole pattern over Europe with relativelyanthropogenic aerosols affects the near surface air temper-
higher temperatures in South Europe and lower temperatureature distribution inducing significant changes ranging be-
in North Europe in summer of the year 2000 with respect totween—1.2 to +1.2C. However, the pattern of the aerosol
the climatic mean. These positive temperature anomalies ifnduced departures in air temperature of the lower and mid-
summer 2000 are associated with a northward shift and indle troposphere (Fig. 4) are not correlated with the respec-
tensification of the sub-tropical jet stream as can be clearlytive pattern of the surface radiative forcing (Fig. 2b) indicat-
noted from the wind speed anomalies in Fig. 1b. Especiallying the complexity and the non-linearity of the mechanisms
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Fig. 2. Anthropogenic emission af) SO, (in 10-2kgm~2s-1) and(b) the sum of black and organic carbon (in"#¢kgm—2s1).
Seasonal mean fields in summer of the year 200@&)pfhe aerosol optical depth arfd) the surface radiative forcing (in W/ due to
anthropogenic aerosols (carbonaceous particles and sulphates) obtained from the RegCM3/aerosol simulations.

linking the aerosol radiative forcing with the induced atmo- tern of temperature changes at 500 hPa partially differs from
spheric changes. that in the lower troposphere. Specifically, there is still an
The basic coherent structures of the aerosol inducedi€rosol induced temperature decrease at the Balkan Penin-
changes in near surface air temperature (Fig. 4a) are a déula (between 40N and 50 N) and an increase at Northern
crease of 0.8 to 1°Z over Southeastern Europe and the latitudes but an increase is also revealed over Greece and the
Balkan Peninsula (between?B and 30 E) and an increase A€gean Sea (between 38 and 40 N). This pattern of the
of up to 1.2C over the Northeastern Europe (betweeh B0 aerosol induced changes in air temperature implies a possible
and 40 E) resembling a dipole pattern. Mind that the aerosol dynamical feedback of aerosols on atmospheric circulation
induced change in near surface air temperature with decreast$ @ cause and it is discussed in Sect. 3.3.
over Southeastern Europe is co-located with the near-surface The aerosol induced changes in air temperature from near
air temperature positive anomalies of Fig. 1 indicating thatsurface to middle troposphere correlate partially in space
the presence of anthropogenic aerosols weakens these temith the respective aerosol induced changes in total col-
perature anomalies. The temperature changes at 850 hPa armn fractional cloud cover and surface absorbed solar ra-
of the same magnitude and they are collocated with thoseliation shown in Fig. 5. For example, mind that the de-
seen at near surface (Fig. 4b) thus denoting that the aerosafease in air temperature from near surface to middle tropo-
induced changes of temperature are similar for the wholesphere over Southeastern Europe (betweémand 50 N)
lower troposphere. In the middle troposphere (at 500 hPa)s associated with an increase in the total column fractional
the aerosol induced temperature changes are smaller in magloud cover and a decrease in surface absorbed solar radia-
nitude ranging betweern0.4 to +0.3C (Fig. 4c). The pat- tion. The physical meaning of these correlations is that the
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Fig. 4. Seasonal mean fields in summer for the year 2000 of the
Fig. 3. Average streamlines in summer 2000 f@) 850hPa, difference AFrun-Crun RegCM3/aerosol simulations due to aerosol
(b) 500 hPa andc) 300 hPa. The color-bars denote the wind speed feedback in(@) near surface air temperature (d&), (b) air tem-

(m/s). Mind the different color-scale for the different pressure lev- Perature at 850 hPa (dég) and(c) air temperature at 500 hPa (deg
els. °C). Mind the different color-scale for temperature differences at

500 hPa.

changes in near surface air temperature are linked to changes

of surface absorbed solar radiation which in turn are assotion. The discussion in Sect. 3.3, that follows, shows that the
ciated with changes of total column fractional cloud cover aerosol induced increase of the total column fractional cloud
that determines the degree of solar radiation attenuation froncover over Southeastern Europe (betweehNiand 50 N)
clouds. However, the aerosol induced changes of cloudss linked to dynamical feedback of aerosols on atmospheric
can be largely affected by changes in atmospheric circula€irculation.
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3.3 Aerosol induced changes in atmospheric circulation total cld difference due to Aerosol feedback Summer 2000

P <L
. . . . F0M £ e )
In order to attribute the aerosol induced changes in air tem- f/}:{j ?ﬁ/w’s
2

perature and cloud cover ovet the Balkan Peninsula to the -
circulation changes, the aerosol induced changes in the winc 4
L]
/(\/‘

fields are investigated. Figure 6 indicates that the inclusion !
of the feedback of the anthropogenic aerosols in the regional

® T ~
climate simulations induces systematic changes in both the 55%? A @ <
zonal and meridional winds at middle and upper troposphere _ - ey (1
(500 hPa and 300 hPa, respectively). Specifically, Fig. 6aand /g/hﬂz Tl
Fig. 6¢ show a decrease of zonal wind at the north in the lati- _ a) " X\ ﬁm« .
tudinal band 45N-55 N and an increase at the southinthe & = =& & 5 & @ & & = =

latitudinal band 30N—-45°> N (at both 500 hPa and 300 hPa).

This pattern of aerosol induced changes in zonal wind with

respect to the control simulation (with no aerosol feedback) R s e O

indicates a southward shift of the zonal wind in the middle ﬁ —— 7T
£

—0.15-0.125 =04 —-0.075-0.05-0.025 0 0025 Q.05 0.075 01 0425 05

and upper troposphere. The inspection of zonal winds at m
300hPa (Fig. 6¢) and the streamlines at 300hPa (Fig. 3c)

indicates the existence of one branch (European branch) o' 53%‘3 Mff*

the subtropical jet stream extending from South France to the

Balkan Peninsula (jet exit region) and another branch located Beirnr o
over Minor Asia. The aerosol induced southward shift of the /‘@é%f @
zonal winds at 300 hPa (Fig. 6¢) denotes an aerosol inducec e s G
southward shift of the European branch of the subtropical jet /fwc M~
stream. "’ b) i Rl X\ QM
Figures 6b and d illustrate that aerosols induce an increase & = = & & @& =& & & = &
of the meridional wind in middle and upper troposphere be- e E——
tween 30 E and 40 E at Black Sea, Minor Asia and Ukraine TR TR T T e w e m s s @

which means strer_lgthenln_g of the Southerly W_mds' Over theFig. 5. Seasonal mean fields in summer for the year 2000 of the
Balk_a_n Penln_sula in the middle troposp_here (Fig. 6b) that thedifference AFrun-Crun RegCM3/aerosol simulations due to aerosol
meridional winds are Northerly, there is no change or veryseedhack ina) total column fractional cloud cover (%) afio) sur-
small weakening of the Northerly winds. face absorbed solar radiation (W#m The total column fractional
The aerosol induced changes in atmospheric circulatiortloud cover denotes the percent coverage by clouds for the total col-
at South-eastern and Central-eastern Europe can be motenn at each grid point taking into account the fractional cloud cover
clearly illustrated with meridional cross sections averagedfor each model level.
over the longitudinal zone 2&-30 E of the differences in
the wind components among the simulations with and with-
out the aerosol feedback (see Fig. 7). In first, the meridionalFig. 7b). This denotes the southward shift of the subtropical
cross section of the air temperature differences (Fig. 7a) il{et stream as also discussed previously in this section. The
lustrates a north-south dipole pattern in the lower tropospheréneridional cross section of the meridional wind differences
(below about 700 hPa) with a cooling in Southeastern Eu-{(not shown) indicates a weakening of the Northerly winds at
rope (in the latitudinal band 30N-50 N) and slight cool- ~ south (in the latitudinal band 3%-45 N) and a weaken-
ing over Northeastern Europe (in the latitudinal banei§5  ing of the Southerly winds in the lower troposphere at north
70° N). Above about 700 hPa it should be also noted the(in the latitudinal band 50N-60° N). This behavior in the
slight aerosol induced warming betweerf 8Dand 40 N. change of the meridional wind can be justified by the south-
The largest temperature difference due to the aerosol feedvard shift of the subtropical jet stream considering that its
back is the temperature decrease in the lower tropospher@OSitiOﬂ determines the northern limit of the Hadley circula-
from surface to about 800 hPa in the latitudinal bantidg  tion cell.
5C° N. The mean summer meridional cross section of the verti-
The mean summer meridional cross section of the zonatal wind in the control simulation (shown with black con-
wind differences shows a dipole pattern with a decrease at theours in Fig. 7¢) indicates downward motion (positive val-
north (in the latitudinal band 49N-55> N) and an increase ues of vertical wind in hPa/s) at south in the latitudinal band
at the south (in the latitudinal band 38-45’ N) in the up-  30° N-45 N and small upward motion (negative values of
per troposphere from about 500 hPa to 200 hPa indicating &ertical wind in hPa/s) at northern latitudes (in the latitudinal
southward shift of the zonal wind due to the aerosol feedbackand 55 N-70° N). The inclusion of the aerosols and their
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Fig. 6. Seasonal mean fields in summer for the year 2000 of the difference AFrun-Crun RegCM3/aerosol simulations due to aerosol feedback
in zonal wind at 500 hPéa) and 300 hP#c) and in meridional wind at 500 hRA) and 300 hP#d). The summer seasonal mean fields of
zonal and meridional wind in the control simulation (Crun) are superimposed with black contours. The units are in m/s.

feedback in the simulation causes a southward shift of thdatitudinal band 45N-5C N (Fig. 7¢) coincides with the lat-
downward vertical winds in the latitudinal band°30-50° N itudinal band of the maximum temperature decrease (due to
with positive anomalies below 4 (increase of downward the aerosol feedback) and cloud fraction increase from the
motion) and negative anomalies betweert M5and 50 N surface to about 800 hPa (Fig. 7a and d). The physical expla-
(relative decrease of downward motion or relative increase ohation is that the southward shift of the subtropical jet causes
upward motion). This shift of the downward vertical winds a southward shift of the jet exit region over the Balkan Penin-
can be associated with the southward shift of the position ofsula which in turn causes a relative increase of the upward
the subtropical jet stream. This is justified from the fact thatmotion at the northern flank of the jet exit region, a relative
the jet exit region is located over the Balkan Peninsula withincrease of clouds, less solar radiation absorbed at the sur-
downward motions at the southern flank of the jet exit andface and hence relative cooler air temperatures in the lower
upward motions at the northern flank. A southward shift of troposphere. Furthermore, from the southward shift of the
the jet exit due to the aerosol feedback implies a relative in-jet stream can be also justified the aerosol induced relative
crease of upward motion at the northern flank of the jet exitwarming in the latitudinal band between°30 and 40 N

and a relative increase of the downward motion at the southabove about 700 hPa from the middle to upper troposphere
ern flank of the jet exit region. Indeed this behavior is in line as there is a relative increase of the downward motion at the
with the aerosol induced changes of the vertical velocitiessouthern flank of the jet exit region and hence of the adiabatic
seen in Fig. 7c. heating of the subsiding air masses.

It should be noted here that the relative increase of upward Mind however that the aerosol induced decrease in air
motion (or relative decrease of the downward motion) in thetemperature of the lower troposphere extends beyond the
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Fig. 7. Mean summer (for the year 2000) meridional cross sections averaged over the longitudinal’Z8R8Q®E of the difference AFrun-
Crun RegCM3/aerosol simulations due to aerosol feedbatk)iair temperature®C), (b) zonal wind (m/s){(c) vertical wind (10°° hPa/s)

and(d) cloud fraction (dimensionless). The respective mean summer meridional cross sections of air temperature, zonal, meridional and

vertical wind in the control simulation (Crun) are superimposed with black contours.

latitudinal band 45N-50C N to lower latitudes (Fig. 7a). Es- Conclusively, the aerosol induced southward shift of the
pecially the lower troposphere aerosol induced cooling insubtropical jet stream provides a sensible physical explana-
the latitudinal band 40N—-45 is as strong as it is in the tion for the aerosol induced relative decrease in near surface
latitudinal band 45N-5C°. This behavior cannot be ex- air temperature over Southeastern Europe and the Balkan
plained by the same mechanism discussed for the latitudiPeninsula. The southward shift of the zonal wind and the
nal band 43N-50° with the relative increase of upward jet stream due to the negative radiative forcing of the an-
motion and clouds at the northern flank of the southwardthropogenic aerosols (combined sulfate and carbonaceous
shifted jet exit region. However the prevailing northerly aerosols) in this study is in line with the Intergovernmental
flow in the lower troposphere over the Balkan Peninsula (sed’anel on Climate Change (IPCC) models of the fourth as-
Fig. 3a) advects the relatively cooler air from the latitudinal sessment report that predict a strengthening and a poleward
band 453 N-50° N towards the lower latitudes thus causing a shift of the tropospheric zonal jets in response to the total
southward extension of the aerosol induced negative tempepositive radiative forcing and global warming (Lorenz and
ature changes. Weaver, 2007). Furthermore this study is also in line with

www.ann-geophys.net/27/3977/2009/ Ann. Geophys., 27, 33%38-2009



3986 P. Zanis: Direct effect of anthropogenic aerosols on near surface air temperature

a recent modeling study in which it was found that inclu- ature over Southeastern Europe and the Balkan Peninsula.
sion of sulfate aerosols in climate simulations together withSpecifically, the southward shift of the jet exit region over
the greenhouse gases causes the future decrease in baroclihe Balkan Peninsula causes a relative increase of the upward
icity to get smaller due to the aerosols’ cooling effect and motion at the northern flank of the jet exit region, a relative
the future poleward shift in track density to be partly offset increase of clouds, less solar radiation absorbed at the surface
(Fischer-Bruns et al., 2009). and hence relative cooler air temperatures in the lower tro-
posphere between 48l and 50 N. The lower troposphere
aerosol induced cooling in the latitudinal band 86-45° N
4 Conclusions over the Balkan Peninsula can be justified from the prevail-
ing northerly flow advecting the relatively cooler air from the
Two full-year regional climate simulations were performed |atitudinal band 45N-50° N towards the lower latitudes thus
over Europe for the year 2000 with and without the feed- causing a southward extension of the aerosol induced nega-
back of anthropogenic aerosols by the regional climate modefive temperature changes. Furthermore, the southward shift
RegCM3 coupled with a simplified aerosol model. The of the jet stream explains the aerosol induced relative warm-
aerosol model implemented online in RegCM3 includes theing in the latitudinal band between 38 and 40 N from the
SG,/SC; system, black carbon and organic carbon consid-middle to upper troposphere as there is a relative increase of
ering their hydrophobic and hydrophilic state. In the presentthe downward motion at the southern flank of the jet exit re-
work it was investigated the direct shortwave effect of an-gion and hence of the adiabatic heating of the subsiding air
thropogenic aerosols on the near surface temperature ovenasses. The present regional climate modeling study indi-
Southeastern Europe and the atmospheric circulation duringates the important role of anthropogenic aerosols for the re-
summer 2000. The summer of the year 2000 was charactegional climate and their dynamical feedback on atmospheric
ized by high temperature climatic anomalies in Southeastergirculation.
Europe while severe heat-wave and droughts affected many The short length of the simulations presented in the study
countries in the Balkans. for a specific year is not sufficiently long to establish a cli-
The derived mean summer surface radiative forcing assomatic signal of the aerosol radiative forcing, but this study fo-
ciated with the anthropogenic aerosols was negative throughcuses on the short-term signals for a relatively warm summer
out the European domain with the more negative sRF valin the Balkan Peninsula. An analysis of a 12-years simulation
ues located in Central and Central-eastern Europe whergrom 1996 to 2007 with and without the aerosol feedback is
the highest anthropogenic aerosol loading is attained. Then progress in order to establish a longer-term climate signal
aerosol induced changes in near surface air temperature ansf the anthropogenic aerosols in Europe.
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