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Abstract. The European heat wave of July 2006 was causedverage value. Positive temperature anomalies of oV@r 2

by advection of very hot and dry air from North Africa. Air have been recorded during the summer months of 1976, 1983
masses were transported on the western edge of the higéind 1994 (Beniston and Diaz, 2004). In 2003 the mean June—
pressure system, centred over Eastern Europe, resulting iduly—August temperature exceeded the 1961-1990 mean by
exceptionally high air temperatures over large areas of the3°C over a large area (Séhet al., 2004; DWD, 2003). For
continent. In the first two weeks of July 2006 a severe heatCentral Europe, the frequency of heat wave occurrence has
wave affected Central and North-Eastern Europe. We preseriieen investigated using temperature records for the period
a synoptic analysis of the July 2006 European heat wave, re1982—2000. Seventeen consecutive periods of at least 3 days,
sulting formation and transport of photooxidants over Europeduring which the daily maximum temperature was higher
as simulated by the on-line tropospheric chemistry modelthan 30C, were detected between the beginning of June and
GEM-AQ. The model was executed on a global variable gridthe end of August (Kysely, 2004). According to the analysis
with ~15km resolution over the entire European continent.undertaken in the frame of IPCC, in Central Europe eight of
Modelling results have been compared with surface observathe ten warmest years in the 1851-2004 period have been ob-
tions and vertical soundings of meteorological and air qual-served from 1989 to 2003 (IPCC, 2001; Jones and Moberg,
ity parameters. We find that the calculated error measures2003). Analysis by Scherrer et al. (2005) confirmed the in-
as well as analysis of time series and trends for selectedreasing variability of the temperature, found in particular
quantities, indicate good model performance over the simufor the June—July—August season in 1975-2004. A recent
lation period. The spatial pattern of two exposure indicatorsclimate modelling study showed that European summer sur-
— SOMO35 and AOT40 — showed similarities with the high face temperature variability might further increase within the
temperatures distribution. The zone of highest exposure wasurrent century (Scir et al., 2004).

located over Central Europe along the advection path of the

hot African air mass. The exposure to high ozone concen- Prolonged periods characterised by exceptionally high
trations in higher latitudes was reduced by the dilution andair temperature have several adverse environmental impacts
aging of polluted air masses advected from over Central Euwhich can affect human health. Analyses in European
rope. cities show that total mortality rises with the temperature in-
crease in the summer, especially during heat wave episodes
(McMichael and Kovats, 1998; Rooney et al., 1998; Kat-
souyanni et al., 1988, 1993; Kunst et al., 1993; Jendritzky
et al.,, 1997). Such periods, often associated with strong,

During the last 60 years, several exceptionally hot summerbIOCkIng high pressure systems, are also favourable for gen-

periods have been observed. For example, the averaged ma&[ation of photochemical episodes. Higher temperatures
imum temperature in 1947 was5°C abové the long term and irradiance result in enhanced biogenic VOC emission
and more intensive photochemical processes which increase

Correspondenceto: J. Struzewska ozone formation. Ozone is considered to be one of the most
(joanna.struzewska@is.pw.edu.pl) important environmental health problems in Europe. High

1 Introduction
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photochemical pollutants concentration, interacting with ex-unchanged for the whole first half of August. Exceptionally
treme air temperature, may have harmful health effects andhigh temperatures (often near’4x) and the stagnation of air
damage crops, and forests (Filleul et al., 2006; Katsouyannmasses over areas of high emissions caused a long-lasting,
et al., 1993). The increasing frequency and intensity of heasevere photochemical episode (Vautard et al., 2005). Very
waves over Europe is believed to present evidence of cli-high ozone concentrations occurred mainly in the first half of
mate change and global warming. Comparatively small shiftsAugust. The spatial distribution of exceedances of the infor-
in the seasonal mean temperature may imply pronouncedhation threshold (180 pgni) (Directive 2002/3/EC, 2002)
changes at the tails of the statistical distribution which repre-observed in summer 2003 was much more extensive than
sents extreme events (Solet al., 2004). in previous periods. The averaged daily 8-h ozone concen-
Two recent heat wave periods are extensively documentetration for the period June-August 2003 was 87 1§ nas
in the literature, with respect to the impact on photochemicalcompared to 71 pg ¥ in 2002 and 61 pg e in 2000 (Fiala
pollution: July—August 1994 and August 2003. A synthesiset al., 2003). In addition to enhanced photochemical pollu-
of these two events in the synoptic context are provided intion, Southern Europe also suffered from high concentrations

the following subsections. of carbon monoxide and biomass burning particle aerosols
emitted from wild fires in the Iberian Peninsula and mineral
1.1 Heat wave July—August 1994 dust transported from the Sahara (Tressol et al., 2006; Lya-

mani et al., 2006).

The heat wave period in July—August 1994 lasted 17 days. High temperatures and poor air quality resulted in in-
The meteorological situation was governed by the high presereased mortality in many European countries. 400-500 of
sure system, initially centred over the Baltic Sea. In the nextthe estimated 1000-1400 premature deaths in the summer pe-
few days the high pressure ridge extended towards the Northiod in the Netherlands occurred during the 31 July—13 Au-
Sea and the British Isles. Based on synoptic maps, very higlyust heat wave (Fisher et al., 2004). In the United Kingdom,
temperatures were recorded over Southern Europe. In Wesgn increase of about 2000 deaths during the same period was
ern Europe the advection of the hot air masses formed overeported (Stedman, 2004). Mortality of an additional 28 000
Sahara caused a significant temperature increase in many Igeople was estimated for the southern part of Europe (Por-
cations. After 23 July the heat wave also affected Centrakugal, Balkans, Italy). In France about 15000 excess deaths
Europe. were recorded, especially at the end of the episodar(bh

During this period a prolonged summer smog episode oc-and Jougla, 2003).
curred over Central and Western Europe. The hourly ozone
concentrations exceeded 100 ppbv over large areas. At the
beginning of the episode (21 July—23 July), an ozone-rich2 European heat wave of July 2006
air mass was transported with the prevailing easterly wind
from the main emission regions of ozone precursors alongn the summer of 2006 an exceptionally hot weather period
the western and northern coasts of France and Spain, towardiggan in mid June. Western European countries experienced
the North Atlantic. In the next few days, the ozone concen-two heat waves, one from the end of June to the beginning
tration increased further, and the polluted air mass was transef July, followed by a longer and more severe one from mid-
ported towards the North Sea (24-26 July) and to ScandiJuly to the beginning of August. The highest temperatures
navia (27 July—30 July) (Memmesheimer et al., 1999; Lang-during the period were recorded on 19 July in many loca-
mann, 2000). The analysis of increased mortality during thetions. It has been confirmed by the weather services that in
period from 27 June to 7 August 1994 in Belgium confirmed most European countries, July 2006 was the warmest month
that the number of premature deaths was associated with ursince official measurement started. During this period, heat
usually high outdoor temperatures and elevated ozone levelkglated deaths were reported in France, Italy, Spain, Ger-

(Sartor et al., 1995). many, the Netherlands and the United Kingdom. In addi-
tion to the impact on human health, abnormally high tem-
1.2 Heat wave August 2003 peratures and very low rainfall destroyed many crops and

caused droughts in most of Europe. Cuts in power supply oc-
In the summer of 2003, the highest temperatures werecurred due to increased electricity usage by air conditioners
recorded in Western Europe during the first half of Augustand problems with power plants’ cooling systems caused by
(WHO, 2004). This event was associated with a very robustrising river temperatures. In addition, ozone pollution was
and persistent high pressure system over Europe that blockesiso very high, especially during days with extremely high
the flow of a rain-bearing low-pressure system at 700 mb anchir temperature and low wind speed.
500 mb (Lyamani et al., 2006). Some weather services sug- South-Western Europe quite frequently experiences the in-
gested that this phenomenon might be a manifestation of aflow of sub-tropical air masses which can be advected to-
exceptional northward extension of the Hadley cell (Benistonwards Western Europe. The air temperature increase is en-
and Diaz, 2004). Such synoptic conditions remained almoshanced if such situations are accompanied by a high pressure
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ridge or high pressure belt extending over Europe (as ocwere observed in most measurement sites in Poland. Large
curred during 1994 and 2003 heat waves). Further advectioscale subsidence resulted in decreased relative humidity and
of hot air masses towards Central Europe can be blocked by Bmited cloud formation. The clear sky conditions strength-
stable high pressure system and limited to situations in whickened the heat wave effect. On 5 July, due to the slow eastward
the evolution of a pressure field allows for westerly or south-movement of a high pressure system, the winds over Central
westerly circulation. Europe changed direction from north-easterly to southerly.
During the 1994 heat wave, the hottest period over CentraMery high temperatures, exceeding 8) were recorded over
Europe was associated with the advection of hot air masseBoland during the day, and temperatures remained relatively
from over south-western Europe. In summer 2003, high preshigh overnight.
sure over Central Europe as well as south-eastern anticy- Starting on 6 July a high pressure ridge was established
clonic circulation resulted in relatively weak advection, and over Eastern Europe, and together with the low pressure
high temperature affected mainly Western Europe. system over North Africa allowed for the transport of sub-
The origin of the heat wave that influenced Central andtropical, continental air masses towards Central and North-
North-Eastern Europe in July 2006 was different from casesEastern Europe. The advection of hot air from over Alge-
described in previous sections. The specific location of presfia sustained the high temperatures over Poland, Lithuania,
sure patterns allowed for an enhanced meridional circulation]-atvia and Sweden. Due to almost clear sky conditions, heat
resulting in high temperatures over this region. The synopticradiating from the land surface enhanced the temperature in-
situation is presented in Sect. 2.1. crease. Meanwhile, over Western Europe, a cold front as-
At the beginning of July, Western Europe was influencedsociated with a low pressure trough started to influence the
by the cold front with extreme events that ended the first heatveather conditions. The inflow of humid and relatively cool
wave period over this area. At the same time, Central Eu-Atlantic air masses over the hot land surface generated atmo-
rope experienced very high temperatures, accompanied bgpheric instability. The thermal contrast between western and
high ozone concentrations. The location of pressure sysCentral-Eastern Europe resulted in several extreme events.
tems over the continent and the circulation patterns forced th&evere gales and thunderstorms affected France, Switzerland
transport of hot and dry air mass from over Algeria towardsand Germany. However, in Central Europe, due to very slow
Central and North-Eastern Europe (Poland, Lithuania, Swemovement of the trough, blocked by the high pressure ridge
den). Prolonged hot weather may have particularly advers@s well as low specific humidity, the passage of the front did
impacts in this region because temperatures exceediig 30 not result in a decrease in temperature. Cooler air flowing
have been a rare phenomenon. In contrast to Southern Eurdcom the north was heated due to adiabatic descent and the
pean countries, there are no air conditioning systems in mangensible heat transfer near the hot surface. This situation re-
offices, public transportation, private houses and cars. Workmained almost unchanged during the following days.
ing hours are also not adjusted to limit activity, and hence After 12 July the cold front dissipated and hot African air
reduce exposure during noon hours. In this paper we willagain started to influence Western Europe. Very high temper-
investigate the origin of the Central-Eastern European heaatures were recorded in France, Spain, Portugal and Northern
wave during the first two weeks of July and the impact of theltaly. Eastern and South-Eastern Europe were under the in-
exceptionally high temperature on the photochemical pollu-fluence of hot continental air from over Western Asia.

tion over this area. The analysis will focus on the period from
3 July to 14 July. 2.2 Ozone pollution — 3—14 July 2006

2.1 Synoptic situation — 3—14 July 2006 The description of the pollution episode is based on the
available observations and EAA (European Environmen-
Analysis of the synoptic situation is based on the surfacetal Agency) reports (http://www.eea.europa.eu/maps/ozone/
weather maps and daily weather reports. In the beginningnap). On 3 July and 4 high ozone concentrations occurred
of the analysed period, the heat wave affected mainly Westmainly in urban and suburban areas in Western Europe. Dur-
ern Europe. Cyclonic circulation over this region forced the ing the next few days the passage of the cold front and the
transport of air masses from over North Africa. On 3 July inflow of clean Atlantic air mass resulted in the decrease of
the highest temperatures were recorded in France, but hot agzone concentration over France (after 5 July) and over the
was also advected towards the British Isles; the temperatur&K (after 6 July). The near-surface eastward advection of the
in London exceeded 3€. Over Central and Eastern Europe ozone-rich air, combined with the local production, resulted
the circulation was governed by a robust and extended higlin the extended episode over Belgium, the Netherlands and
pressure system centred over Ukraine. Warm air flowing onGermany. High ozone concentrations transported northward
the western edge of the high pressure cell turned to the soutbver the North Sea and the Baltic Sea caused the elevated
over Scandinavia, towards the Baltic Sea and Central Euroezone concentration levels in Denmark, and the coastal sites
pean countries. On 4 July these air masses reached Centrial Sweden and Baltic countries. The low pressure trough
Europe, causing the significant temperature increases thatushed polluted air masses toward Central Europe. At the
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=S — cesses over a broad range of scales, from the global scale
Wl down to the meso-gamma scale.

Air quality modules are implemented on-line in the host
meteorological model. In this version of GEM-AQ, there
are 36 advected and 14 non-advected gas phase species in
the model. Transport of the chemically active tracers by the
resolved circulation is calculated using the semi-Lagrangian
advection scheme native to GEM. The vertical transfer of
trace species due to subgrid-scale turbulence is parameter-
ized using eddy diffusion calculated by GEM. The gas-phase
chemistry mechanism used in this version of GEM-AQ com-
prises 50 species, 120 chemical reactions and 16 photoly-
sis reactions representing air quality and free tropospheric
chemistry. Time evolution of all specie is solved using a
mass-conserving implicit time stepping discretization, with
the solution obtained using Newton’s method.

For the simulations carried out in the current study the
model was configured with 28 hybrid vertical levels with
model top at 10 hPa. Physical parameterizations employed

e in the model follow those presented by Mailhot et al. (2006).

The horizontal model grid was configured as a global vari-

Fig. 1. Global variable resolution model domain (every 10th grid able resolution with a total of 565 by 480 grid points. The
line is plotted). model grid, position of the computational equator, and the
core section of the grid is shown in Fig. 1. The core section of
the grid has 400 by 350 grid points and a uniform resolution
same time, the flow of hot African air across Europe, andof 0.1375 degrees<(15 km). The model time step was set to
clear sky conditions associated with the high pressure ridge&t50 s for dynamics, physics and air quality processes. Me-
enhanced the local ozone production. The combination oteorological initial conditions were taken form the Canadian
these processes led to the occurrence of the elevated ozomdeteorological Centre global assimilation system (Gauthier
concentration over large areas — extending from Southern tet al., 2007; Laroche et al., 2007). The GEM-AQ model was
North-Eastern Europe during the following days. After 12 run in 24 h forecast segments starting from 6-h trial fields
July high ozone concentrations were observed again in westgenerated in a separate GEM execution. This setup resulted
ern and south-western parts of Europe. in meteorological fields being forced to observations once a
The daily maximum 8-h average ozone concentrationsday. Chemical initial conditions were generated by GEM-AQ
exceeded the threshold value over most of Europe. Théun in a global uniform configuration (@ x 1.5°) (Kaminski
area exposed to the 8-h ozone running average higher thagt al., 2007).
120 pg nT3, covering initially Western Europe (France and  The standard emission dataset used for global simulations
Germany) extended eastward and northward (towards Baltiavas compiled using EDGAR2.0 (Olivier et al., 1996). For
countries, southern Finland and Russia). The highest expathe current case study the EMEP emission data over Eu-
sures occurred over Central Europe. rope valid for the year 2003 have been used. The NMVOC
flux was disaggregated to create the information on hydro-
carbon groups specific for the GEM-AQ chemical mecha-
3 Modelling approach nism. Emission fields were regridded from polar stereo-
graphic EMEP grid to uniform resolution of the core part of
An on-line tropospheric chemistry model, GEM-AQ the model grid. The mass flux conservation was ensured af-
(Kaminski et al., 2007), was used to simulate the meteorologter regridding. Although this method conserves the total flux,
ical conditions and photochemical processes. The integratei leads to a reduced amplitude and horizontal spread of the
model provides a consistent framework between the meteoemissions field that could result in changes of ozone produc-
rological and air quality aspects of the atmospheric systemtion (Liu et al., 1987). In addition, emissions were distributed
thus simplifying the use of the model as well as improving within the four lowest model layers, according to vertical
the accuracy of the predictions. The host meteorologicalprofiles used in CityDelta Project (http://agm.jrc.it/citydelta).
model used in this study is the Global Environmental Multi- EMEP emissions were merged with industrial EDGAR2.0
scale (GEM) model developed by the Meteorological Serviceemissions, and the EMEP temporal variability profile was ap-
of Canada for operational weather predictiordet al.,  plied based on the local time in each grid cell. Biogenic cli-
1998). GEM can be configured to simulate atmospheric pro-matological emissions for July were derived from the GEIA

Atmos. Chem. Phys., 8, 721-736, 2008 www.atmos-chem-phys.net/8/721/2008/
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Station names

g | _ Belsk Table 1. Error statistics for surface ozone.
2 — Bois—Herpin
3 — Czerniowa
gl - Fstesoints Station Correlation MBE MAGE RMSE
g - ﬁem"ﬂ, . Name Coefficient
. 5 Komrouta e Bois Herpin 0.73 426 2435 29.22
1 Lo et Est Saints 0.69 9.01 2617 3141
© 12 7 Mscigniew Purnay le templ 0.75 16.47 2423 2874
IR Ramboulliet 0.73 -2.08 20.87 2856
< 16 — Ramboulliet Harwell 0.63 -0.73 23.48 31.70
18 houatoves Lullington Heat 050 —10.79 2588 37.01
o. b S Bytniekie Rochester 0.70 0.62 19.79 27.42
21 - Saymbork St Osyth 070 -459 2031 27.83
N 23 - Wicken—Fen Wicken Fen 0.61 —-4.45 23.07 31.75
R S J s G O 2 T Do Preila 059 -1.14 1893 26.68
- Rugsteliskes 0.68 742 1911  26.05
Belsk 071 475 1864 2441
: L . . Jeleniow 0.76 —456  19.46 24.24
Fig. 2. Monitoring stations used for analysis. Kampinos 073 932 5234 2845
Kedzierzyn Kozle 075 2773 32.02 4258
Krzyzowka 0.77 2.39 18.28 25.58
inventory (monthly means). To obtain more realistic bio- Legionowo 0.77 433 2284 2852
genic fluxes the diurnal variation profile was applied with ,\sﬂr?]%%r;leg nickie %i(i _i'gg ig'ig ;Zg
the temperature-based empirical adjustment. We note that Szymb;/rky 078 1421 1854  24.02
there are large uncertainties associated with biogenic emis- 1,chola 0.80 -828 2157 2751
sion rates (Simpson et al., 1995, 1999). Also, observations widuchowa 0.71 —13.07 2163 27.28
made by Lee et al. (2006), in the UK, suggest that during the Zloty Potok 078 -1.71 17.37 23.32
2003 heat wave biogenic isoprene emissions were increased
significantly as compared to non-heat wave periods and the
total VOC reactivity was doubled, resulting in higher ozone
production. In our case such an evaluation of biogenic VOC4.1  Surface ozone
emission fluxes was not possible due to the unavailability of
hydrocarbon measurements in Central Europe. The error values and the correlation coefficient between mod-
elled and measured ozone concentrations are given in Ta-
ble 1.
. For most of the stations, the correlation coefficient is in a
4 Model results and analysis range 0.7-0.8, which indicates good agreement of measured

and modelled values with respect to diurnal ozone variation

GEM-AQ model results were compared with measurementsand changes in the trend. Less satisfactory correlation for
of meteorological and air quality parameters. The spatial dissjtes in England is a consequence of the lack of spin up pe-
tribution of measurement sites is shown in Fig. 2. Consider-iod. The simulation started on 3 July, and the model was not
ing the model resolution~15km), only rural-background able to reproduce the episode in Western Europe for that day.
stations have been selected for the comparisons. Four staBE values showed that the model did not have a system-
tions from the AirParif network (France) and five stations atic bias. For most of the stations the error values are below
located in England represent the variability of atmospheric+5 g n3. The very high MBE value for Kedzierzyn-Kozle
pollution in Western Europe, where the passage of the coldstation (27.73 ug m) is a result of insufficient emission in-
front ended the heat wave and the ozone episode. Measurgentory resolution; the impact of the emission from a nearby
ments from 14 monitoring stations in Poland and 2 StatiOHSpower plant was not captured by the model.
in Lithuania allow for comprehensive analysis of air quality = MAGE for all stations is about 244 g nr3. The analysis
over Central Europe, where high ozone concentration peryf time series revealed that the largest discrepancies between
sisted during the whole simulation period. modelled and measure values occurred during the night. The

Statistical analysis of the model performance has been unnight time ozone overestimation is a well known problem in
dertaken for ozone, Nand temperature. The correlation air quality modelling. The thickness of the bottom GEM-AQ
coefficient and three types of accuracy measures — MBEnodel layer is~35 m. During the daytime, due to developed
(mean bias error), MAGE (mean absolute gross error) andnixing processes, the concentrations calculated for this layer
RMSE (root mean square error) were calculated for each staare representative of the air quality measurements taken near
tion. the surface. However, during the night, due to the complex

www.atmos-chem-phys.net/8/721/2008/ Atmos. Chem. Phys., 8, 721-736, 2008
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Fig. 3. Observed and modelled ozone time series at Rochesterfig. 4. Observed and modelled ozone time series at Ramboulliet;
3-14 July, hourly values. 3-14 July, hourly values.

structure of the non-stationary stable surface layer, the mod-

elled concentrations might be overestimated. The most prob- 1N€ comparison presented above confirms good agree-
able reasons are: too intensive vertical mixing resulting inMent of modelled ozone concentrations with observations.

Due to the lack of spin up period, there are differences in
ozone concentrations at the model start time. In Western Eu-

The time series of the ozone concentrations have beefPP€ initial conditions that were too low resulted in the under-
analysed for all monitoring sites and compared with the €stimation of modelled ozone concentrations during the first

model results. No constant pattern of bias has emerged. ThEVO days, as confirmed by the levels observed in France and

observed temporal variability of 0zone concentrations in theEngland. However, the decrease connected with the frontal
UK, France and Central Europe differs mainly due to dif- Passage and further increase in France associated with the

ferent dynamical forcings described in Sect. 2.1. The fourSecond heat wave were reproduced correctly. In Central Eu-

stations with representative observed variability patterns andOP€: for most stations the model reproduced correctly the
variation of ozone concentrations. However, for some sta-

low MBE were selected to illustrate these differences. In the" : X
UK, high ozone concentrations were measured on 3 and jions the model underestimated daylight ozone concentra-

July and decreased significantly due to the inflow of cleantions on 12 and 13 July. The plausible reason for these dis-
Atlantic air masses over the following days. Low ozone con- créPancies is probably connected with over-predicted mod-

centrations were recorded till the end of the analysed perio!l€d cloudiness, which will be discussed in Sect. 4.2.
The ability of the model to reproduce maximum ozone

(Fig. 3). : ’ : ;
At the AirParif stations very high ozone values persisted concentration was also investigated. Figure 7 shows the scat-
ter plot of the observed and modelled daily maximum values

till 4 July. After 5 July, due to frontal activity, a decrease in ,
ozone concentrations was noted. However, after 12 July th&r €ach day and each station. In general the model repro-
duced daily maximum with good accuracy, especially in the

ozone concentrations again reached high levels (Fig. 4). ;
tange of 100-150 ugn# for Central European stations. A

The pattern observed in Central European stations is no ) i
as consistent as described for Western Europe. Due to thiMall tendency to underestimate higher values at some sta-

very slow movement of the frontal zone, the western part oftions has already been mentioned. Stations in Western Eu-

Poland was influence by the trough, while the north-easterr{°P€ show larger vari.ance, because in thi; area ozone concen-
part was influenced by the high ridge. In most stations intrations are strongly influenced by dynamical factors. Larger

Poland, a rapid increase in 0zone concentrations was notediScrepancies might aiso be explained by inadequate initial
till 8 July. During the following days, on some stations conditions for Western Europe. However, in most cases the

the ozone levels did not change until 12 July and decreaself!ative difference between modelled and measured maxi-
slightly at the end of the analysed period (Fig. 5). Other sta-MUM concentrations does not exceed 20%.

tions showed a slight decrease around the 9 and 10 of July

and then further increased (Fig. 6). On 14 July ozone values

decreased at all stations.

the mass exchange with the layer above, underestimated d
position flux and/or overestimated temperature.

Atmos. Chem. Phys., 8, 721-736, 2008 www.atmos-chem-phys.net/8/721/2008/
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20 concentrations (red — Central Europe; blue — Western Europe).
o A A 5§ Q; Table 2. Error statistics for air temperature.
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Fig. 6. Observed and modelled ozone time series at Zloty Potok;

3-14 July, hourly values. high correlation coefficient¢0.94) indicates that the model

performed well with respect to the diurnal cycle. Due to rel-
atively small discrepancies the bias error and gross error are
low. Positive values of MBE are mainly due to night time
overestimation; MAGE (on average2°C) are only slightly

For better understanding of the observed and modelled varibigher than MBE (Table 2).

ability of ozone concentrations, additional analysis was un- The analysis of time series and trend variability confirms
dertaken for the near-surface air temperature and blid-  the agreement between observed and modelled shelter-level
centrations. These two parameters control to a large extertemperature (Fig. 8). The night time minimum tempera-
ozone production efficiency. The temperature angR@a-  ture is overestimated at most stations, especially for clear-
surements were taken in the same locations as for ozonesky nights. The sharp temperature gradients in the surface
Temperature records were available from 7 stations (onlylayer, caused by cooling effects, are not reproduced by the
from Poland) and N@ measurements from 17 sites. The model due to insufficient vertical grid resolution. Maximum
accuracy measures computed for the temperature show vetgmperature is predicted correctly with respect to the time
good agreement between modelled and measured values. éf occurrence. During the second week of the episode (9-12

4.2 Temperature and NO

www.atmos-chem-phys.net/8/721/2008/ Atmos. Chem. Phys., 8, 721-736, 2008



728 J. Struzewska and J. W. Kaminski: European heat wave 2006

34 35

32 B

30 '\ A 5| D@

28 i o E
g IS 1 5 S e
< 2 ; ‘ | O o8 g
g [ | =
R - 1 - R
g RRE
g 2 ‘ d E :

o f M ‘ g ok <o
£ 5 MO | = - Bzg
A ! I3 \ 5B
S | \ ,
18 e S €
| $ ° g

16 | by Q@

14 ‘v 8

” S

03/Jul 04/Jul 05/Jul 06/Jul 07/Jul 08/Jul 09/Jul 10/Jul 11/Jul 12/Jul 13/Jul 14/Jul 15/Jul

Time (Days)
observed —¢— modelled
15
15 20 25 30 35

Fig. 8. Observed and modelled temperature time series at Mscig-
niew; 2—14 July, hourly values.

observed maximum T (°C)

Fig. 9. Scatter plot of observed and modelled daily maximum tem-
July) the model under-predicted the maximum temperature aperature.
some stations (e.g. underestimation of near-surface tempera-
ture for 12 July is shown in Fig. 14a for temperature vertical
profile for Legionowo). NO, concentrations are shown in Figs. 10 and 11. The
Since a similar under-prediction was observed for ozonebest agreement seems to be obtained for stations influenced
concentrations, the plausible reason might be the overestimainly by anthropogenic emissions (Olkusz). At the moni-
mation of the modelled cloud cover associated with the coldtoring sites where biogenic emissions are a dominant source,
front that dissipated over Poland at that time. This resultecthe agreement is the worst (Mscigniew). This is because
in reduction of the solar irradiance and led to underestimathe model uses predefined temporal variation profiles, and
tion temperature and, in consequence, biogenic emissionfor biogenic emissions this profile is probably not represen-
and ozone production efficiency. tative for the extreme heat wave conditions. Moreover, the
The time series of temperature variation show a similarmodelled NQ concentration levels at these stations seem to
pattern for all analysed stations. The temperature increasefie underestimated by comparison with measured values. At
significantly from 3 July to 7 July. During the next few SOme stations modelled values were below the detection level
days high temperatures persisted, but from 10 July to 120f the measuring instrument.
July they decreased slightly due to the frontal activity. Due
to the very slow movement of the frontal zone the dynam-4.3 Vertical structure
ical forcing were not the same over the western and north-
eastern parts of Poland and hence near-surface temperatukéany air quality models are designed for studying and fore-
decrease was detected on different days at different measureasting near-surface air pollution. GEM-AQ model is a
ment sites. After the frontal passage the temperature initropospheric chemistry model, hence, apart from the com-
tially rose, but the change of wind direction and the inflow parison against surface measurements, the analysis of the
of colder air from northerly directions resulted in a tempera- model’s performance in reproduction of the observed verti-
ture decrease. Figure 9 shows a scatter plot of observed arzhl structure of the atmosphere was undertaken. Figure 12
predicted shelter-level maximum temperature for all simu-presents ozone vertical soundings from the Centre of Aerol-
lated days in all stations. The largest discrepancies are foundgy in Legionowo, for 5 July and 12 July. On 5 July the
for the lowest temperatures, probably impacted by the frontaimodel overestimates ozone partial pressure bel®@0 hPa
activity. For the maximum temperatures belev80°C the  of about 1 mPa. This corresponds~td.0 ppb near the sur-
model tends to overestimate, while for days with observedface, which agrees with analysis of surface measurements for
temperatures exceeding30°C modelled maximum temper- the Legionowo station for that day. In the free troposphere,
atures are slightly under-predicted. However, the differenceshe model tends to underestimate the ozone partial pressure
between modelled and observed daily maximum temperaby ~1 mPa (corresponding te16 ppb at 600 hPa). Major
tures are relatively small, and do not exceed 10%. discrepancies are found at 200 hPa. The observations show a

Atmos. Chem. Phys., 8, 721-736, 2008 www.atmos-chem-phys.net/8/721/2008/
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significant increase of ozone at that height, while the modelln most cases the agreement of vertical profiles is good, es-
did not capture this rapid increase. pecially for the daytime temperature. However, on 12 July

On 12 July the model underestimated the ozone par_the modelled temperature in the boundary layer was under-

tial pressure within the boundary layer (below 700 hPa) bye_sFimated, and the temperature profile indicates a stable con-
~1mPa. In the free troposphere the agreement is very goodition below 950hPa. This effect was probably caused by
but above 200hPa the model slightly underestimates thoverestimated modelled cloud cover on that day. Tempera-

measurements. The average gradient of the ozone profile {&Ires that were too low, weak vertical mixing and overesti-
well represented in the troposphere. mated wind speed resulted in ozone underestimation within

To understand the differences of ozone structure withinth?nbozr;i?g l?r?:rfnodel’s erformance in reoroducing the
the boundary layer, the temperature, specific humidity and . 9 ' P -producing
wind vertical sounding from Ledionowo were analvsed for vertical structure of the lower troposphere is satisfactory.
the whole period of sigmulation gFi ures 13 and 1)1/ resentDiscrepancies between modelled and observed ozone partial
measuremgnts below 600 hPa. g P pressure are caused by insufficient vertical resolution, which
i N ) . . had an impact on the modelled ABL structure. However, the
For the first week of the simulation, when anticyclonic

o * pattern of variability and temporal evolution of ozone and
f:ondlt_lons governed V\_/eather_patterns, the obseryed capPiNGeteorological parameters was captured well.
inversion layer, associated with large-scale subsidence, was

not reproduced by the model due to insufficient vertical res-4.4 Exposure indices for temperature and ozone

olution. The modelled vertical structure of the lower tropo-

sphere shows a thicker, weak stable layer above the mixing’he comparison with meteorological observations and air
layer. Defining the mixing layer top at the level where the quality measurements confirmed good performance of the
stable layer begins and the specific humidity significantly de-GEM-AQ model for the analysed period. Further investiga-
creases, the modelled height is usually underestimated dution of the exposure to high air temperatures and elevated
ing the daytime (12:00 UTC), as compared to observationsconcentrations of ozone is based on model results. The max-
During the night time the agreement seems to be better deimum 8-h running average of ozone concentration was calcu-
spite the difficulties in reproducing the stable layer near thelated for each day of the simulation. According to the WHO
surface. On 5 July the largest discrepancies are found beguidelines for Europe applied to European Ozone Directive
tween 850 hPa (modelled ABL top) ard/50 hPa (observed 2002/3/EC (2002), the highest 8-h concentration of ozone
capping inversion). The modelled ABL being too shallow is should not exceed 120 pgmfor more than 25 days per year

a plausible reason for the ozone overestimation within ABL (target value for the year 2010). For the air temperature the
for that day. The effect of accumulation was enhanced by8-h average was calculated for the fixed time interval from
the underestimated wind speed. During the second week of0:00 a.m. to 05:00 p.m. to represent mean daylight value.
the analysed period Central Europe was influenced by frontal On 3 and 4 July the average daylight temperature ex-
activity, which resulted in lack of a strong capping inversion. ceeded 27C over Western Europe, with highest values over

www.atmos-chem-phys.net/8/721/2008/ Atmos. Chem. Phys., 8, 721-736, 2008
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Fig. 12. Observed and modelled ozone vertical soundings from Legion@y;July, 12:00 UTC(b) 12 July, 12:00 UTC.
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Fig. 13. Observed and modelled vertical profiles for Legionowo on 5 July, 12:00 &@@emperature(b) specific humidity(c) wind speed.

France. The 8-h modelled ozone concentrations higher thamark, southern Norway and Sweden) and to the east (Poland,
120 pg nT3 occurred in Germany, the Netherlands, Belgium Lithuania, Czech Republic, Austria). From 7 July to 10

and UK. After 5 July hot air masses reached Central Europeluly the highest daylight air temperatures were recorded over
and Scandinavia. The area exposed to 8-h ozone concerGentral-Eastern Europe (Fig. 15). Elevated concentrations
trations higher than 120 ugm extended to the north (Den- of ozone were sustained over Central Europe and occurred

Atmos. Chem. Phys., 8, 721-736, 2008

www.atmos-chem-phys.net/8/721/2008/



J. Struzewska and J. W. Kaminski: European heat wave 2006 731

600

T T T 600 L S — | 600 T T T
modelled —— modelled —— modelled ——
observed observed —— / observed

650 | 650 S 650

700 700 700

750 \ 750 \ 750
800 \ 800 \ 800 /
850 850

950 \> 950 \\ \/\ 950
1000 1000 AN 1000
0

5 10 15 20 25 30 35 01 2 3 4 5 6 7 8 9 10 o 5 10 15 20 25 30

Pressure (hPa)
Pressure (hPa)
Pressure (hPa)

Temperature (°C) Specific Humidity (g/kg) Wind Speed (knots)

(@) (b) (©

Fig. 14. Observed and modelled vertical profiles for Legionowo on 12 July, 12:00 Yd)Qemperature(b) specific humidity,(c) wind
speed.

120

@)  (b)

Fig. 15. Heat wave indicatorga) 8-h averaged temperature for 8 July) maximum 8-h average ozone concentrations for 8 July.

in Scandinavia and the Baltic countries. The average dayfrom the north reduced ozone concentrations in Central Eu-
light temperatures higher than qD and 8-h ozone aver- rope, reducing @ below the 8-h average threshold on 14
ages exceeding 140 pgm occurred in Poland, Lithuania, July.

Latvia and Finland. On 11 July, despite the northern inflow,

high temperatures were recorded over most of Europe. In _TO assess the heat wave equsurs the number of hours
Central-Eastern Europe very high ozone concentrations pelxv'f[h the air temperature exceeding °80 was calculated_
sisted and 8-h ozone average exceeded 1407%g but the (Fig. 16a). ~ Apart from South-Western I_Europ_e (Spain,
clean air mass advected from the northerly direction term;-SOuthern France, po.rther_n Ita!y) two regions in Central
nated the episode over Scandinavia. After 12 July the hea urope can be distinguished: = The Hungarian Plateau
wave returned to Western Europe; high temperatures wer 0-70h) and the Eas'gern and. Central European plateau
also recorded in Eastern Europe. Significant increases o 0-50 h)' . The maximum air temperatures are pre-
0zone concentrations were recorded over Spain, France an%ented in Fig. 16b. The modelled values exceedet32

o ) over most of Europe, even over the north-eastern part
Italy. At the same time inflow of a clear and cooler air mass ) S '
4 near the Gulf of Finland (60N), which indicates the

www.atmos-chem-phys.net/8/721/2008/ Atmos. Chem. Phys., 8, 721-736, 2008
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Fig. 16. Heat wave exposuréa) number of hours with temperature exceedin§@®ver the simulation periogb) maximum modelled air
temperature over the simulation period.

— number of hours with ozone concentrations exceeding
the information threshold (180 pgT?)

— number of days with maximum 8-h ozone average ex-

70 ceeding 120 pg rm?

50 — SOMO35 (Sum Of Means Over 35 ppbv)

40 — AOT40 (Accumulated dose Over a Threshold of
40 ppbv)

SOMO35 and AOT40 are time integrals of surface ozone
20 concentrations greater than 35 ppbv (for 8-h maximum ozone
average) and 40 ppbv (for hourly ozone mean concentra-
tions), respectively. SOMO35 is a measure of human ex-
posure and refers to the health-relevant WHO threshold of
120 pg mr3, while AOT40 is a critical level for forests and
i agriculture (WHO, 2000).

The number of hours with ozone concentrations exceeding
the information threshold of 180 pgrhwas calculated only
over the land (Fig. 17). The location of occurrences of very
high ozone concentrations seems to be related to the distri-
bution of urban and industrial areas rather than to the heat
wave extent. In Western and South-Western Europe the in-
formation threshold was exceeded only for a few hours (in

Fig. 17. Number of hours with ozone concentrations exceeding the
information threshold (180 pgﬁ?).

advective nature of the heat wave phenomenon in this re

gion. It should be noted that during the analysed pe- - .
riod in South-Eastern Europe (Southern Italy, Adriatic Seatn® Peginning and the end of the analysed period) around ag-

basin, Greece, and Bulgaria) the temperatures were re|,leomerf31tions. The _highest number_of hours with ozone con-
tively lower than in other parts of the continent, and ac- centrations exceeding 180 ughere in the Po Valley around

cording to MODIS images (http://earthobservatory.nasa.gov}vman’ where elevgted 0zone concentrations and very high
NaturalHazards/shownh.php3?iritF13765) lower than temperatures persisted during the whole analysed period. In
the 5-year (2000-2005) average for July. Central Europe (over Poland and Czech Republic) the num-

ber of information threshold exceedances ranged from 5 to
tg0h. The extent of very high ozone concentrations seem
to be more widespread, but similar to other regions related
to industrial areas. In Eastern Europe ozone exceedances
are noted only in the vicinity of Moscow agglomeration. At

The following indices defined in EU Ozone Directives
2002/3/EC were calculated to assess the exposure to pho
chemical pollution during the first two weeks of July 2006:

Atmos. Chem. Phys., 8, 721-736, 2008 www.atmos-chem-phys.net/8/721/2008/
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250

Fig. 18. Number of days with maximum 8-h ozone average exceed-FiQ; 19. SOMO35 index [ppb days] calculated for the simulation
ing 120 pg 3. period.

higher latitudes, despite the high temperatures, the informasure proportional to the mortality (United Nations Economic
tion threshold was exceeded only three times around Helsinkand Social Council, 2004). In terms of impact, it is assumed
and St. Petersburg. This indicated the importance of anthrothat a decrease in the SOMO35 value of 600 ppb days will
pogenic NQ emissions. reduce the number of premature deaths by approximately
According to the EU directive relating to ozone 13 people per million inhabitants (EEA, 2006). SOMO35

(2002/3/EC) the human health exposure is defined by the/alues calculated for the 12-day period are very high —in the
number of days with maximum daily 8-h mean ozone con-range of 300-500 ppb days, and expand widely over Central
centrations exceeding 120pgfh  The target value for and Southern Europe (Fig. 19). The highest values are over
the year 2010 is 25 days per calendar year (averaged ovetorthern Italy and Central Europe. The zone of higher expo-
three years). Figure 18 shows the distribution of the num-sure extended from Genova Bay towards the Baltic countries,
ber of days characterised by 8-h ozone average higher thal®llowing the advection pattern of hot air masses from over
the health protection threshold. During the analysed two-Algeria, described in Sect. 2.1. However, at the higher lati-
week period the number of such days ranged from 6 to 1Audes the exposure is significantly lower and reached 250 ppb
over Central Europe (Poland, Czech Republic, Hungary) andlays only over urban sites (Helsinki and St. Petersburg).
Southern Europe (Spain, Italy). At higher latitudes (Swe-In eastern Europe elevated values of SOMO35 are present
den, Latvia, Estonia, Finland) the 8-h ozone averages wer@round Moscow conurbation.

above the limit value from 3 to 5 days. The area exposed For the assessment of vegetation exposure, the AOT40 in-
to a higher number of days with exceedances correspondgicator was calculated. According to EU regulations (Direc-
well to the occurrence of high temperatures in Central Eu-tive 2002/3/EC, 2002), for sensitive crops the critical level is
rope and the Baltic countries. In Eastern Europe, in spite ofset at 3000 ppb hours during the daytime over a three-month
high temperature and anticyclonic conditions favouring pho-growing season (May-July). For forests, the critical level is
tochemical production, the modelled maximum and 8-h averset to 10 000 ppb hours, calculated over a six-month growing
age ozone concentrations over Ukraine, Belarus and Southperiod. The AOT40 distribution calculated for the analysed
Western Russia were below the critical thresholds. Thesgeriod (Fig. 20) shows that in the first two weeks of July
results cannot be confirmed due to the lack of available airozone levels a|ready exceeded the 3-month critical exposure
quality measurements, but it is plausible. The industrial ac-for crops. Over Central and Southern Europe AOT40 ranged
tivity and the precursors’ emissions over this area are lowefrom 3000 to 5000 ppb hours. Taking into account that cen-
than in Western and Central Europe. In addition, the diver-tra| Europe is an agricu|ture region, such h|gh exposure to
gence associated with the high pressure system prevented tgone concentrations accompanied by high temperatures and
inflow of polluted air masses from Central Europe. droughts resulted in significantly reduced harvest. The spa-

Another health-related index — SOMO35 — has been pro-ial distribution of exposure zones is similar to the SOMO35
posed by WHO/UNECE Task Force on Health for an expo-index.
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A general outcome from this study is that the impact of
heat wave conditions on the photochemical pollution is con-
trolled by many independent factors. The three major factors

6000 are: the circulation patterns, the geographical location (e.g.
lower solar radiation flux in higher latitudes) and the inten-
sity of anthropogenic N@Qemissions. Circulation patterns
seem to play the major role in the frequency of occurrence of
heat waves over Central-Eastern Europe. Also, atmospheric
circulation governs the advection and/or blocking of polluted
air masses in this region. Despite the wide heat wave ex-
pansion towards north-eastern Europe, the calculated ozone
exposure indices were relatively small in this area.

Assuming more frequent occurrence of the heat wave phe-
nomena observed in July 2006, one can anticipate the in-
crease of human and vegetation exposure indices (SOMO35
and AOT40) in central and North-Eastern Europe. Maximum
concentrations would exceed information thresholds only in
urban and industrial locations. However, the level of the ex-
Fig. 20. AOT40 index [ppb days] calculated for the simulation pe- Posure will strongly depend on applied emission reduction
riod. strategy in the future and on the possible changes in circula-
tion patterns due to global and regional climate changes.
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