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ABSTRACT



Relationships between urban nitrogen dioxide (NO2) and atmospheric circulation at two spatial scales were
studied for Southern Sweden. Lamb Weather Types (LWT) describe the circulation (scale: thousands of
kilometers) includingnon–directional(cyclonic andanticyclonic)and directional types dependingonthewind
direction.LWTswithlowwindspeeds(anticyclonic,NWandN)wereassociatedwithstronglyelevated[NO2],
between 46–52% of the daily averages of NO2 exceeded the 60μgm–3 air quality standard (AQS) when
occurring during these LWTs. The lowest fractions of exceedances of NO2 AQS were generally observed for
LWTsE,S,SWandW.Alargerscalecirculation(severalthousandsofkilometers)wasrepresentedbytheNorth
Atlantic Oscillation (NAO) affecting meteorology over middle and high latitudes in the Northern Hemisphere.
While a negative NAO index (NAOI) favors stagnant high pressure weather over Northern Europe, a positive
NAOI is often associated with windy conditions. High [NO2] was found to be frequent under negative NAOI.
Additionally,largerfractionsofexceedancesofNO2AQSwereobservedforthemajorityofLWTsoccurringat
negativeNAOI.It’sconcludedthatbothLWTsandNAOIhadpartlyindependenteffectsontheurbanairquality
in a North European city. These circulation indices can be useful tools for air pollution risk assessment and
forecasting.
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1.Introduction

Many epidemiological studies show that nitrogen dioxide
(NO2) is an important air pollutant associated with human health
effects such as cardiovascular and respiratory diseases (Samoli et
al.2006),eitherasadirectcauseorasaproxyforotherpollutants,
e.g. ultrafine particles believed to cause severe health damage
(SeatonandDennekamp,2003).Inordertoprotecthumanhealth,
airqualitystandards(AQS)forhighpriorityairpollutants,suchas
NO2, have been implemented by the European Union and many
nations worldwide, obliging these nations to assure adequate air
qualitytotheircitizens.

In urban environments the dominant source for NO2 is local
trafficthroughthehightemperaturecombustioninvehicleengines
(Finlayson–PittsandPitts,2000).Sincetheexhaustscontainamix
of nitrogen oxides, traffic related emissions are normally given as
NOX=NO+NO2, where the primary NO2 proportion in Europe is
currently rising due to the increased number of diesel fuelled
vehicles and as an effect of certain particle filters (Pleijel et al.,
2009;Beeversetal.,2012).

Meteorological conditions such as wind speed, temperature
and humidity play important roles in affecting concentrations of
NO2 via removal, transformation, and transport processes (Arya,
1999).Winddrivestheatmospherictransportandstronglyaffects
vertical air mixing and thus the ventilation of the urban air. The

understanding of how wind speed affects ground–level air
pollution concentrations is relatively well established. Low wind
speeds deteriorate air quality with respect to pollutants emitted
near the ground due to restricted air ventilation (Jones et al.,
2010). Stagnant atmospheric conditions with calm, clear weather
oftenleadtostableatmosphericstratificationwhichcantransform
intostrongnocturnaltemperatureinversionsduetorapidsurface
cooling. The resulting restriction in vertical air mixing near the
surface consequently leads to poor air quality (Delaney and
Dowding,1998;Janhalletal.,2006;Olofsonetal.,2009).Manyof
thesefactorsvaryonarangeofspatialandtemporalscales,which
makes quantification of the meteorological influence on air
pollution difficult. Fortunately, methods such as weather typing
developed in synoptic climatology (e.g. Chen, 2000) provide an
effective means to summarize typical sets of meteorological
conditions and can thus be expected to be a useful tool for air
pollutionstudies.Synopticsituationsatregionalscales(a1000km),
such as the Lamb Weather Types (LWT), expresses the regional
atmospheric vorticity (rotational movement of the air mass) and
geostrophicwindflowconditionsoverageographicsite.Basedon
a set of objective rules (Jenkinson and Collison, 1977), LWTs
provide an effective way to classify the prevailing local weather
from the regional directional flow of air masses. They have been
shown to be skilful in characterizing local meteorological condiͲ
tions relevant to air quality. Tang et al. (2009) showed that the
occurrence of episodes of ozone in Southern Sweden is strongly
correlatedtotheanticyclonicLWT.Similarly,Buchholzetal.(2010)
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used an air pollution index together with “Grosswetterlagen”
(GWL), weather types for Central Europe, to identify situations
withhighairpollutionlevels.LWTandGWLschemesbothstarted
as subjective schemes for weather typing (Lamb, 1950; James,
2007), but have been developed into objective schemes that can
be automated. More recently, Pope et al. (2014) and Russo et al.
(2014) used weather classification schemes to identify situations
with large/small potential for high air pollution concentrations,
includingNO2.

Onalargerscale,thereisanimportantatmosphericmodeof
variabilityknownastheNorthAtlanticOscillation(NAO),whichis
active at middle and high latitudes in the Northern Hemisphere
(Hurrell et al., 2003; Hurrell and Deser, 2010). The NAO index
(NAOI) is widely used to characterize large scale atmospheric
circulation(e.g.ChenandHellstrom,1999).NAOisconstitutedby
two atmospheric action centers located over the North Atlantic,
with more or less permanent geographical positions, called the
IcelandicLowandtheAzoresHigh.Theflowanddistributionofair
masses over Europe is strongly influenced by the atmospheric
pressure dynamics between these nodes, especially during the
boreal winter. Whenthe atmospheric pressure differenceis small
between the nodes, NAO is in its negative mode (NAOI<0),
resulting in cold and stable air masses over Northern Europe,
normallyoriginatingfromArcticorSiberianregions.Thisfrequently
resultsinstableatmosphericconditionsnearthegroundandasa
result deteriorating air quality which has been shown for
Gothenburg(Grundstrometal.,2011).Lowpressuresystemswith
highwindspeedsproducedovertheNorthAtlanticarecommonin
northern Europe when NAOI is positive, e.g. when large atmoͲ
sphericpressuredifferencesbetweenthetwonodesprevail.These
conditions typically provide better air quality due to improved
ventilation. Any weather typing or atmospheric circulation index
describes synoptic situations with an implicit spatial scale. While
LWTs describe the weather on a local–regional scale, NAO
determinesweatherpatternsonalargerscale.

TheaimofthisinvestigationwastostudyhowLWTsandNAOI
canbeusedtoassessurbanairqualitywithrespecttoNO2.Forthis
purpose,theexceedancesofAQSfortheNO2concentration,[NO2],
in Gothenburg were used. One hypothesis was that LWTs
associatedwithcalmweatherconditions(lowwindspeeds)would
cause more frequent exceedances of AQS than other LWTs.
Further, the negative phase of the NAO was hypothesized to
enhance the number of exceedances of AQS for a certain LWT.
Finally,itwastestedtowhatextentLWTsandNAOI,representing
differentscales,haveindependenteffectsonlocalairquality.


2.MaterialsandMethod

2.1.Measurementsitesandinstrumentation

Monitoringofairqualityandmeteorologywasperformedona
rooftop 30m above ground level in the commercial district of
Gothenburgcitycenter (“Femman”;57°42.5384´N, 11°58.2252´E).
The site is located adjacent to the central terminal for bus and
trains and approximately 300m away from a busy traffic route
(E45). Hourly measurements of NO and NO2 (Tecan CLD 700 AL
chemiluminescence), atmospheric pressure (Vaisala PA11A), air
temperature (Campbell Rotronic MP101 thermometer/hygromͲ
eter),windspeedanddirection(Gillultrasonicanemometer)were
carried out. Additional hourly measurements of NO and NO2
(Differential Optical Absorption Spectroscopy) were performed
parallel to a road at ground level in the eastern central part of
Gothenburg. That site is located at a busy traffic route (E6/E20)
surroundedby low residential buildings, a5 to15m tall(“Garda”;
57°42.0548´N,11°59.7019´E).Dataforthewintermonths(January,
February, December) of the period 2001–2010 were used for NO
and NO2 (data coverage was 87% at the kerbside station) for all
figures and tables except Table2 where both winter and yearly

dataarepresented.Sixty sixpercentof thedatalosswas the full
monthsofJanuaryandFebruaryof2002andFebruaryof2005,the
restwasrandomlydistributed.Theobservationsfromtherooftop
analysis during times with data loss at the kerbside have been
omittedtoallowforpropercomparisonbetweenthetwostations.
Meteorological data series were essentially complete apart from
relativehumidity(47%).Duetothedataloss,thisvariablewasnot
includedintheanalysis.

2.2.LWTweathertypes

Daily mean sea level pressures (MSLP) for a 16 point–grid
centered over the Gothenburg city center (57°7´N, 11°97´E) were
obtainedfromtheNCEP/NCARReanalysisdatabase2.5×2.5degree
pressurefields(Kalnayetal.,1996).Circulationindices,u(westerly
orzonalwind),v(southerlyormeridionalwind),V(combinedwind
strength),ʇu(meridionalgradientofu),ʇv(zonalgradientofv)and
ʇ(totalshearvorticity)describingthegeostrophicwindsandLamb
weather types (Jenkinson and Collison, 1977) were calculated
following Chen (2000). This classification scheme has 26 weather
types: anticyclone (A), cyclone (C), eight directional types (NE, E,
SE,etc.),16hybridtypes(ANE,AE,ASE,CNE,CE,CSE,etc.).Inthis
study, the 27 weather types were consolidated into 10 LWTs
according to the directions of the geostrophic wind, directional:
NE,E,SE,S,SW,W,NW,andN,rotational:AandC.Threeofthesix
circulation indices used for determining LWTs were used to
investigate the relationship between LWTs and the NAO index,
NAOI:u,vandV,allwithunitdecapascalsperlatitudeat57°7´N.

2.3.NAOI

The NAOI data used in this study was obtained from the
ClimateResearchUnit,UniversityofEastAnglia;(http://www.cru.
uea.ac.uk/cru/data/nao/). The NAOI was calculated on a monthly
basis from the difference in the normalized sea level pressure
(normalization period 1951–1980) between Gibraltar and
Southwest Iceland (Jones et al., 1997). Monthly NAOI varied
between–4.85and5.26.

2.4.Calculationsandevaluationsofairqualitystandards

Themajorityoftheanalysiswasrestrictedtothethreewinter
months January, February and December with one exception,
whichincludedallmonths(seetheendofthenextparagraph).The
monthly averages of the LWT indices were correlated to the
monthly NAOI in the period 1948–2010. The remaining analyses
were made for 2001–2010. Linear regression using the Pearson
product moment correlation coefficient was used to assess
statisticalsignificanceofthecorrelationofu,vandVwithNAOI.

Around the world [NO2] is usually used as a quantity in AQS
butwithdifferentlimitsappliedinrespectivenationallegislations.
InthispaperweusethecurrentlegislationinSwedenconsistingof
limitsbasedon hourly,daily or annualaverages.Hourly and daily
[NO2] were used to calculate the fraction of exceedances of AQS
occurringduringnegativeorpositiveNAOIforeachLWT.TheAQS
were the daily average on 60μgm–3 and the hourly average on
90μgm–3.TheseAQSssignify98–percentiles,allowingamaximum
of2%oftheobservationstoexceedthelimitvaluesonanannual
basis. Analysis was also conducted for the full calendar years to
evaluate exceedances of AQS on an annual basis. In this analysis
theAQSforNO2regulatedbyEUlegislationwereincluded.These
standards are the yearly average on 40μgm–3 (no exceedance
permitted) and the hourly standard 200μgm–3, allowed to be
exceedednomorethan0.2%ofthetime.

The chi–square test was used to determine statistical signifiͲ
canceofdifferencesbetweenfrequenciesofmeteorological(wind
speed and temperature) and NO2 variables occurring during
negativeandpositiveNAOIfordifferentLWTs.
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3.Results

3.1.RelationshipbetweenLWT–indicesandNAOI

Both the west–easterly wind component index (u) and the
windstrengthindex(V)onwhichtheLWTsarebasedhadasimilar
significant positive correlations with the NAOI (p<0.0001)
(Figure1). The south–north wind component (v) correlated very
weakly(p=0.041)withtheNAOI(notshown),suggestingthatNAOI
isanindicatorforthewesterlywindflowoverthearea.However,
morethan50%ofthevariationinbothuandVwerenotexplained
byvariationinNAOI.
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a50%), differing significantly from negative NAOI (fraction a26%).
LWTsAandCwerebothverycommon.WhilethefractionofLWT
A did not differ significantly between negative andpositiveNAOI,
LWTCwassignificantlymorecommonduringnegative NAOI.The
fractionoftheLWTs,independentlyfromNAOIconditions,canbe
foundinTable1.


(a)

Figure2.ThefrequencyinLWTsforGothenburg,Swedenduring
negativeandpositiveNAOIforJanuary,FebruaryandDecember2001–
2010.Thechi–squaretestshowsstatisticalsignificance(***p<0.001)of
thedifferenceinfrequencyofLWTsbetweennegativeandpositive
NAOI.

(b)

Figure1.Scatterplotswithlinearrelationshipsbetweentwomonthly
LWTindicesof(a)west–easterlywindcomponent(u)and(b)wind
strength(V)andmonthlynormalizedNAOIforJanuary,Februaryand
December1948–2010.


3.2. Occurrence and meteorology of LWTs conditional on the
NAOI

Figure2presentstheabundanceofdifferentLWTsinpositive
andnegativeNAOI.LWTswithaneasterlywindcomponent(NE,E,
andSE)wererelativelyuncommon,butsignificantlymorefrequent
innegativeNAOIconditionscomparedtopositiveNAOI.LWTswith
a westerly wind component (SW, W, NW) were overall very
common and much more frequent during positive NAOI (fraction


As expected, the highest surface atmospheric pressure was
obtainedinLWTAandthelowestinC(Table1).Furthermore,low
pressure characteristic LWTs were also found to be S, SW and W
and high pressure characteristic LWTs were NE, E, SE, NW and N.
When NAOI was negative the LWTs generally showed higher
atmospheric pressure and lower when NAOI was positive. From
Table1 it can also be inferred that average wind speeds were
lowest in LWTs A, N, and NW. Average temperature varied
considerablybetweenLWTs,NEandEbeingthecoldestandS,SW
andWthewarmestLWTs.Onaveragethetemperaturewas1.1°C
lower and wind speed 0.7ms–1 lower in negative compared to
positiveNAOI(Table1).

3.3. The independent effects of NAOI and LWTs on exceedances
ofAQS

Table2 shows the AQS valid in Sweden and the exceedances
overtheyearbutalsoduringthewintermonths(J–F–D)andwith
theinfluencefromNAOI.Fromalegalperspectiveonlytheannual
evaluation is relevant, but the winter months typically represent
the most polluted period with respect to NO2. This can be
explainedbythestrongerdevelopmentofandlongerperiodswith
low wind speeds and stable temperature stratification during the
longwinternights. InTable3, the contributionsofdifferent LWTs
totheexceedancesofthefourAQSareshownforthekerbsideand
the rooftop monitoring station. The probability of violating the
AQSswas largestinLWTsA,NWandN,for therooftopalsoLWT
NE. For the kerbside the 40, 60 and 90μgm–3 AQS were all
exceeded, while at the rooftop only the 60μgm–3 AQS was
violated. The threshold 200μgm–3 was rarely exceeded in both
positive and negative NAOI (Table 2), but a clear majority of all
situations with [NO2]>200μgm–3 were obtained in LWT NW
(Table3).TheassociatedAQSwasneverviolated.FromTable2itis
clear that during wintertime all [NO2] levels associated with the
AQSswerehigherinnegativeNAOIcomparedtopositiveone.
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Table1.Numberofdailyobservations(n)andmeanvaluesofmeteorologicalvariables(surfaceatmosphericpressure–P,temperature–T
andwindspeed–u)attheGothenburgrooftopsite,duringdifferentLWTsandduringLWTsoccurringduringnegative(NAOI<0)and
positive(NAOIш0)NAOIforJanuary,FebruaryandDecember2001–2010
LWT
n(days)

A

NE

E

SE

S

SW

W

NW

N

C

163

38

28

47

77

121

136

108

48

136

Average

MeanP(hPa)

1027

1017

1017

1014

1005

1004

1005

1012

1016

993

1011

MeanT(°C)

–1.6

–3.8

–4.5

–1.4

0.3

2.9

4.1

2.4

–1.2

0.3

–0.2

Meanu(ms–1)

2.7

4.1

5.1

3.9

3.9

5.1

5.4

3.4

2.7

3.9

4.0

LWT(NAOI<0)
n(days)

70

23

22

32

38

34

37

38

28

70

MeanP(hPa)

1028

1018

1017

1015

1010

1010

1009

1014

1016

995

1013

MeanT(°C)

–2.9

–4.9

–4.1

–0.6

0.0

0.8

2.2

0.9

–1.1

–0.8

–1.0

Meanu(ms–1)

2.7

4.0

5.2

3.5

3.5

3.9

4.3

2.8

2.6

3.7

3.6

LWT(NAOI>0)
n(days)

93

15

6

15

39

87

99

70

20

66

MeanP(hPa)

1026

1016

1016

1013

1000

1001

1003

1011

1015

991

1009

MeanT(°C)

–0.7

–2.0

–6.1

–3.1

0.6

3.8

4.9

3.2

–1.4

1.5

0.1

Meanu(ms–1)

2.7

4.2

4.9

4.9

4.4

5.6

5.9

3.7

2.8

4.1

4.3


Table2.SwedishairqualitystandardsforNO2andtheaveragesinnumberofexceedancesperyearatthekerbsideandrooftop
sitesinGothenburgfortheyears2001–2010.Thenumberofexceedancesarepresentedonthebasisofyear,winter(J=January,
F=FebruaryandD=December)andnegativeorpositiveNAOI.Thedatawithinthesquarebracketsshowstherangeofthe
averagesindicatingthehighestandthelowestobservedvaluesforaspecificyear
Kerbside
NO2Threshold

Resolution

LimitnottobeExceeded

Year

JFD

NAOI<0(JFD)

NAOIш0(JFD)

40μgm–3

Year

Average

47[37,59]

49[36,66]

54[36,66]

45[9,55]

60μgm–3

Days(24h)

7daysyr–1

80[23,152]

29[5,59]

16[0,59]

13[0,23]

90μgm–3

Hours

175hyr–1

687[152,1668]

197[32,498]

127[32,498]

92[0,173]

200μgm–3

Hours

18hyr–1

12[0,80]

3[0,9]

1[0,8]

1[0,9]
28[22,37]

Rooftop
40μgm–3

Year

Average

25[23,28]

30[24,38]

33[27,38]

60μgm–3

Days(24h)

7daysyr–1

8[0,15]

4[0,9]

2[0,9]

2[0,8]

90μgm–3

Hours

175hyr–1

92[20,107]

39[8,74]

23[5,54]

20[0,48]

200μgm–3

Hours

18hyr–1

3[0,7]

2[0,7]

1[0,5]

1[0,6]


Table3.NumberofobservationsofLWTswithanhourlyanddailytimeresolution,andfractionofexceedancesofSwedishair
qualitystandardsduringdifferentLWTsforJanuary,FebruaryandDecember2001–2010attheKerbsideandRooftopstation
CirculationPattern

Resolution

A

NE

E

SE

S

SW

W

NW

N

C

Hours
Days

3909
163

912
38

672
28

1129
47

1849
77

2905
121

3264
136

2591
108

1152
48

3264
136

40μgm–3
60μgm–3
90μgm–3
200μgm–3

Hours
Days(24h)
Hours
Hours

0.643
0.497
0.134
0.0015

0.532
0.368
0.105
0.0022

0.283
0.221
0.030
0.0000

0.358
0.190
0.033
0.0000

0.335
0.184
0.037
0.0000

0.609
0.463
0.199
0.0069

0.664
0.521
0.204
0.0000

0.472
0.243
0.073
0.0000

40μgm–3
60μgm–3
90μgm–3
200μgm–3

Hours
Days(24h)
Hours
Hours

0.310
0.092
0.013
0.0000

0.319
0.053
0.027
0.0000

0.058
0.013
0.000
0.0000

0.060
0.008
0.002
0.0000

0.124
0.037
0.008
0.0000

0.350
0.093
0.070
0.0073

0.451
0.042
0.043
0.0000

0.218
0.022
0.014
0.0003

LWT
LWT

Kerbside
0.421
0.423
0.250
0.276
0.027
0.065
0.0000 0.0000
Rooftop
0.243
0.167
0.036
0.021
0.001
0.003
0.0000 0.0000


3.4. Relationship between [NO2] and wind speed in different
LWTs

In Figure3a–3d the fraction of the exceedance of the daily
AQS 60μgm–3 and the hourly AQS 90μgm–3 is related to the
fraction of hourly wind speeds lower than a threshold in the
different LWTs for the kerbside and rooftop monitoring stations.
The wind speed thresholds are those providing the strongest
correlation, found to be 2.5ms–1 for the daily AQS of 60μgm–3

and 1.5ms–1 for the hourly AQS 90μgm–3. The NO2 levels were
much higher, and the negative correlations with wind speed
stronger, at the kerbside (Figure 3). However, statistically signifiͲ
cantrelationshipswereestablishedinallcases,alwayswithLWTs
A, NW and N, having the highest fraction of exceedances of NO2
AQS and the highest fraction of low wind speeds. The only
exceptionwastheAQS90μgm–3attherooftopstation,wherethe
exceedance was larger for NE than for A. For the hourly AQS
90μgm–3 as much as 93% of the variation was explained by the
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fraction of wind speeds <1.5ms–1 in the different LWTs at the
kerbside. Thus, the different LWTs represent strongly contrasting
conditionswithrespecttolowwindspeedsthatpromotehighlocal
airpollution,explainingaconsiderablepartoftheexceedancesof
AQS relevant NO2 thresholds in different LWTs. Analysis was also
conductedforthesurfacetemperaturebutnosignificantrelationͲ
shipwasfoundwiththefractionofexceedancesofNO2AQS.

3.5.ThecombinedeffectofLWTandNAOIon[NO2]

In Figure 4a and 4b the difference in number of days with
[NO2]>60μgm–3 and hours with [NO2]>90μgm–3 between
negative and positive NAOI is presented for the kerbside
monitoringstation.WiththeexceptionofLWTAforthedailyNO2
threshold of 60μgm–3, exceedances of the AQS were larger in
negative compared to positive NAOI and for LWTs A, NW and N
compared to other LWTs. In many cases the difference between
negative and positive NAOI was very large and statistically
significant (LWTs S, SW, W, NW and C). For the hourly NO2
threshold of 90μgm–3 all LWTs showed higher fraction during
negativeNAOIandwerehighestforLWTsA,NWandN.Statistical
significance of the NAOI impact was found for all LWTs apart NE
andE.ThegeneralpatternofLWTdependencein[NO2]exceeding
theAQSwassimilarinpositiveandnegativeNAOI,butwashigher
in negative compared to positive NAOI. On average AQS
exceedance was 1.7 times higher in negative NAOI for all LWTs
combined. For LWT W the exceedance of hourly AQS 90μgm–3
was more than 5 times larger in negative NAOI. Thus, both the
large–scale NAO conditions and the more local LWT conditions
contribute, partly independently, to the variation in the risk of
exceedingAQS.ThiscanalsobeseeninTable2whereatbothsites
and for all but one AQS (the hourly threshold of 200μgm–3) the
NO2 levels were higher in negative NAOI compared to positive
NAOI.Thecorrespondinganalysiswasconducted fortherooftop
data but due to the small number of exceedances of NO2 AQS
withineachLWTforthisstation,randomeffectsbecomeimportant
and no significant differences were found between negative and
positiveNAOIforanyLWT.


4.Discussion

Our study revealed a strong influence from the NAO on the
occurrenceandfractionof differentLWTs,which isnot surprising
since both are in different ways related to surface atmospheric
pressure. Both NAO and LWTs influenced the NO2 levels in
Gothenburg profoundly and partly independently. These weather
patternindicesevidentlyillustrategreatpotentialtoserveastools
for air quality assessment and forecasting, potentially relevant to
urbanregionslocatedintheNorthernHemisphere(NAO)butalso
to other regions located outside of the tropical zone around the
globe (LWT). Air masses with low wind speeds represented by
LWTsA,NandNWandthenegativemodeofNAOwereassociated
with the highest NO2 levels. Low wind speeds are known to
promote poor air quality as shown by Jones et al. (2010) and
Janhalletal.(2006).[NO2] washigherinallLWTswhenoccurring
duringnegativeNAOI(withoneexceptionfordaily[NO2]>60μgm–3
for LWT A) compared to positive NAOI, and the fraction of
exceedances doubled and sometimes tripled in for some LWTs in
negativeNAOI.Similarresultsonairquality,butwithouttheNAO
influence,werealsofoundinotherpartsofEuropeusingdifferent
weatherclassificationschemesinGermany,Spain,UKandPortugal
(Buchholz et al., 2010; Monsalve et al., 2013; Pope et al., 2014;
Russoetal.,2014),theanticyclonicweathertypeofwhichhaving
relativelyhighlevelsofdifferentairpollutants,includingNO2,inall
thefourstudies,atleastduringthewinter.Poorairqualitydueto
restricted vertical air mixing (stable atmospheric stratification)
could be potentially the result of lower temperatures which was
associated with negative NAOI. However, no relationship was
observedbetweentemperatureandthefractionofexceedancesof
NO2 AQS. LWTs with a low average temperature did not show
larger[NO2]thanwarmerLWTs.

Due to the higher pollution levels and density of emission
sourcesincontinentalandSouthernEurope(Cyrysetal.,2012),air
massestransportedwithsoutherlywindsareexpectedtobemore
polluted. This was not apparent for [NO2] in this study. The
southerly LWTs (SE, S and SW) showed relatively low fraction in
exceedanceofAQScomparedtootherLWTsduringbothnegative
and positive NAOI, the higher wind speed at these LWTs also
contributestolowerconcentrations.Northerlywindsareassumed
tocarryrelativelycleanairmasses.LWTsNandNWwerehowever
associated with the largest number of exceedances of NO2 AQS.
For prevailing conditions in Gothenburg it seems to be a firm
conclusion that the influence from LWTs on air quality depends
predominantlyonthedegreetowhichtheyprovidemeteorological
conditionswhichfavorhighlocalairpollutionlevels,i.e.lowwinds
speeds (Figure 2), and not on variation among LWTs in the long–
range transport direction of pollutants like NO2. Even if a LWT
indicates a wind direction, the air mass does not necessarily
originatefromthisdirectionoutsidethedomaininwhichtheLWT
wascalculated.Infact,thetrajectoryofanairmassmayundergo
manychangesindirectionbeforecrossingoveraspecificlocation.
Tangetal.(2009)haveforexampleshownthatairmassesmoving
in with southerly winds over Southern Sweden may sometimes
originate from northern parts of the Baltic area. Transport of air
pollutants may occur from other regions, but this contribution is
minorforhighNO2levelsinGothenburg,whicharemainlyaresult
oflocalemissionsourcesincombinationwiththelimitedairmixing
characteristic of certain LWTs. Another aspect supporting this is
the striking difference in air quality between the kerbside and
rooftop, showing larger contrasts in [NO2] between LWTs at the
kerbside.Thisemphasizesthelargevariationinpollutantexposure
intheurban landscapebutalsothat NO2pollutionisalocalscale
issue due to its sensitivity to dilution effects which evidently
increaseswithdistancefromemissionsources.

Indices of the west–easterly (u) and the wind strength (V)
component of the synoptic LWT system were related to NAOI.
However,lessthan50%ofthevariationinNAOIwasexplainedby
variationinVorushowingthattheNAO–andthetwoLWTindices
are not completely interdependent. The south–northerly wind
component (v) did not show a significant correlation with NAOI.
WhenpositiveNAOIprevails,weathersystemscontainingmildand
moist maritime air masses are normally transported by strong
westerly winds over Northern Europe (Hurrell et al., 2003) and
should therefore result in an increased number of LWTs with a
westerlywindcomponent.Inlinewiththis,theindicesforVandu
componentswerelargeandW,SWandNWwereamongthemost
common LWTs in positive NAOI situations. Also in Belgium, LWTs
with a westerly component were more common during positive
NAOI (Demuzere and van Lipzig, 2010). Chen (2000), without
directly considering NAO, found similar results of the LWT
distribution during the winter months for Southern Sweden. The
average atmospheric pressure was low while temperatures and
windspeedswerehighduringpositiveNAOconditions(andmainly
theoppositefornegativeNAOI),furtherillustratingitsinfluenceon
local meteorology. Also in South–west England local wind speeds
werefoundtohaveapositiverelationshipwiththeNAOI(Phillips
etal.,2013).

Some of the variation in LWT indices not explained by NAOI,
can potentially be attributed to other weather patterns over
Northern Europe. During negative NAOI the Arctic and Siberian
highpressureaffectairmassconditionstoalargerextent(Hurrell
etal.,2003),thusalso the LWTindicesandthe resultingweather
types. In Spain the number of storms had a stronger relationship
with the Arctic Oscillation (AO) than with the NAO (Rangel–
BuitragoandAnfuso,2013).Additionalanalysisofthelinkbetween
LWTindicesandArcticand/orSiberianairmassesatnegativeNAOI
situationswouldbenecessarytoverifytheirpossibleinfluencebut
isoutsidethescopeofthisstudy.
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FractionNO2>60PgmͲ3

FractionNO2>60PgmͲ3



y=0.67x+0.14
R2=0.85
p=0.0001

FractionWindSpeed<2.5msͲ1

FractionWindSpeed<2.5msͲ1
(d)

y=0.68x+0.032
R2=0.93
p<0.0001

FractionWindSpeed<1.5msͲ1

FractionNO2>90PgmͲ3

FractionNO2>90PgmͲ3

(c)

y=0.12x+0.01
R2=0.49
p=0.025

y=0.20x+0.0006
R2=0.74
p=0.0015

FractionWindSpeed<1.5msͲ1

Figure3.Scatterplotswithlinearrelationshipsbetweenthefractionofwindspeedlowerthan2.5ms–1anddaily[NO2]largerthan60μgm–3atthe
kerbside(a),rooftop(b)siteandlinearrelationshipsbetweenthefractionofwindspeedlowerthan1.5ms–1andhourly[NO2]largerthan
90μgm–3atthekerbside(c)androoftop(d) site.AllfractionsarecalculatedforthespecificLWTs.


The most important conclusions from the present investigaͲ
tion were that LWTs, especially those associated with low wind
speedconditions(A,NWandN),hadastrongnegativeimpacton
airquality.WhenLWTswerecombinedwiththeNAOItheimpact
ofweatheronairqualitywasevenmoreobvious.LWTsA,NWand
NcanthereforebeclassifiedashighriskLWTs,associatedwithan
even higher risk when occurring during negative NAOIconditions.
In health studies where different weather classifications (referred
to as air mass type) were used to predict asthma and hospital
admissions (Jamason et al., 1997; Morabito et al., 2006), the
authors argue that the air mass type is a better predictor of the
weatherimpactthanasinglemeteorologicalvariable.Ratherthan
only considering temperature or relative humidity, the air mass



type groups together similar days describing the simultaneous
effect of several meteorological variables. Model predictions of
synoptic weather/climate patterns such as LWTs and NAO can
thereforebemoreinformativeaboutthefullrangeofmeteoroloͲ
gicalvariablesthatpotentiallymayinfluencethelevelsofdifferent
air pollutants (surface wind speed and direction, temperature,
temperature stratification, relative humidity) represented by
weatherpatternsandtheirimpactonairpollutionthanprojections
ofindividualmeteorologicalvariablesseparately.Evidencedbythis
study was also that the fraction of very low wind speeds, rather
than average wind speed, is of utmost importance for the link
betweenhighairpollutionlevelsandweathertypes.
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(a)

(b)

Figure4.FractionofdayswhenNO2exceeded60μgm–3(a)andhoursexceeded90μgm–3(b)atthekerbsidesite,fordifferentLWTsoccurring
innegativeorpositiveNAOI.Thechi–squaretestshowsstatisticalsignificance(*p<0.05;**p<0.01;***p<0.001)ofthedifferenceinfrequency
ofexceedancesofthresholds60μg m–3 (a) and90μg m–3 (b) forLWTsbetweennegativeandpositiveNAOI.


Authoritiesresponsibleforairqualitymanagementsometimes
experience problems in judging if high pollution levels are the
result of altered emissions or weather conditions promoting
restricted ventilation. LWT and NAO pattern could be used to
develop an objective empirical based tool to define the influence
from weather variability on air quality and separate it from the
effectsofalteredemissions.Sincetherelationshipsofairpollution
levels, here represented by [NO2], with both LWTs and NAOI are
very strong, these circulation indices, especially when used in
combination, could become very useful in risk assessment and
forecasting of high air pollution levels. The NAO phenomenon,
predominantlyactiveovertheNorthAtlantic(Hurrelletal.,2003),
permitsapplicabilityofourmethodinurbanregionsinthewestern
parts of Europe and eastern parts of North America. The
methodology regarding the use of the LWT classification for air
quality risk assessment can essentially be applied to other urban
regions on earth, with exception of the equatorial regions. This
couldprovideaveryusefultoolforurbanairqualitymanagement
ine.g.emissionreducingmitigationplanssuchastrafficcongestion
charges. In a recent study (Coria et al., 2013), the weather effect
represented by wind speed was linked to urban air quality and
traffic congestion charges in Stockholm. It was found that
increased road charges at low wind speed situations would be
moreefficientinreducingtheprobabilityofexceedingAQSthanin
high wind speed situations. LWTs could be used with a similar
approachwhereincreasedcongestionchargeswouldbemotivated
during days with calm and stagnant weather conditions, in this
study mostly represented by LWTs A, N and NW. It should be
noted, however, that different weather types may represent high
riskforelevatedairpollutionconcentrationsinothergeographical
settings.InthestudyconductedinPortugalbyRussoetal.(2014),
thehighestlevelsofNO2wereobservedinweathertypesNE,Eand
SE.

The demonstrated strong dependence of air pollution on
weather patterns suggest that air pollution levels may change
considerably as a result of climate change (Jacob and Winner,
2009) even if emissions remain constant. Global warming with
increasing average global temperatures also has the potential to
change the dynamics of other climate variables including the
atmospheric circulation. LWTs can summarize the combination of
importantmeteorologicalvariablesandthefrequencyofLWTsmay
change as a result of climate change. Output from General
Circulation Models of the atmospheric stability index, Showalter

Index,suggestthatthewesterlyflowovertheAtlanticwillintensify
andincreaseinfrequencyforNorth–westernEurope,butalsothat
strongatmosphericstabilitysituationswillbecomemorefrequent
inthefuture(Hanafinetal.,2011).Anincreasingnumberofstrong
atmospheric stability events will likely lead to deteriorating air
quality in cities. This calls for improved mitigation strategies to
meet the potential climate change effect on air quality in the
future.


5.Conclusions

x LWTs representing calm weather conditions (high fraction of
lowwindspeeds)wereA,NandNW.
x Considering only the LWT influence on the number of
exceedances of NO2 AQS, LWTs A, N and NW showed the
highest fraction of exceedances for the 40, 60 and 90μgm–3
AQSatthekerbsideandforthe60μgm–3AQSattherooftop.
x Considering only the NAOI influence on the number of
exceedances of NO2 AQS, the negative NAOI showed the
highestfraction.
x LWTs and NAOI had partly independent effects on NO2 but
some of the variation in NO2, unexplained by LWTs, was
explainedbythevariationinNAOI.
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