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RESUMEN

Ug"rtgugpvc"wp"gzrgtkogpvq"pwofitkeq"ugpeknnq"ew{q"qdlgvkxq"gu"gxcnwct"nc"kpÞwgpekc"fg"nc"tguqnwek„p"fg"nqu"
oqfgnqu"gp"guvkocekqpgu"fg"nc"ecnkfcf"fgn"cktg"codkgpvg"{"nc"gzrqukek„p"jwocpc"cuqekcfc0"Rctc"gnnq"ug"vq-
octqp"eqoq"dcug"nqu"rtqogfkqu"cpwcngu"fg"eqpegpvtcek„p"fg"PQ2"rctc"nc"cinqogtcek„p"wtdcpc"fg"Dtwugncu"
y sus alrededores, usando campos simulados mediante el modelo determinístico de escala urbana/regional 
CWTQTC"eqp"tguqnwek„p"fg"3"mo0"Guvcu"eqpegpvtcekqpgu"fg"PQ2"ug"wvknk¦ctqp"rctc"ecnewnct"nc"gzrqukek„p"
jwocpc."swg"ug"fgÝpg"csw‡"eqoq"nc"eqpegpvtcek„p"rqpfgtcfc"rqt"nc"fgpukfcf"fg"rqdncek„p0"Ug"gpeqpvt„"swg"
nc"gzrqukek„p"fkuokpw{„"gp"5:'"ewcpfq"nc"tguqnwek„p"fgn"oqfgnq"ug"tgfwlq"fg"3"c"86"mo0"Wp"cpƒnkuku"ugpeknnq"
tgxgn„"swg"guvc"tgfweek„p"fg"nc"gzrqukek„p"rwgfg"gzrnkectug"rqt"nc"eqxctkcp¦c"gpvtg"nc"eqpegpvtcek„p"{"nqu"
rcvtqpgu"fg"fgpukfcf"fg"rqdncek„p0

ABSTRACT

C"ukorng"pwogtkecn"gzrgtkogpv"vq"gxcnwcvg"vjg"kpÞwgpeg"qh"oqfgn"tguqnwvkqp"qp"guvkocvgu"qh"codkgpv"ckt"
quality and associated human exposure is presented. This is done based on annual mean NO2 concentration 
Ýgnfu"hqt"vjg"ciinqogtcvkqp"qh"Dtwuugnu"cpf"uwttqwpfkpiu."ukowncvgf"d{"vjg"fgvgtokpkuvke"wtdcp1tgikqpcn/uecng"
CWTQTC"oqfgn"cv"c"tguqnwvkqp"qh"3"mo0"Vjgug"PQ2"eqpegpvtcvkqp"Ýgnfu"ygtg"wugf"vq"ecnewncvg"fqockp/ykfg"
gzrquwtg."yjkej"ku"fgÝpgf"jgtg"cu"vjg"rqrwncvkqp"fgpukv{/ygkijvgf"eqpegpvtcvkqp0"Kv"ycu"hqwpf"vjcv"gzrquwtg"
fgetgcugf"d{"5:'"yjgp"fgitcfkpi"vjg"tguqnwvkqp"qh"vjg"oqfgn"htqo"3"vq"86"mo0"C"uvtckijvhqtyctf"cpcn{uku"
tgxgcngf"vjcv"vjku"gzrquwtg"tgfwevkqp"eqwnf"dg"gzrnckpgf"d{"vjg"eqxctkcpeg"dgvyggp"vjg"eqpegpvtcvkqp"cpf"
population density patterns.

Keywords: Air quality, human exposure, model resolution.

1. Introduction

Jwocp"gzrquwtg"cpf"vjg"cuuqekcvgf"jgcnvj"ghhgevu"
kp"jqv" urqv" ctgcu" ctg" uvtqpin{"chhgevgf"d{"rqnnwv-

cpvu"ykvj"c"jkijn{"nqecn"ejctcevgt."uwej"cu"pkvtqigp"
dioxide (NO2+."yjkej"gzjkdkv"uvtqpi"eqpegpvtcvkqp"
gradients at relatively small scales. Numerical air 
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quality models operating at continental and global 

uecngu."yjkej"gornq{"urcvkcn"tguqnwvkqpu"qh"vjg"qtfgt"
qh" vgpu" vq"jwpftgfu"qh"mknqogvgtu."fq"pqv"ecrvwtg"
these small-scale concentration gradients (Thunis 

et al., 2007). More importantly, they do not capture 

vjg"korqtvcpv"eqttgncvkqpu"dgvyggp"rqrwncvkqp"fgp-

ukv{"cpf"rqnnwvcpv"eqpegpvtcvkqp"vjcv"ctkug"hqt"vjgug"
urgekgu0"Eqpukfgtkpi"vjg"kpetgcukpi"fgrnq{ogpv"qh"
coarse continental-scale models (see, e.g., Balk et 

al.."4233+."vjg"cko"qh"vjku"uvwf{"ku"vq"ocmg"c"ecug"
hqt" jkij/tguqnwvkqp"oqfgnkpi" d{" swcpvkvcvkxgn{"
fgoqpuvtcvkpi" vjg" korqtvcpeg" qh" mknqogvgt/uecng"
ckt" swcnkv{" Ýgnfu" kp" vjg" guvkocvkqp" qh" rqrwncvkqp"
gzrquwtg0"Engctn{."yg" fq" pqv" kpvgpf" vq" fkokpkuj"
vjg"korqtvcpeg"qh"eqctug/uecng"ckt"swcnkv{"oqfgnu."
cu" qpn{" vjg{" ctg" ecrcdng" qh" qhhgtkpi" c" igqitcrj-

kecnn{" cfgswcvg" qxgtxkgy" tgswktgf" vq." g0i0." uvwf{ 

transboundary pollutant transport, or to provide later-

cn"dqwpfct{"eqpfkvkqpu"hqt"vjg"uocnngt/uecng"oqfgnu0
Kp" vjku" rcrgt." vjg" tgngxcpeg" qh" mknqogvgt/uecng"

resolution modeling is demonstrated by evaluating 

vjg"ghhgev"qh"oqfgn"tguqnwvkqp"qp"codkgpv"ckt"swcnkv{"
and associated human exposure. While it is common 

mpqyngfig"cpf"tcvjgt"qdxkqwu"vjcv"jkij/tguqnwvkqp 

ckt"rqnnwvkqp"Ýgnfu"ctg"tgswktgf"vq"ecnewncvg"gzrquwtg"vq 

pollutants exhibiting small-scale spatial variability, 

vq"qwt"mpqyngfig"vjku"jcu"tctgn{"gxgt"dggp"kpxguvk-
icvgf"kp"c"swcpvkvcvkxg"yc{0

Vjg"ecnewncvkqp"qh"gzrquwtg"ku"fqpg"dcugf"qp"qwv-
rwv"Ýgnfu"htqo"vjg"wtdcp1tgikqpcn/uecng"fgvgtokpkuvke"
air quality model AURORA (Air Quality Modeling 

in Urban Regions Using an Optimal Resolution 

Crrtqcej+."eqxgtkpi"vjg"ciinqogtcvkqp"qh"Dtwuugnu"
(Belgium) and its surroundings at 1 km resolution 

hqt"vjg"{gct"42270"Vjg"hqewu"ku"qp"cppwcn"ogcp"PQ2 

eqpegpvtcvkqpu."ukpeg"ogcuwtgogpvu"qh"vjku"rqnnwvcpv"
are readily available; also, primary and precursor 

gokuukqpu"hqt"vjku"rqnnwvcpv"ctg"tgncvkxgn{"ygnn"mpqyp0"
NO2"cfxgtugn{"chhgevu"vjg"jwocp"tgurktcvqt{"u{uvgo"
cpf"kpetgcugu"vjg"kpekfgpeg"qh"kphgevkqwu"fkugcug."gu-
rgekcnn{"kp"uocnn"ejknftgp"cpf"rgtuqpu"uwhhgtkpi"htqo"
asthma or other chronic respiratory disease, and it is 

eqpukfgtgf"c"iqqf"qxgtcnn"octmgt"qh"vtchÝe/tgncvgf"
atmospheric pollution (Ackermann-Liebrech, 2011), 

vjwu"ocmkpi"kv"c"tgngxcpv"urgekgu" kp"vjg"eqpvgzv"qh"
wtdcp"cpf"vtchÝe/tgncvgf"jwocp"gzrquwtg0"Codkgpv"
NO2 concentration levels are regulated by the Euro-

rgcp"Ckt"Swcnkv{"Fktgevkxg"*422:1721GE+."cpf"ocp{"
wtdcpk¦gf"tgikqpu" kp"Gwtqrg"ctg"hcekpi"fkhÝewnvkgu"

oggvkpi"vjg"tgswktgogpv"qh"pqv"gzeggfkpi"vjg"cppwcn"
ogcp"xcnwg"qh"62"たi"o–3 (see, e.g., Chaloulakou et 

al.."422:+0
Thompson et al."*4236+"eqorctgf"vjg"fkhhgtgpeg"

kp" vjg"rqrwncvkqp/ygkijvgf"q¦qpg" eqpegpvtcvkqp" cv"
fkhhgtgpv"tguqnwvkqpu"*58"vq"6"mo+0"Vjku"ycu"vjgp"wugf"
cu"kprwv"hqt"c"jgcnvj"korcevu"oqfgn."cpf"kv"ycu"hqwpf"
vjcv"tguqnwvkqp"fkf"ocvvgt0"Qh"eqwtug."q¦qpg"Ýgnfu"fq"
not exhibit gradients as strong as the NO2"Ýgnfu"uvwfkgf"
kp"vjg"rtgugpv"rcrgt."jgpeg"jgtg"yg"eqpukfgt"c"3"mo"
spatial resolution. Hystad et al."*4233+"gswcnn{"hqwpf"
vjcv"ncpf"wug"tgitguukqp"oqfgnu."yjkej"ceeqwpv"hqt"c"
owej"Ýpgt"urcvkcn"fgvckn"vjcp"ukorng"fkuvcpeg"ygkijvgf"
interpolation methods, yielded improved exposure 

cuuguuogpvu0"Vjg{" uvtguugf" vjg" korqtvcpeg"qh" uwej"
jkij/tguqnwvkqp"oqfgnu"hqt"grkfgokqnqikecn"uvwfkgu0

Steinle et al."*4235+"rtqxkfg"c"tgegpv"tgxkgy"qp"
ckt"rqnnwvkqp"gzrquwtg"uekgpeg0"Qdxkqwun{."vjg"hwvwtg"
qh" tgugctej" kpvq" jwocp" gzrquwtg" vq" cvoqurjgtke"
rqnnwvcpvu" nkgu"ykvjkp" vjg" hwnn{" urceg" cpf" vkog/tg-
uqnxgf"cpcn{uku." kp"yjkej"nctig"pwodgtu"qh"rgqrng"
are being tracked, and their instantaneous exposure 

assessed and integrated over time to yield long-term 

gzrquwtg."ceeqwpvkpi"hqt"xgt{"nqecn"ghhgevu"uwej"cu"
vjqug"gzrgtkgpegf"yjgp"ftkxkpi"c"ect"kp"dwu{"vtchÝe."
and also indoor exposure. While the present study 

does not consider all that, our aim is to contribute 

vq"cp"gpjcpegf"kpukijv"kpvq"vjg"dgpgÝvu"qh"fgvckngf"
oqfgnkpi"Î"kp"vjku"ecug"hqewukpi"qp"vjg"urcvkcn"curgev0

2. Concentration and exposure calculation

Ambient NO2" eqpegpvtcvkqp"Ýgnfu"ygtg"ecnewncvgf"
d{"ogcpu"qh"vjg"fgvgtokpkuvke"wtdcp1tgikqpcn/uecng."
limited area Eulerian chemistry-transport model 

CWTQTC"kp"eqplwpevkqp"ykvj"oqpkvqtkpi"fcvc0"Cf-

vection is treated using the Walcek (2000) scheme, 

yjkej" ku"oqpqvqpke." gzjkdkvu" c" tgncvkxgn{" nkokvgf"
pwogtkecn" fkhhwukqp." cpf" eqogu" cv" c" tgcuqpcdng"
eqorwvcvkqpcn"equv0"Xgtvkecn"fkhhwukqp"ku"ecnewncvgf"
ykvj" vjg"Etcpm/Pkeqnuqp"ogvjqf" *Fg"Tkffgt" cpf"
Mensink, 2002).

Icugqwu"ejgokuvt{"ku"vtgcvgf"d{"ogcpu"qh"vjg"ect-
bon-bond IV scheme (Gery et al.."3;:;+."yjkej"ycu"
gpjcpegf"vq"kpenwfg"vjg"ghhgev"qh"dkqigpke"kuqrtgpg"
gokuukqpu0"Hqt"c"hwnn"fguetkrvkqp"qh"vjg"oqfgn"cu"ygnn"
cu"uvwfkgu"eqpfwevgf"ykvj"CWTQTC."vjg"tgcfgt"ku"
tghgttgf"vq"Ogpukpm"et al."*4223."422:+."Fg"Tkffgt"
et al."*4226."422:c."d+."Dgemz"et al. (2009), van de 

Vel et al."*422;+."cpf"Nghgdxtg"et al. (2011).
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Vjg"CWTQTC"oqfgn"ycu"twp"hqt"vjg"gpvktg"{gct"
4227." hqt" c" fqockp" egpvgtgf"qp"720:7³"P" ncvkvwfg"
cpf" 6057³"G" nqpikvwfg"ykvj" 92" itkf" egnnu" cv" 3" mo"
resolution in each horizontal direction, thus covering 

vjg"ciinqogtcvkqp"qh"Dtwuugnu"cpf"uwttqwpfkpiu"*ugg"
Hkiu0"3"cpf"4+0"Vjg"ghhgevu"qh" nctig/uecng"rqnnwvcpv"
eqpegpvtcvkqpu"ygtg"ceeqwpvgf"hqt"d{"pguvkpi"CW-

TQTC"ykvjkp"qwvrwv"Ýgnfu"qh"vjg"eqpvkpgpvcn/uecng"
Eulerian chemistry-transport model BelEUROS 

(Deutsch et al.." 422:+0" Gokuukqp" kprwv" fcvc" hqt 
vjg"Dtwuugnu"Ecrkvcn"Tgikqp"ygtg"cxckncdng"htqo"vjg"
Brussels Environment Agency (IBGE/BIM) as annu-

cn"vqvcnu"hqt"vjg"vtcpurqtv."ocpwhcevwtkpi."ugtxkegu."
cpf"jqwukpi"ugevqtu0"Cnn"fcvc"ygtg"rtqxkfgf"wpfgt"
vjg" hqto"qh"IKU"fcvcugvu." gkvjgt" cu" nkpg" ugiogpvu"
(transport) or as polygons (remaining sectors). By 

qxgtnc{kpi"vjg"gokuukqpu"ykvj"vjg"oqfgn"itkf."itkf"
egnn"gokuukqpu"ygtg"qdvckpgf"d{"ygkijkpi"vjg"nkpg"
segment and polygon values by the actual length or 

area inside the individual grid cells. Given that the 

oqfgn"fqockp"gzvgpfu"ygnn"dg{qpf"vjg"Dtwuugnu"ci-

inqogtcvkqp."vjgug"gokuukqpu"ygtg"uwrrngogpvgf"d{"
urcvkcnn{"fqypuecnkpi"vjg"Gwtqrgcp"Oqpkvqtkpi"cpf"
Gxcnwcvkqp"Rtqitco"*GOGR+"gokuukqpu"hqt"Gwtqrg."
as described in Maes et al. (2009).

Vjg"oqpkvqtkpi"fcvc"wugf"kp"vjku"uvwf{"ygtg"ogc-
uwtgf"cv"tqwvkpg"oqpkvqtkpi"uvcvkqpu"kp"vjg"fqockp"qh"
kpvgtguv."yjkej"ctg"ocpcigf"d{" vjg"Hngokuj"Gpxk-
ronment Agency (VMM), the Brussels Environment 

Cigpe{"*KDIG/DKO+."vjg"Kpuvkvwvg"hqt"Rwdnke"Ugtxkeg"
(ISSEP) and the Walloon Air and Climate Agency 

*CYCE+0"Ikxgp"vjg"3"mo"tguqnwvkqp"qh"vjg"CWTQ-

TC"ukowncvkqp"tguwnvu."yg"qpn{"gornq{gf"ogcuwtg-
ogpvu" htqo"dcemitqwpf" uvcvkqpu." kpenwfkpi" wtdcp 

France

Germany

UK

Hki0"30"Ocr"ujqykpi"c"nctig"rqtvkqp"qh"Gwtqrg."egpvgtgf"
qxgt"Dgnikwo."kp"yjkej"vjg"swcftcping"fgpqvgu"vjg"fqockp"
used in the AURORA simulations.

Hki0"40"Vjg"wrrgt"rcpgn"ujqyu"vjg"ukowncvgf"dkcu/eqttgevgf"
annual mean NO2" eqpegpvtcvkqp"Ýgnf" hqt"Dtwuugnu" cpf"
uwttqwpfkpiu0"Oclqt"tqcfu"ctg"ujqyp"cu"yjkvg"nkpgu."cpf"
vjg"dncem"nkpg"octmu"vjg"dqtfgtu"qh"vjg"Dtwuugnu"Ecrkvcn"
Tgikqp0"Vjg"dncem"uswctgu" kpfkecvg" vjg"rqukvkqpu"qh" vjg"
oqpkvqtkpi"uvcvkqpu0"Ncvkvwfg"cpf"nqpikvwfg"ctg"ujqyp"qp"
vjg"xgtvkecn"cpf"jqtk¦qpvcn"czgu."tgurgevkxgn{0"Vjg"nqygt"
rcpgn"ujqyu"rqrwncvkqp"fgpukv{"gzrtguugf"cu"pwodgt"qh"
residents per square kilometer.
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dcemitqwpf0"Oqtg"urgekÝecnn{."vjg"uvcvkqpu"eqpukf-

gtgf"jgtg"ctg"vjqug"ykvj"vjg"hqnnqykpi"pcvkqpcn"kfgp-

vkÝgt"eqfgu<"62U¥24"*Uvggpqmmgt¦ggn+."63D228"*Gw-

ropean Parliament), 41B011 (St. Agatha-Berchem), 

41MEU1 (Meudon), 41R012 (Ukkel), 42N040 (St. 

Rkgvgtu/Nggwy+." 64T232" *Uv0" Uvgxgpu/Yqnwyg+."
64T:63"*Ogejgngp+."cpf"64P257"*Cctuejqv+="vjgkt"
rqukvkqpu"ctg"ujqyp"cu"dncem"uswctgu"kp"Figure 2.

Jqwtn{" uwthceg"PQ2" eqpegpvtcvkqp" hkgnfu"ygtg"
gzvtcevgf"htqo"CWTQTCÓu"5/F"qwvrwv"fcvc"Ýngu."cpf"
htqo"vjgug"vjg"urcvkcn"fkuvtkdwvkqp"qh"cppwcn"ogcp"PQ2 

eqpegpvtcvkqpu"hqt"vjg"uvwf{"fqockp"ygtg"ecnewncvgf0"
Subsequently, the simulated annual mean NO2 concen-

vtcvkqpu"ygtg"kpvgtrqncvgf"vq"vjg"rqukvkqpu"qh"vjg"oqpk-
vqtkpi"uvcvkqpu."cpf"wugf"vqigvjgt"ykvj"vjg"qdugtxgf"xcn-
ues at the corresponding stations to estimate error sta-

vkuvkeu."{kgnfkpi"c"tqqv"ogcp"uswctg"gttqt"qh"6087"たi"o–3 

cpf"c"dkcu"qh"3068"たi"o–3. We also did a least square 

tgitguukqp"dgvyggp"vjg"ukowncvgf"cpf"qdugtxgf"xcnwgu."
vjg"xcnwgu"qh"vjg"tgitguukqp"eqghÝekgpvu"*a ?"4505"たi"o–3 

and b ?"20486+."rqkpvkpi"vqyctfu"c"vqq"ÐÞcvÑ"dgjcxkqt"
qh"vjg"CWTQTC"oqfgn"*k0g0."pqv"gzjkdkvkpi"uwhÝekgpv"
variation) compared to observed values. Yet, given the 

jkij" urcvkcn" eqttgncvkqp"eqghÝekgpv"qh"20;4"dgvyggp"
simulated and observed concentration values, a bias 

eqttgevkqp"uejgog"ycu"crrnkgf"vq"vjg"ukowncvgf"xcnwgu."
wukpi"vjg"cdqxgogpvkqpgf"tgitguukqp"eqghÝekgpvu"vq"
fq"uq0"Vjku"tgncvkqp"ycu"vjgp"crrnkgf"vq"vjg"ukowncvgf"
values throughout the domain.

The resulting annual mean NO2 concentration 

pattern, simulated by AURORA and corrected 

hqt"dkcu"cu"gzrnckpgf"cdqxg."ku"ujqyp"kp"Hkiwtg"40"
Engctn{." vjg"ekv{"qh"Dtwuugnu"kp"vjg"fqockp"egpvgt"
exhibits substantially higher concentrations and 

spatial gradients than the surrounding areas. A 

etquu/xcnkfcvkqp"*Ðngcxg/qpg/qwvÑ+"qh"vjg"dkcu/eqt-
rected simulated NO2" eqpegpvtcvkqp" hkgnf" ycu"
eqpfwevgf." gzenwfkpi" gcej" uvcvkqp" kp" vwtp" htqo"
the bias correction procedure mentioned above, 

cpf" wukpi" vjg"ogcuwtgf" eqpegpvtcvkqp" htqo" vjcv"
ucog"uvcvkqp"hqt"cp"kpfgrgpfgpv"xcnkfcvkqp"*Hki0"5+0 
The resulting error statistics have a root mean square 

gttqt"qh"40;:"たi"o–3."c"dkcu"qh"2048"たi"o–3, and a (spa-

vkcn+"eqttgncvkqp"eqghÝekgpv"qh"20:;0"Htqo"Hkiwtg"5 

it is also clear that the corrected NO2"Ýgnfu"wugf"
kp"vjku"uvwf{"ucorng"vjg"xctkcdknkv{"qh"vjg"qdugtxgf"
Ýgnf"hcktn{"ygnn."uq"vjcv"yg"hggn"eqohqtvcdng"kp"cr-

plying the correction equation to all the grid cells 

qh"vjg"fqockp0

Fqockp/ykfg" rqrwncvkqp" gzrquwtg" vq" cppwcn"
mean NO2"eqpegpvtcvkqpu"ycu"ecnewncvgf"cu"vjg"rqr-

wncvkqp/fgpukv{"ygkijvgf"eqpegpvtcvkqp"hqnnqykpi"Fg"
Ridder et al."*422:d+."k0g0.

E pc p=  (1)

the brackets denoting a spatial mean operator, and 

ykvj"pi and ci the population density and concen-

tration at grid cell i." tgurgevkxgn{0"Yg"ocfg"wug"qh"
itkffgf"rqrwncvkqp"fgpukv{"hqt"vjg"Gwtqrgcp"Wpkqp"
established by Gallego (2010), aggregating the 

qtkikpcn"322"o"tcuvgt"xcnwgu"vq"vjg"3"mo"itkf"qh"vjg"
AURORA model (Fig. 2). From an analysis presented 

in Gallego (2010), it emerges that the uncertainty on 

the population density estimated at the spatial scale 

qh"3"mo"ku"qh"vjg"qtfgt"qh"32'."cv"ngcuv"kp"vjg"oquv"
densely populated zones.

Gzrquwtg"ycu" ecnewncvgf" hqt" fkhhgtgpv" urcvkcn"
tguqnwvkqpu" qh" vjg" eqpegpvtcvkqp" Ýgnfu0"Vq" fq" uq."
yg"gzvtcevgf"c"uwd/fqockp"eqorqugf"qh"vjg"egpvtcn 
86"'"86"itkf"egnnu"htqo"vjg"CWTQTC"oqfgn"fqockp."
and spatially aggregated the 1 km gridded AURORA 

eqpegpvtcvkqp"xcnwgu"vq"cejkgxg"tguqnwvkqpu"qh"4."6.":."
38."54."cpf"86"mo0"Uwdugswgpvn{."vjg"qtkikpcn"*3"mo+"
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Fig. 3. Uecvvgt"rnqv"qh"vjg"ukowncvgf"xu0"vjg"qdugtxgf"cp-

nual mean NO2 concentration. Every symbol in the plot 

eqttgurqpfu"vq"tguwnvu"hqt"qpg"oqpkvqtkpi"uvcvkqp0"Vjg"uko-

wncvgf"xcnwgu"ygtg"qdvckpgf"d{"wukpi"vjg"etquu/xcnkfcvkqp"
technique (see text).
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an important contribution, as they introduce a sys-

tematic component in the error, thus limiting spatial 

gttqt"eqorgpucvkqp0"*Kp"vjg"cdugpeg"qh"urcvkcn"gttqt"

cu"ygnn"cu"vjg"urcvkcnn{"fgitcfgf"eqpegpvtcvkqp"Ýgnfu"
ygtg"wugf"kp"Gs0"*3+"vq"ecnewncvg"rqrwncvkqp"gzrquwtg0

3. Results and discussion

The original vs. the spatially degraded simulated NO2 

eqpegpvtcvkqp"Ýgnfu"ctg"ujqyp"kp"Hkiwtg"6."cpf"vjg"
xctkcvkqp"qh"vjg"ecnewncvgf"gzrquwtg"ykvj"vjg"urcvkcn"
tguqnwvkqp"qh" vjgug"Ýgnfu" ku" knnwuvtcvgf" kp"Hkiwtg"70"
It can be seen that population exposure to annual 

mean NO2"eqpegpvtcvkqpu"kp"vjg"fqockp"ftqru"htqo 

4;03"たi"o–3"cv"vjg"hwnn"3"mo"tguqnwvkqp."vq"4302"たi"o–3 

cv"vjg"tguqnwvkqp"qh"86"mo."k0g0."vjg"3"mo"tguqnwvkqp"
concentration values yield an exposure that exceeds 

vjg"eqctug/tguqnwvkqp"xcnwg"d{"oqtg"vjcp"5:'0
The error on the calculated exposure values can 

dg"guvkocvgf"cu"hqnnqyu0"Uvctvkpi"htqo"Gs0"*3+."cpf"
crrn{kpi" vjg" vjgqt{" qh" rtqrcicvkqp" qh" wpegtvckpv{"
*ugg."g0i0."Yknmu."4233+."kv"ecp"dg"ujqyp"vjcv"vjg"gttqt"
xctkcpeg"qh"vjg"gzrquwtg"jE is given by

(

)

∑∑22

.

pp

i j

σ σ=p ρ cij

cc
ρij

pc
ρij

pi σ +

+

pji cj σp ci σcji pj

σp pi σcji cj

E

 (2)

In this expression, the summation is over all grid 

cell pairs i and j. The symbols jpi and jci denote the 

uncertainty on the population density and the con-

egpvtcvkqp."tgurgevkxgn{."kp"vjg"itkf"egnn"ykvj"*urcvkcn+"
index i. The とij"fgpqvg"vjg"urcvkcn"eqttgncvkqp"qh"vjg"
wpegtvckpv{"dgvyggp"rcktu"qh"xctkcdngu"cv"itkf"rquk-
tions i and j."kp"rctvkewnct"dgvyggp"vjg"eqpegpvtcvkqpu"
(superscript cc on とij+."dgvyggp"vjg"rqrwncvkqp"fgpukv{"
values (superscript pp), cpf"vjg"eqttgncvkqpu"dgvyggp"
the concentration and population density uncertain-

ties (superscript pc+0"Vjgug"eqttgncvkqp"hcevqtu"{kgnf"
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[NO
2
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Fig. 4. Simulated bias-corrected annual mean NO2"eqpegpvtcvkqpu"hqt"
the study domain. 

Hki0" 70"Wrrgt" rcpgn<" rqrwncvkqp/ygkijvgf"PQ2 concen-

tration E pc p= "*k0g0."gzrquwtg+"hqt"vjg"86"'"86"mo2 

sub-domain considered in the exposure-versus-resolution 

cpcn{uku."cpf"ujqykpi"vjg"gttqt"ecnewncvgf"cu"gzrnckpgf"kp"vjg"
ockp"vgzv0"Nqygt"rcpgn<"Vjg"pwodgt"qh"rgtuqpu"gzrqugf"vq"
annual mean NO2"eqpegpvtcvkqpu"cdqxg"c"xcnwg"qh"62"たi"o–3. 

Dqvj" swcpvkvkgu" ctg" ujqyp" cu" c" hwpevkqp" qh" vjg" urcvkcn"
tguqnwvkqp"*〉x).
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eqttgncvkqpu."vjg"cdqxg"gzrtguukqp"yqwnf"tgfweg"vq"c"
more classical expression simply involving the sum 

qh"vjg"uswctgf"gttqt"xctkcpegu0+
Gcej"rcpgn"ujqyu"eqpegpvtcvkqp"rcvvgtpu"cv" vjg"

spatial resolution (in kilometers) indicated in its 

nqygt/nghv" eqtpgt0"Vjg" wrrgt/nghv" rcpgn" ujqyu" vjg"
concentration pattern at the original 1 km resolution. 

Vjg"qvjgt"rcpgnu"ujqy."htqo"nghv"vq"tkijv"cpf"htqo"vqr"
to bottom, spatially aggregated values at increasingly 

coarse resolutions. The color legend is the same as 

that used in Figure 2.

Ukpeg"kphqtocvkqp"tgictfkpi"vjg"urcvkcn"eqttgncvkqp"
dgvyggp"itkf"egnn"rcktu"ku"pqv"cxckncdng"c"rtkqtk."yg"rc-
tcogvgtk¦g"kv"kp"c"ukorng"hcujkqp"cu"cp"gzrqpgpvkcn"fgec{.

ρij = exp ,–(rij / r0)
2[ ]  (3)

as done in Singh et al."*4233+."cpf"ykvj"r0 the de-cor-

tgncvkqp"fkuvcpeg0"Vjku" ncvvgt"swcpvkv{" ku"fkhÝewnv" vq"
estimate, yet given that the error on the population 

fgpukv{"v{rkecnn{"xctkgu"urcvkcnn{"cu"vjg"fgpukv{"kvugnh"
(since, generally, in dense urban areas there is an un-

derestimation, and over rural areas an overestimation, 

ugg"Icnngiq."4232+."yg"cuukip"c"xcnwg"qh"r0 = 10 km, 

yjkej."xgt{"tqwijn{."ku"vjg"urcvkcn"uecng"qxgt"yjkej"
population density patterns vary in the domain studied. 

While this is a very rough estimate, the precise value 

qh"vjku"rctcogvgt"fqgu"pqv"ocvvgt"vjcv"owej0"Kpfggf."
yg"hqwpf"qwv"vjcv"d{"kpetgcukpi"r0 d{"c"hcevqt"qh"vgp"
the resulting error estimate changed by less than a 

hcevqt"qh"vyq0
Kp"vjg"tgockpfgt"qh"vjku"ugevkqp."yg"uggm"c"hqtocn"

gzrncpcvkqp"hqt"vjg"fkhhgtgpeg"kp"vjg"gzrquwtg"xcnwgu"
qdvckpgf"ykvj"vjg"jkij/"xgtuwu"nqy/tguqnwvkqp"eqp-

egpvtcvkqp"Ýgnfu0"Hktuv."vjg"nqy/tguqnwvkqp"gswkxcngpv"
qh"Gs0"*3+."k0g0."vjg"gzrquwtg"qdvckpgf"yjgp"wukpi"vjg"
eqctug"*fqockp/cxgtcig+"eqpegpvtcvkqp"Ýgnf">c>, is 

given by

,
L

E p c p c= ≡  (4)

the index L tghgttkpi"vq"vjg"nqy"tguqnwvkqp."yjkej"ku"
ukorn{"vjg"fqockp/ykfg"ogcp"eqpegpvtcvkqp"kvugnh0"
Kp"qtfgt"vq"guvcdnkuj"c"tgncvkqp"dgvyggp"vjg"nqy/"cpf 

high-resolution" gzrquwtg" guvkocvgu."yg" eqpukfgt"
vjg"eqxctkcpeg"dgvyggp"rqrwncvkqp"fgpukv{"cpf"vjg"
ukowncvgf"eqpegpvtcvkqp"Ýgnf.

cov(p, c) = = –p –( () )p p .cc – c pc " *7+

Wukpi"vjku"vqigvjgt"ykvj"Gs0"*3+"cpf"Gs0"*4+."yg"
obtain

E = EL + cov(p, c) p / " *8+

Vjku" gzrtguukqp" gzrnckpu" vjg" ghhgev" qh" gornq{-

ing high-resolution model output on the estimated 

gzrquwtg0"Kpfggf." kv"uvcvgu" vjcv" vjg"ÐhwnnÑ"gzrquwtg"
ku"gswcn"vq"vjg"nqy/tguqnwvkqp"guvkocvg"rnwu"cp"cffk-
vkqpcn"vgto"eqpvckpkpi"vjg"urcvkcn"eqxctkcpeg"dgvyggp"
rqrwncvkqp" fgpukv{" cpf" eqpegpvtcvkqp" Ýgnf0"Cnuq"
intuitively, it makes sense that the exposure should 

fgrgpf"qp"vjg"gzvgpv"vq"yjkej"vjgug"vyq"xctkcdngu"
change together, i.e., exhibit matching patterns.

Hkpcnn{."yg" eqpukfgtgf" vjg" pwodgt" qh" rgtuqpu"
exposed to annual mean NO2 concentrations above 

vjg"62"たi"o–3"vjtgujqnf"xcnwg"qh"vjg"Gwtqrgcp"Ckt"
Quality Directive (see Introduction). Not surpris-

kpin{."cu"ujqyp"kp"Hkiwtg"7."vjg"pwodgt"qh"gzrqugf"
rgtuqpu"cnuq"fgetgcugu"yjgp"fgitcfkpi" vjg"urcvkcn"
tguqnwvkqp." htqo"5;;"222"rgtuqpu" cv" 3" mo" vq"pqpg"
cv":"mo"tguqnwvkqp"cpf"dg{qpf0"C"uvtkmkpi"hgcvwtg"ku"
vjg"uwffgp"ftqr"qh"vjg"pwodgt"qh"gzrqugf"rgtuqpu"vq"
pcwijv"yjgp"iqkpi"htqo"6"vq":"mo"tguqnwvkqp0"Vjku"
ecp"dg"gzrnckpgf"d{"vjg"hcev"vjcv."yjgp"ciitgicvgf"vq"
c"tguqnwvkqp"qh":"mo."vjg"PQ2 concentrations remain 

dgnqy"62"たi"o–3"gxgt{yjgtg"kp"vjg"fqockp."yjgtgcu"
cv"6"mo"tguqnwvkqp"c"hgy"itkf"egnnu"uvknn"tgockp"cdqxg"
vjku"vjtgujqnf."cu"ecp"dg"uggp"kp"Hkiwtg"70

4. Summary and conclusions

Yg"eqpfwevgf"c"ukowncvkqp"ykvj"vjg"fgvgtokpkuvke"ckt"
swcnkv{"oqfgn"CWTQTC." eqxgtkpi" vjg"ykfgt" ctgc"
qh"Dtwuugnu"hqt"vjg"{gct"4227"cv"c"urcvkcn"tguqnwvkqp"
qh"3"mo0"Kv"ycu"ujqyp"vjcv"vjg"CWTQTC"oqfgn."kp"
eqplwpevkqp"ykvj"c"nkpgct"dkcu"eqttgevkqp"uejgog."ycu"
ecrcdng"qh"ceewtcvgn{"tgrtqfwekpi"qdugtxgf"cppwcn"
mean NO2" eqpegpvtcvkqp"rcvvgtpu0"Vjg" ncvvgt"ygtg"
hqwpf"vq"ocvej"eqpukfgtcdn{"vjg"urcvkcn"fkuvtkdwvkqp"
qh"rqrwncvkqp"fgpukv{"ykvjkp"vjg"fqockp0

Rqrwncvkqp"gzrquwtg"ycu"guvkocvgf"d{"eqpxqnxkpi"
ground-level annual mean NO2"eqpegpvtcvkqpu"ykvj"
itkffgf" rqrwncvkqp" fgpukv{" Ýgnfu0"Vjku"ycu" fqpg"
eqpukfgtkpi"fkhhgtgpv"tguqnwvkqpu"qh"vjg"eqpegpvtcvkqp"
Ýgnf." urcvkcnn{"ciitgicvkpi" vjg" ncvvgt" vq" tgfweg" vjg"
tguqnwvkqp"htqo"kvu"qtkikpcn"3"mo"itkffgf"xcnwg0"Kv"
ycu"hqwpf"vjcv."hqt"vjg"fqockp"uvwfkgf."vjg"gzrquwtg"
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ecnewncvgf"wukpi"3"mo"tguqnwvkqp"eqpegpvtcvkqp"Ýgnfu"
ycu"5:'"jkijgt"vjcp"yjgp"c"urcvkcn"tguqnwvkqp"qh"86"
mo"ycu"wugf0"Vjg"kpetgcug"qh"vjg"gzrquwtg"guvkocvg"
ykvj"urcvkcn"tguqnwvkqp"ycu"gzrnckpgf"d{"kpxqmkpi"vjg"
urcvkcn"eqxctkcpeg"dgvyggp"rqnnwvcpv"eqpegpvtcvkqp"
cpf"rqrwncvkqp"fgpukv{"Ýgnfu0"Oqtgqxgt."vjg"pwodgt"
qh"rgtuqpu" kp" vjg"uvwf{"fqockp"gzrqugf" vq"cppwcn"
mean NO2"eqpegpvtcvkqpu"cdqxg"62"たi"o–3 decreased 

htqo"cnoquv"622"222"*eqorctgf"vq"c"vqvcn"pwodgt"qh"
5"222"222"rgtuqpu"kp"vjg"uvwf{"fqockp+"vq"pqpg"yjgp"
iqkpi"htqo"3"mo"vq":"mo"tguqnwvkqp"cpf"dg{qpf0
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