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Abstract:  
This work promotes a critical use of modelling information on air-pollution health and agriculture impacts, with the 
primary goal of providing more reliable estimates to decision makers and stakeholders. To date, the accuracy of air 
quality (AQ) models and the quantification of the uncertainty of their results have rarely been quantified explicitly in 
impact assessment studies, therefore without giving information on the robustness of the information used in the 
decision making process and undermining the confidence in the results obtained. A suite of twelve regional-scale 
chemistry transport AQ models produced in the third phase of the Air Quality Model Evaluation International 
Initiative (AQMEII) is used here to calculate the impact of PM2.5 and ozone on human health and crop yields and the 
associated uncertainties over Europe. A novel methodology is developed and applied to remove the offsetting bias 
from the models, which are then combined in multi-model (MM) ensembles. The application of unbiased MM 
ensembles offers an unprecedented attempt to i) establish and ii) mitigate the uncertainty due to AQ modelling on 
impact calculations.  
We use the FASST (FAst Scenario Screening Tool) impact assessment tool to demonstrate that the accuracy of 
assessment of ozone-induced crop loss of wheat and maize and impact on human health (mortality) can improve 
dramatically when using accurate MM ensembles in place of single model realizations, as it is commonly assumed. 
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INTRODUCTION 
As air quality (AQ) models are routinely consulted by decision makers for compliances against regulatory 
targets, accurateness and reliable results are mandatory. Further, AQ models are at the core of 
accountability research to demonstrate the extent to which regulations causally impacted emissions, air 
quality, and public health, aiming at integrating the assessment of societal and economic impact of air 
pollution on the biosphere, in particular on human health, agriculture, and ecosystems. Because of their 
intrinsic limitations and uncertainties, it is necessary to estimate the uncertainty due to AQ modelling, 
since the misestimate of the uncertainty could deteriorate the range of potential impact outcomes.  
 
The cause-effect chain from emission, to dispersion and exposure (of people, crops, etc.) to quantification 
of impacts and economic valuation, forms the base of the AQ impact calculation. Each element of the 
chain involves a specific kind of model and relies on different input data. Both elements are affected by 
errors and more or less sophisticated calculation methods produce uncertainties that propagate and 
interact throughout the chain. The uncertainties associated with AQ predictions are often overlooked and 
even more rarely accounted for explicitly, as more emphasis is given to the uncertainty associated with 
the dose-response estimates and population exposure, gravely overlooking the fact that air concentration 
levels are primary information that will affect all subsequent calculation.  
 
Understanding how the overall AQ uncertainty is conveyed to the health and crops impact calculations 
and how to mitigate it are the main aims of this study. A suite of 12 regional models (described in Solazzo 
et al., 2017) participating to the third phase of the Air Quality Model Evaluation International Initiative 
(AQMEII3) is used here to calculate the impact of PM2.5 and ozone on mortality and crop yields and the 
associated uncertainties over Europe for the year of 2010. A novel technique is applied to remove the 
offsetting bias from the models by using the spatially distributed time series of measurements obtained by 



 
 

the regulatory AQ networks. The unbiased models are then statistically combined in multi-model (MM) 
ensembles to quantify explicitly the physical range of variability associated with AQ modelling.  
 
The unbiased MM ensemble has been used to calculate the impacts of PM2.5 and ozone on human health 
and the impact of ozone on crop yield by adopting the impact formulations implemented in the TM5-
FASST (FAst Scenario Screening Tool) tool (Rao et al., 2016). FASST consists of i) a module to go from 
emissions to concentrations/metrics using source-receptor relationships (eg from TM5), and ii) modules 
to calculate impacts from concentrations/exposure metrics (eg from external models like MM ensemble). 
The MM-FASST impact calculations have been compared against the ‘standard’ FASST outcome, based 
on the source-receptor relationships calculated by means of the TM5 global AQ model and by the EMEP 
regional AQ model.  
 
METHODOLOGY AND RESULTS 
The removal of the bias, or more correctly its adjustment, operates in the direction of compensating the 
common errors but leaving the portion of uncertainty due to internal model components. Since all 
AQMEII3’s models rely on the same set of emissions and boundary conditions (while are free on the 
choice of the meteorological drivers), the benefits of combining the models into ensemble is negligible 
(all the bias associated to these fields having the same sign). Thus, once the common bias is removed, the 
variability left is largely dominated by the intrinsic diversity of the models, which is based on the way 
physical processes are described by each member (model) of the ensemble. We do not want to remove 
these differences as they are carriers of very relevant information, which is the basis for defining ranges 
of variability of the models results. 
 
First, the bias at a specific grid cell is constrained to be lower than the corresponding modelled result, to 
avoid meaningless negative corrected values. Moreover, model values are assumed to be affected by a 
slowly varying bias, encoded through a smoothness constraint, and large model-to-data deviations are 
penalised to preserve the original model estimation as much as possible through a simple Tikhonov 
regularization, constraining the squared length of the solution. These conditions are mathematically 
equivalent to the minimization of the cost function J=J1+J2+J3, with the three contributions given by:  
 

ቐ ଵܬ = ߱ሺࡹሺ࢞ − ሻ࢈ − ࢞ሺࡹሻ்ሺ࢟ − ሻ࢈ − ଶܬሻ࢟ = ߳ሺ࢈ࡰሻ்ሺ࢈ࡰሻܬଷ = ࢈்࢈߳ߜ  Eq 1 

x and y are the model results and observations, respectively; b is the vector of bias corrections. M is a 
matrix mapping model results onto observation sites. J1 measures the misfit between model values and 
observations. ω weights the distance of corrected model values from observations. Smoothness is implied 
by J2, where D is a tridiagonal matrix with elements on the main diagonal equal to -2 and elements of the 
diagonals above and below equal to 1 (i.e. the discrete representation of the second derivative), and ε a 
regularisation parameter determining the weight of this smoothness constraint. The preference for small 
bias corrections is given by J3, where δ measures the weight of this constraint relative to the previous one. 
The accuracy of hourly ozone (median values over 1061 monitoring stations) has improved by ∼4 times 
due to the bias adjustment (not shown). 
 
The MM mean (hereafter we refer to ܯܯ௠௘௔௡෣  to indicate the unbiased MM mean in contrast to the 
uncorrected, biased MM mean indicated as MMmean) is used here to assess:  
1. the yield reduction due to surface ozone exposure for the year 2010 is estimated for wheat  and maize 

(Figure 1) using the accumulated ozone above 40 ppbv threshold (AOT40) metric. The concentration-
response functions implemented within FASST, derived from field studies (details in Van Dingenen et 
al., 2009 and reference therein), have been adopted; 

2. the mortality due to exposure to PM2.5 (Figure 2) and ozone (Figure 3). The hourly modelled 
concentrations are aggregated according to the underlying epidemiological studies implemented in 
FASST to estimate mortality (Anenberg et al., 2010; Burnett et al., 2014). For PM2.5, the annual 
average concentration is used, whereas for ozone the maximal 6-month ozone average of the 1-h daily 
maximum ozone concentration (M6M) is used. The results for these two metrics are made available 



 

F

 

F
lin
the

 
Th

- 

on
Th
co

Figu
unco
(tic
mo

Figur
nes)
e en

he re
the
fu
wh

n a r
he A
once

ure 1
orre

ck lin
odel

re 2
 rep
sem

esul
e ܯ

uncti
heat

regu
AQ

entra

1. Cr
ected
nes)
s pa

2. Mo
prese
mble,

lts sܯܯ௠෣
ion 
t yie

ular 
Q m

atio

rop 
d MM
) rep
artici
repr

orta
ents 
, for

show௠௘௔௡෣
for

eld 

gri
mode
on. A

loss
Mme

prese
ipati
resen

ality 
the 

r eac
th

w th௡ re
r hea
redu

id o
els 
A ze

 (in 
ean fo
ents 
ing t
nt th

calc
mor

ch gr
he re

hat  
educ
alth
ucti

f 25
use

ero-

log
or ca
the 
to th
he co

culat
rtalit
rid c
espo

ces d
h (F
ion 

5 x 
ed i
-risk

10 kT
alcul
whe

he en
onfi

ted b
ty ca
cell. 
onse 

dras
Figu

(Fig

25 k
in t
k thr

Tonn
latin
eat y
nsem
iden

by u
alcu
The
fun

stica
ure 2
gur

km 
this
resh

nes/
ng th
yield
mble
nce in

using
ulate
e ver
ction

ally
2 an

re 1)

hor
 stu

hold

/year
he A
ds re
e, fo
nterv

g the
ed by
rtica
n. A

y the
nd F
), al

rizo
udy

d of 

r) fo
AOT
educ
or ea
val 

e co
y tak
al ba

Anthr

e AQ
Fig
ltho

ntal
y in
f 5.8

or w
40 o

ction
ach g
(at 9

rrec
king
ars r
ropo

Q u
ure

ough

l sp
nclu
8 μg

wheat
ozon
n cal
grid 
95th

cted 
g the
repre
ogen

unce
e 3) 
h co

acin
uded
g m-3

t (le
ne du
lcula
cell
perc

and
e min
esen
nic t

ertai
and

ountr

 

ng c
d th
3 is 

eft) a
urin
ated
l fall
cent

d unc
nimu

nt the
thres

inty
d to
ry-d

cove
he c
set 

and m
ng th
d by 
ling 
tile) 

corre
um 
e co
shol

y, w
o ap
depe

erin
cont
for 

maiz
he gr

taki
with
asso

ecte
and 

onfid
d co

well b
ppro
end

ng th
trib
PM

ze (r
rowi
ing t
hin 
ocia

d M
max

denc
once

belo
oxim
dent.

he E
utio

M2.5

righ
ing s
the m
the 
ted w

MMm

ximu
ce in
entra

ow 
mate
.  

Euro
on 
and

ht) ca
seas
mini
coun
with

mean. 
um 

nterv
ation

the 
ely c

opea
of 

d of 

alcu
son.
imum
ntry
h the

The
valu

val (a
n set

unc
com

an c
natu
33.

ulate
The
m an

y bou
e res

e env
ues o
at 95
t to 5

cert
mpar

cont
ural
5 pp

d by
e env
nd m
unda
spon

velop
of th
5th p
5.8 μ

taint
rabl

tine
l so
pb f

y usi
velo
maxi
aries
nse f

pe a
he m
perce
μg m

ty o
le le

nt w
ourc
for o

ing t
ope a
imum
s. Th
func

aroun
mode
entil
m-3 

of th
evel

with
ces 
ozon

the c
arou
m v
he v
ction

 
nd t

els p
le) a

he d
ls fo

h 65
to 

ne. 

corr
und t
value
vertic
n. 

the m
partic
assoc

dose
for m

5341
the

 

recte
the m
es of
cal b

mean
cipa
ciate

e-res
maiz

1 ce
e to

ed an
mean
f the
bars 

n (ti
ating
ed w

spon
ze a

ells. 
otal 

nd 
n 
e 

ick 
g to 
with 

nse 
and 



 

- 

- 

- 

 
Th
dif
rel
Ho
Po
do
the
the
un
are
 
CO

the
(e
cu
Th
un
im
co
low
un
me
ab
fac
the
Th
sp
ca
fo
mi

he p
ffer
latio
ollan
ollut
ose-r
e ܯ
e T

ncert
e on

ON

e bi
.g. i

ultur
he 
nder
mpac
once
wes

ncer
etric

bove
ct, w
e un
he e
patia
an b
r w
itiga

plot 
ent 
onsh
nd (
tion
respܯܯ௠෣
M5
tain

ngoi

CL

ias a
in e
res, 
bias

resti
ct, i
entra
st v
rtain
cs u
e a h
whe
ncer
effic
al co
be su
which

ated

in 
AQ

hips
(20

n, ar
pons௠௘௔௡෣
 (lo

nty r
ing 

USI

adju
exce

Fig
s c
ima
is o
atio
alue

nty 
used
high
en u
rtain
cacy
over
uita
h m
d to 

Figu

Fig
Q d
s de
14),
re al
se f௡. A
owe
rang
to e

ION

ustm
ess o
gure
corre
ation
of z
on (z
es, p
is r

d, M
h th
usin
nty 
y of
rage
bly 

meas
the

ure 

gure
driv
erive
, wh
lso 
func

As a 
er) a
ge, w
expl

NS 

ment
of 5
e 1)
ecti
n of
ero.
zero
prod
relat

M6M
hresh
ng th

for 
f th
e w
use

sure
e sam

3. A

e 4 
ers 
ed b
hich
rep

ction
gen

and 
whi
lain

t se
50%
.  
on 
f th
. Th
o or 
duc
tive

M an
hold
he aܯܯ෣
he b

woul
ed f
men
me a

As in

sho
for

by 
h are
porte
ns a
nera

the
ile t
 suc

nsib
% low

is 
e im
his 
clo

cing 
ly l
nd A
d, re
annuܯ௠௘෣
bias 
d b

for t
nts 
amo

n Fig

ows
r th
the 
e pa
ed a
and 
al tr
e EM
the T
ch d

bly 
wer

mo
mpa
mea

ose t
mo

less 
AOT
espe
ual a௘௔௡෣  a

co
e id
the 
hav
ount

gure

s the
he F

glo
art o
altho
pop

end
ME
TM

diffe

affe
r in 

ore 
act d
ans 
to z
ore 

aff
T40
ectiv
ave
and
rrec

deal
pur

ve n
t as 

e 2 f

e co
FAS
obal
of th
oug
pula

d, at 
EP (u
M5-F

eren

ects
the 

eff
deri
tha

zero
me

fecte
0, in
vely
rage

d MM
ction
l an
rpos
not o

for

for o

omp
SST
l TM
he e

gh n
ation
lea

upp
FAS
nces

 the
UK

fecti
ivin
at th
) th
anin
ed t

nvol
y, an
e (P
Mme

n is
d, a

ses o
or o
r the

ozon

pari
T to
M5 
estim

not d
n m

ast f
per 
SST 
s.   

e me
K, F

ive 
ng fr
here

han t
ngfu
than
lve 
nd A

PM2

ean is
s lim
altho
of t

only
e we

ne. A

son
ool: 

and
mat
dire

maps
for t
esti
is o

ean 
Figu

to 
from
e ar
the 
ul a
n th
the 
AQ
2.5, F
s sig
mite
oug
the b
y par
este

Anth

n of 
the

d by
tes u
ctly
s. T
the m
imat
ofte

val
ure 

th
m th
re m
obs

and 
he lo

cal
 mo
Figu
gnif
ed b

gh sp
bias
rtia
rn E

ropo

f the
e A
y th
used
y co
The 
mos
tes)

en b

 

lue p
2) a

he l
he u
mod
serv
reli
owe
lcula
odel
ure 
fican
by 
pati
s ad
lly 
Euro

ogen

e PM
AQM
he r
d by
omp
bar
st p
. Th
elow

prod
and 

lowe
unco
delle
vatio
iabl
er o
atio
ls ar
2),

ntly
the 
ial h
djust
bee
ope

nic t

M2.5

MEI
regio
y th
arab

rs re
opu
he 
w th

duc
sig

er 
orrec
ed v
ons. 
e un

one 
on o
re ty
 the

y lar
ava

hete
tme

en re
an c

thres

5-in
II3 
ona

he E
ble 
epre
ulate
latte
he l

cing 
gnifi

bou
cted
valu

Th
ncer
for 

of m
ypic
e di
rger
aila

erog
ent. 
etrie
coun

shol

duc
MM

al E
Euro

wit
esen
ed c
er i
owe

low
ican

und 
d M
ues 
he re
rtain
ozo

maxi
cally
scre

r.  
abili
gene

For
eved
ntrie

d co

ced 
M e
ME
pea
th F
nt th
coun
is o
erm

wer 
ntly 

of
MMm

in e
emo
nty 
one 
mum
y tu
epan

ty o
eous
r co
d re
es. 

once

mo
ense
EP m
an U
FAS
he u
ntrie
ften

most 

val
hig

f th
mean

each
oval

ran
(Fi

m a
uned
ncy 

of s
s, th
ount
espe
    

entra

rtal
emb
mod
Unio

ST 
unce
es, t
n em

unc

ues
gher

he u
tha

h ce
of 

nges
igur
and 
d to
bet

surf
he s
tries
ectiv
 

ation

ity 
ble, 
dels
on’s

as b
ertai
the 
mbe
cert

for
r val

unc
at, e
ell p
the 
s. T
re 1
cum
 rep
twee

face
urfa

s lik
vely

n set

wh
and

. Th
s Th
bas
inty
MM

edde
taint

r mo
lues

erta
exce
pred
bia

The 
1 an
mula
prod
en t

 me
ace 
ke U
y, th

t to 3

en 
d th
he f

hem
ed o

y ran
M es
ed w
ty r

orta
s for

ainty
ept 
dict

as sh
upp

nd F
ativ
duce
the 

easu
Eur

Ukra
he u

33.5

calc
he 
figu
atic
on s
nge 
stim
with
ang

ality
r cr

y, a
for 
ting 
hifts
per 
Figu
ve co
e su
upp

urem
rope
aine
unce

 
5 ppb

cula
sou

ures 
c Str
slig
as 

mate
hin 
ge. I

y due
rop 

avo
PM
mu

s up
bou
ure 
onc

uch 
per b

men
ean 

e an
ertai

b 

ated
urce

pro
rate
htly
esti

es lie
the 

Inve

e to
loss

oidin
M2.5 
uch 
pwar
und 

3) 
centr
valu
bou

nts. 
net

nd T
inty

d by
-rec
ovid

egy 
y di
ima
e beܯܯ෣
estig

o PM
s (b

ng 
hea
low

rds 
of 
as 

ratio
ues.

unds

Den
two

Turk
y is 

y us
cept
ded 
on A
ffer

ated 
etweܯ௠෣
gatio

M2.5

oth 

the 
alth 
wer 
the 
the 
the 
ons 
. In 
s of 

nse 
orks 
key, 
not 

ing 
tors 

by 
Air 
rent 

by 
een ௘௔௡෣
ons 

f



 

Th
in 
po
 

E

 
of
the
so
va
pr
ma
  
RE
 
An

Bu

Ho

Ra

So

his 
the

ollu

Fi
AQ

EME

f bia
e A

o far
alue
rovi
akin

EFE

nenb

urne

ollan

ao, S

olazz

wo
e co

ution

igur
QME
EP m

as c
AQ 
r do
e sig
ided
ng 

ERE

berg
p
P

ett, R
A
d

nd, 
h

S., a
q

zo, 
t

rk r
onfi
n an

re 4.
EII3 
mode

corr
inp
o pr
gnif
d w
con

ENC

g, S
part
Per
R. T
Attr
doi:
M.

http
and 
qua
E. a
tran
Che

resp
iden
nd i

. Mo
corr

el. Th

rect
put t
rov
fica

with 
ntex

CES

S. C
ticu
rspe
T., a
ribu
:10.
., 2
p://w

et a
ality
and 
nspo
emis

pon
nce 
in p

ortal
recte
he d

tion
to a

ve th
antl

un
xt.  

S 

C., a
ulate
ect., 
and 
utab
.128
014

wed
al., 

y, En
et a

ort 
stry

nds 
in 

part

lity i
ed M
data 

n an
an i
hat 
y fo

ncer
   

and 
e ma
118
et a
le 

89/e
4: C
ocs
201

nvir
al., 2
mo

y and

to t
imp
icu

indu
MMm

by H

nd m
imp
the

for b
rtain

et 
atter
8, 1
al., 2
to 

ehp.
Cost
.une
16: A
ron. 
201
dell
d Ph

the 
pac
lar 

uced
mean 
Holl

mult
pact
e bi
both
nty 

al. 
r on
189
201
Am

130
t-be
ep.o
A m
Res

17: E
ling
hysi

nee
ct as
PM

d by 
, by 
land

ti-m
t as
as a
h cr
ran

201
n pr
9–11
14: A
mbi
0704
nefi

org/h
mult
s. L
Eva
g sy
ic 1

ed o
sses

M2.5 

exp
the 

d (20

mod
ses
adju
rop 
nge

10: 
rem
195
An I
ent 
49. 
fit A
han
ti-m

Lett.,
aluat
ystem
7, 3

of a
ssm
and

osur
TM

014)
with

del e
sme
ustm
yie

es a

An
atur
, do
Inte

Fi

Anal
ndle/
mode

, 11
tion
ms:
300

a m
ment
d oz

re to
M5 g

 are 
h ܯ
ens
ent 
men
eld 
allow

n est
re h

oi:10
egra
ine 

lysi
/20.
el as
1, 12
n an
 m
1-30

more
t m
zon

o sur
loba
alsoܯܯ௠෣

sem
mo

nt s
los
win

tima
hum
0.12
ated 

Pa

is o
.500
sses
240
d er

multi
054

e de
ode

ne o

rface
al m
o inc௠௘௔௡෣ ,

mble
ode
sens
s an

ng a

ate 
man m
289/

Ris
artic

of F
0.11
ssm
13, 
rror 
i va
 

etai
el re
on h

e PM
model

clud
, the

e pro
l an
sibl
nd m
a m

of 
mor
/ehp
sk F
cula

Fina
1822
ent 
doi
app

ariab

 

led 
esul

hum

M2.5

l, an
ded f
e unb

ovi
nd p
ly r
mo

more

the 
rtali
p.09
Func
te 

l Po
2/16
of t
:10
port
ble 

d ass
lts. 

man 

in 2
nd by
for c
bias

des
pres
edu
rtal
e us

glo
ity u
9012
ctio
Ma

olic
6417
the 
.108
tion

tem

sess
Th
hea

2010
y th
comp
sed M

s the
sen
uces
lity 
sab

obal
usin
220

on fo
atter

cy S
7 
co-b
88/1

nmen
mpo

sme
he fo
alth

0 est
e so
pari
MM

e hi
nted
s th
est
le a

l bu
ng a
. 
or E
r E

Scen

ben
174
nt o
oral 

ent 
focu
h an

tima
ource
ison

Mmean

igh
d to 
he u
tim
and

urde
atmo

Estim
Expo

nari

nefit
8-93

of an
an

of 
us o
nd c

ated 
e-rec
. Th
. 

est 
dat

unce
ates

d re

en o
osph

mati
osur

ios 

ts of
326
n en
nd s

unc
of th
crop

by t
cept

he ba

lev
te i
erta
s. T

eliab

of a
heri

ing 
re, 

for 

f cli
6/11
nsem
spat

cert
he p
p yi

the F
tor r
ars a

vel o
n th

ainty
The 
ble 

anth
ic m

the
En

the

ima
/12/

mble
tial 

tain
pape
eld

FAS
relati
are th

of q
he l
y a
res
inf

hrop
mod

 Glo
nviro

e EU

ate m
/124
e of

bre

nty a
er i
s. T

SST 
ions
he u

qua
liter
nd 
sult
form

poge
dellin

oba
on.

U C

mitig
401
f atm
eakd

and
s th

The 

tool
ships
unce

lity
ratu
cha

ts fo
mati

enic
ng, 

al Bu
He

Clea

gati
3, 2

mosp
dow

d of
he im

com

 
l dri
s de
rtain

y ac
ure.
ang
or m
ion

c oz
Env

urde
ealt

an A

ion 
2016
phe

wn. 

f an
mp
mb

ven 
rive
nty a

hie
. Th

ges t
mor
n in 

zone
viro

en o
th P

Air 

for 
6. 
eric 

Atm

n inc
pact 
ina

by t
ed by
asso

vab
he r
the 
rtali

a p

e an
on. H

of D
Per

Pa

glo

che
mosp

crea
of 

ation

the 
y the
ociat

ble 
resu
me

ity a
poli

nd f
Hea

Dise
rspe

acka

obal 

emis
sphe

ase 
air 

n 

e 
ted 

for 
ults 
ean 
are 
icy 

fine 
alth 

ase 
ect., 

age, 

air 

stry 
eric 


