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ABSTRACT
Carbon monoxide (CO) is studied over Europe for 2001 using measurements from 31 rural-background stations and
the nested-grid application of the global CTM GEOS-CHEM. The model reveals lowest (highest) biases in warm
(cold) periods, tracking observations in most cases more closely than the global model. The role of CO production
and destruction processes and the atmospheric conditions are investigated. A rotated Principal Component Analysis is
applied to all stations, based on daily CO modelled concentrations in 2001, yielding three principal components (PCs)
with stations of common characteristics. CO concentrations are studied for these groups in relation to the circulation
patterns prevailing over Europe in 2001, at mean sea level and 850 hPa. The nested-grid model improves results in
comparison to those calculated by the global model by up to ~22% for first principal component subregion, where
emissions are high and elevation is low. Improvement reaches ~17 and ~7%, respectively, for second and third principal
component subregions, where emissions are lower and altitudes are higher. Better performance is achieved for patterns
associated with westerly flow, whereas poor skills are revealed during stagnant conditions. During pollution events, the
nesting model’s ability in capturing CO surface concentrations improves by up to ~40% in comparison to the global

simulation.

1. Introduction

Carbon monoxide (CO) plays a significant role in the tropo-
sphere, converting hydroxyl radical (OH) to hydroperoxyl rad-
ical (HO,). The low OH concentrations are associated with
decreases in the oxidation of CHy, leading to higher levels
of this greenhouse gas in the atmosphere (e.g. Crutzen and
Zimmermann, 1991; Jacob, 1999). Furthermore, the increased
HO, oxidizes NO to NO,, enhancing concentrations of ozone,
which also acts as greenhouse gas. Therefore, while CO is not
considered a direct greenhouse gas, it has the potential to con-
tribute to global warming (Daniel and Solomon, 1998). More-
over, exposure to high CO levels may affect human health (e.g.
Raub, 1999; Raub et al., 2000; Min et al., 2009). The estima-
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tion of past and present CO concentrations in the atmospheric
surface layer over the European territory is crucial for assess-
ing the effectiveness of emission control policies. Air-quality
data, collected at background air monitoring stations in several
European locations, provides information on CO distribution,
while numerical modelling assists to identify and interpret the
factors controlling CO pollution.

Nesting procedure, considering high-resolution grids, was
first applied in a coarse-resolution global atmospheric chem-
ical transport model (CTM) to simulate advective transport
(Berkvens et al., 1999). More recently, full-nesting capabili-
ties have been developed in global CTMs (Bergamaschi et al.,
2007; Kaminski et al., 2008). The nested-grid application of
GEOS-CHEM was first developed for Asia (Wang et al., 2004a)
using boundary conditions from the global simulation. It was
found that a more efficient ventilation of the lower atmosphere
was simulated by the high-resolution model, reflecting intense
upward motions over localized regions, which were not resolved
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in the coarse-resolution simulation. Furthermore, the nested-grid
model simulated realistically the frontal lifting processes and the
differences across the boundary, separating more clearly the re-
gions of cyclonic and anticyclonic flow than the low-resolution
model. The nested-grid configuration of GEOS-CHEM has fur-
ther been applied for Asia (Wang et al., 2004b, 2009b; Chen
et al., 2009) and North America (Fiore et al., 2005; Li et al.,
2005; Park et al., 2006; Wang et al., 2009a); however, a nested-
grid version of this model has not been applied for Europe
so far.

Carbon monoxide has relatively simple chemistry and chem-
ical lifetime of 30-90 d in the troposphere, with typical rural
background values being below 200 ppbv (Parrish et al., 1991,
1994; Seinfeld and Pandis, 2006). Measurements (Novelli et al.,
1992, 1998a,b; Derwent et al., 1998) and global modelling appli-
cations (Kanakidou et al., 1999; Kanakidou and Crutzen, 1999)
have shown that CO surface distribution in the northern hemi-
sphere reflects mainly direct emissions, photochemical produc-
tion by CH, and NMVOC:s, destruction by OH radical (IPCC,
2001, Table 1), as well as advection and convection away from
the source regions.

Carbon monoxide concentrations, derived from rural back-
ground stations of an extended air monitoring network, together
with results calculated by the nested-grid configuration of the
global CTM GEOS-CHEM, are studied in Europe for the year
2001. A specific objective of this study is to investigate the
factors controlling the nested-grid model’s performance in com-
parison to the global model. A rotated Principal Component
Analysis (PCA) is applied to daily CO concentrations, calcu-
lated by both model configurations for 2001, in order to classify
all stations in groups with common characteristics. Common

Table 1. Global annual sources and sinks of CO in the atmosphere
[Tg (CO) yr‘l] considered in GEOS-CHEM model

CO sources and sinks IPCC GEOS-CHEM
Total sources [Tg (CO) yr‘l] 1800-2780 2256
Fossil fuels/industry® 300-650 402
Biofuels? 60-160 173
Biomass burning® 300-700 491
Biogenic 200-600 366
CHj4 oxidation 400-1000 8240
Oceans 20-200 -
Total sinks [Tg (CO) yr~] 2100-3000 2100-2655
Oxidation by OH 1500-2700 2100-2655
Stratospheric diffusion ~100 -

Soil uptake 250-640 -

Note: Intergovernmental Panel on Climate Change (IPCC, 2001)
estimates are also presented.

#Includes NMHCs oxidation.

bMean value calculated for the global model simulation (Duncan et al.,
2007).

features and dissimilarities between the two simulations, as well
as statistical analysis based on measurements and model calcula-
tions, are examined in relation to anthropogenic emissions that
dominate at surface layer in Europe (Jacob, 1999; Kanakidou
and Crutzen, 1999; Pfister et al., 2004), chemistry, synoptic cir-
culation patterns, transport and mixing processes. Additionally,
two case studies of high CO pollution events in Europe are
studied, associated with transport of anthropogenic or biomass
burning origin pollutants. The synoptic conditions, as well as
other meteorological parameters related to these events, are fur-
ther discussed.

2. The GEOS-CHEM chemical transport model

GEOS-CHEM is a three-dimensional global atmospheric CTM,
developed by the Atmospheric Chemistry Modeling Group of
Harvard University (http://acmg.seas.harvard.edu/) and several
research groups worldwide use it for various studies in the tro-
posphere. The first model evaluation (Bey et al., 2001) showed
that CO concentrations are underestimated by up to 50 ppbv,
indicating a combination of excessive OH concentrations and
underestimated CO emissions, particularly those of the biogenic
and biofuel NMHCs. In order to improve the model’s perfor-
mance, several modifications have been introduced. For exam-
ple, a modified chemical mechanism based on Ravishankara
et al. (2002) has been considered, which decreased the global
mean OH concentration by 10-15%. Moreover, updated emis-
sion inventories have been included in the model (Jacob et al.,
2002; Duncan et al., 2003, 2007).

Several comparisons of the simulated CO concentrations with
observations have demonstrated a quite good representation of
rural CO concentrations in the troposphere by GEOS-CHEM on
global scale (e.g. Heald et al., 2003; Jaeglé et al., 2003; Duncan
et al., 2007). Nevertheless, rural CO levels over Europe are still
fairly biased (Duncan and Bey, 2004; Auvray and Bey, 2005),
revealing the need for further improvements on the model over
this region.

The ozone-NO,~hydrocarbon—sulphur chemistry mechanism
coupled to aerosol chemistry (Martin et al., 2003; Park et al.,
2003, 2004) is considered in the present model’s version
(v7-01-02), described by 41 tracers, more than 80 chemical
species and 300 reactions. Stratosphere—troposphere exchange
of ozone is simulated by the Synoz scheme (McLinden et al.,
2000), considering a global cross-tropopause flux of 475 Tg
(O3) per year. Advection is calculated with a flux-form semi-
Langrangian method (Lin and Rood, 1996). Moist convection
is computed using convective, entrainment and detrainment
mass fluxes, assimilated by the Goddard Earth Observing
System (GEOS) of NASA Global Modelling and Assimila-
tion Office (GMAO, http://gmao.gsfc.nasa.gov) (Allen et al.,
1996a,b). Rapid and complete vertical mixing is assumed within
the GEOS-diagnosed planetary boundary layer (PBL).
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The base anthropogenic CO emission inventory included in
the model is described by Wang et al. (1998). A year-to-year
variability is taken into account, by scaling the emissions with
specific factors (Bey et al., 2001). The model’s inventory also
includes fossil fuel emissions from the Global Emission Inven-
tory Activity (GEIA) (Benkovitz et al., 1996), biofuel emissions
(Yevich and Logan, 2003), non-methane hydrocarbon emissions
(Piccot et al., 1992) and natural sources from biosphere, such as
oceans, volcanic activity and lightning (Price and Rind, 1992).
Biomass burning emissions are based on a climatological in-
ventory (Wang et al., 1998), prescribed specifically to 2001 by
using a combination of products from Total Ozone Mapping
Spectrometer (TOMS) Aerosol Index (Al) and Along Track
Scanning Radiometer (ATSR) World Fire Atlas (Duncan et al.,
2003). Global sources and sinks of carbon monoxide considered
in GEOS-CHEM on an annual basis, as well as those reported by
the Intergovernmental Panel on Climate Change (IPCC, 2001),
are summarized in Table 1. With respect to the European do-
main, fossil fuel and biofuel emissions contribute, respectively,
60.9 Tg (CO) and 11.2 Tg (CO) to the annual European CO
budget. Contribution of the biogenic and biomass burning emis-
sions accounts, respectively, for 2.4 Tg (CO) and 1.7 Tg (CO)
every year. Oxidation by hydroxyl radicals is the only sink of
carbon monoxide considered in GEOS-CHEM, as it represents
globally 90-95% of total CO destruction (Logan et al., 1981).

3. Methodology

To meet the aims of this study, two distinct configurations of
GEOS-CHEM are used: (a) the one-way nested-grid model over

Europe and (b) the global model (without nesting). The terrain-
following, sigma coordinate system is used in both model con-
figurations, with 30 vertical levels up to 0.01 hPa and an average
of nine layers to define the boundary layer below 2 km. The
GEOS-3 assimilated meteorological data for 2001 (available by
the GEOS/GMAO) and the emission inventories are provided
in horizontal grid-resolutions of 1° x 1° and 4° x 5° for the
nested-grid and the global model configurations, respectively.

In order to apply the nested-grid simulation (S,) of
GEOS-CHEM over Europe, a 2-yr (January 2000 to December
2001) full-chemistry simulation of the global model (S;) is per-
formed first. Hourly boundary conditions are saved around the
nested domain, which includes Europe and parts of neighbour-
ing countries in Africa, Middle East and Asia (20°W-45°E,
22°N-74°N, Fig. 1), only during the second simulation year, al-
lowing for 1-yr model’s spin up. These boundary conditions are
implemented around the European domain when the nested-grid
simulation is performed.

Due to the applied advection algorithm (Lin and Rood, 1996),
abuffer zone of four 1° x 1° grid-cells is considered (bounded by
the two black rectangulars, Fig. 1), in order to separate the nested
domain from the parent global domain. The concentrations in the
fine grids in this zone are taken from the coarse-resolution sim-
ulation through an area-weighting, grid-filling procedure (Wang
et al., 2004a). Moreover, the transport and the convective time-
steps, which are set to 30 min in Sy, are reduced to 10 min for the
nested-grid simulation, resulting in a far more efficient treatment
of advection and convection processes in S;.

Differences over the European nest between the surface
geopotential heights considered in the global (bottom-left plot,
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Fig. 1. Global and European (nested) modelling domains. The surface geopotential heights (in meters) are also shown over the nested domain
(bottom-right plot for nested-grid model configuration, bottom-left plot for the global model).
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Fig. 1) and the nested (bottom-right) domains reflect differences
in the topography representation of the two model configura-
tions due to their grid-resolutions. In particular, S, has proved to
be more successful in representing the various topographic fea-
tures, such as coastlines, water surfaces (e.g. the Mediterranean
Sea and the Black Sea) and mountain ranges (e.g. the Alpine re-
gion), in comparison to the coarse depiction of the geophysical
characteristics by S;. This is especially important since topo-
graphic features can significantly impact transport and mixing,
particularly over complex terrains. Indeed, as will be shown in
Section 4.2, the altitude variations, in conjunction with the pre-
vailing synoptic conditions, strongly affect the horizontal and
vertical motions. On the other hand, the behaviour of the advec-
tion and convection processes is simple at flat terrains; conver-
gence (divergence) of air masses at the surface takes place under
low (high) pressure systems, with the air then lifting (sinking)
through convection.

The spatial distribution of the anthropogenic CO emissions
(Fig. 2) reveals that the major sources locate between the west-
ern and central mid-latitude Europe, which is the most heavily
industrialized and densely populated part of the continent. Al-
though the general pattern of these inventories is similar in the
two model configurations, emissions are more homogenously
distributed in the 4° x 5° grids (Fig. 2a). On the other hand,
greater emission variability is observed in the 1° x 1° grids
(Fig. 2b), favouring, as will be discussed later, this model con-
figuration’s ability to predict more accurate results.

In order to compare model calculations with observed
time series (in Coordinated Universal Time, UTC), mod-
elled concentrations are generated by sampling CO at the
grid containing each sampling site. Observations from ru-
ral background stations, available from the public Air
Quality Database (Airbase) of the European Environ-
mental Agency (http://www.eea.europa.eu/data-and-maps/data/
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airbase-the-european-air-quality-database-1), are used in this
study. This database includes sites close to or remote from
anthropogenic sources, close to coast or inland and sites
at high or low altitudes. During 2001, CO measurements
from 43 European stations were available; however, data
from 31 stations are used in this study, as more than 25%
of the measurements are missing at the remaining stations.
The examined stations are located in Austria, France, Ger-
many, Italy, Poland, Switzerland, and the Netherlands (Fig. 3,
Table 2). These stations are classified in groups, based on daily
CO modelled concentrations in 2001 calculated by the nested-
grid and the global models, by applying a rotated PCA (Wilks,
1995). Then, CO concentrations are studied for each princi-
pal component (PC) group in relation to the circulation pat-
terns prevailing over Europe at the mean sea level (MSL) and
at the geopotential level of the 850 hPa, the emission density
and the altitude. Furthermore, CO is examined at one rural
Greek station (Fig. 3), where measurements were available by
the Mediterranean Intensive Oxidant Study (MINOS, Lelieveld
et al., 2002a).

4. Results and discussion

4.1 Model results and performance

The spatial distribution of the mean monthly surface CO con-
centrations over Europe simulated by S, (Appendix S1 in Sup-
porting Information) shows a strong latitudinal surface gradient,
extending from the United Kingdom to eastern Europe, related
to the distribution of anthropogenic CO sources (Fig. 2b). The
highest mean monthly levels (up to 520 ppbv) are observed
in winter (Appendix S1), partially due to the slow removal
processes of CO by the low levels of OH during this season
(5 x 10°-2.5 x 10° molec cm™3), resulting in a CO lifetime
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Fig. 2. Anthropogenic surface CO emissions in Europe considered by (a) the global model and (b) the nested-grid model.
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Fig. 3. Location of the 31 rural background
stations available from the European
Environmental Agency database considered
in this study (high-resolution topography
image source: ftp://ftp.ngdc.noaa.gov/
GLOBE-DEM/pictures/). Upper-right
rectangle zooms in at each station location,
numbered according to the index (a/a) in
Table 2. The rural background station of
Finokalia, in Greece, is also shown with a
red dot.

of 1-2 months. Additionally, CO tends to accumulate close
to its sources in winter, forced by shallow mixing heights
extending up to ~400 m in the model, particularly over the
highly polluted areas, in agreement with experimental values
(Emeis and Schafer, 2006). On the other hand, lower CO con-
centrations (up to 300 ppbv) are present in summer (Appendix
S1), attributed in part to the deep boundary layer mixing heights
in this season (700-2000 m) that favour pollutants’ dispersion.
Moreover, CO levels are further decreased through its quick ox-
idization by the high summer OH concentrations (13 x 10*-5 x
10° molec cm™) that results to a much shorter CO lifetime
(weeks-to-month). High levels of OH are particularly evident
along the coasts of southern Europe and over the Mediterranean
in summer (Appendix S1), due to intense solar ultraviolet (UV)
radiation flux, enhanced levels of local O; mixing ratios and high
water vapour concentrations during this season. At less polluted
areas of Europe, such as the Mediterranean basin, increased CO
levels attributable mainly to European sources can be found, par-
ticularly under the influence of specific synoptic patterns (Kallos
et al., 2007; Kostopoulou and Jones, 2007), and especially dur-
ing warm periods (e.g. Lelieveld et al., 2002a). Nevertheless,
CO concentrations at these areas remain lower in comparison
to the continental and/or winter levels and are strongly con-
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trolled by the seasonal cycle of OH and the enhanced vertical
mixing.

The comparison between spatial CO surface concentration
distributions in the two simulations reveals that S, produces
higher CO levels up to ~65% in winter (30% in summer) than S,
(Appendix S1), mainly close to high-polluted regions in western
Europe at mid-latitudes. On the other hand, S; produces higher
CO levels up to ~30% in winter (25% in summer) mainly in areas
far from large anthropogenic sources (e.g. eastern Europe and
the Mediterranean region). These differences between the two
models’ calculations are attributed partially to the differences
between the emission densities in the two inventories (Figs 2a
and b), with CO emissions in the coarse grids of S, being dis-
persed over a larger area. Discrepancies are more pronounced
near the coast, as the coarse grids include a large fraction of sea
area. Moreover, differences in CO concentrations calculated by
the two model’s configurations are also related to the OH val-
ues. Differences in OH concentrations in the two models have
a particularly variable pattern (Appendix S1), as the OH chem-
ical balance is strongly controlled by its source and sink gases
(Jacob, 1999; Lelieveld et al., 2002b, 2004). Therefore, these
discrepancies in modelled OH concentrations are related to dif-
ferences in NO,, CO and other hydrocarbons emissions and O3
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Table 2.  Alphabetical list of the stations in Europe considered in this study

Station Station Longitude Latitude Altitude CO [x1076
ala D name (deg) (deg) (m) Tg(CO) yr~! km~2]
Sy Sz
1 ATO0002R Ilmitz 16.766 47.769 117 4.1 8.6
2 ATO0004R St. Koloman Kleinhorn 13.233 47.651 1005 4.1 2.7
3 ATO005R Vorhegg bei 12.972 46.680 1020 4.1 2.4
Kotschach-Mauthen
4 ATO141A Obervellach 13.196 46.936 686 4.1 2.4
Schulzentrum
5 ATO0159A Langenzersdorf 16.361 48.303 160 12.0 6.9
6 CHO002R Payerne 6.946 46.801 430 6.8 7.9
7 CHOO005R Rigi 8.465 47.056 1030 13.0 7.5
8 DEO0502A Eggenstein 8.405 49.083 110 145 8.7
9 DEO0754A Grunewald 13.228 52.474 50 10.0 21.3
10 DE1023A Giilzow 12.067 53.821 17 4.0 32
11 DE1082A Harzgerode 11.099 51.659 385 14.5 7.0
12 DE1128A Salzwedel 11.174 52.857 20 4.0 7.9
13 DE1140A Schwibische Alb 9.209 48.346 799 14.5 10.1
14 DE1172A Linden/Leihgestern 8.687 50.534 173 14.5 10.7
15 DE1197A Zartau/Waldstation 11.175 52.594 100 4.0 7.9
16 DE1226A Frohnau, Funkturm 13.293 52.654 50 10.0 16.8
17 DE1242A Odenwald 8.755 49.455 520 14.5 10.4
18 DE1256A Zierenberg 9.272 51.362 469 14.5 10.7
19 DEI1303A Borken-Gemen 6.876 51.863 45 25.7 36.0
20 FRO586A Moyeuvre 6.052 49.260 230 25.7 4.8
21 FR1023A Hotel Districal 6.181 48.686 200 25.7 4.8
22 FR1032A Luneville 6.483 48.603 230 25.7 4.8
23 FR1104A Port de Bouc EDF 4.986 43.431 25 4.5 6.1
24 IT1233A Cengio 8.217 44.393 400 13.0 7.5
25 NLOOO9R Kollumerwaard-Hooge 6.278 53.332 1 4.0 11.0
Zuidwal
26 NLO0223A Biest Houtakker- 5.149 51.519 15 25.7 25.3
Biestsestraat
27 NLO0229A Zegveld-Oude Meije 4.838 52.139 0 4.0 253
28 NLO0247A Loenen-Eerbeeksedijk 6.038 52.121 15 4.0 29.1
29 PLO014A MzBelskIGPAN 20.792 51.837 180 14.9 14.3
30 PL0O026A DsJelw05 15.232 51.228 244 12.0 17.3
31 PLO030A Urad 14.720 52.231 30 10.0 6.5

Notes: Station ID (second column) is declared by the country initial letters (AT, Austria; CH, Switzerland; DE, Germany; Fr, France; IT, Italy; NL,
the Netherlands; PL, Poland) and an index number. The annual anthropogenic emission rate of CO [Tg (CO) yr_] km~2] at the grid-box of each

station is also presented for the nested-grid (S;) and the global (S1) model simulations (7th/8th columns).

concentrations in the two model configurations. In particular, the
lower OH concentrations close to major anthropogenic sources
in Europe in the nested-grid configuration of GEOS-CHEM are
attributed to denser anthropogenic CO, NO, and hydrocarbons
emissions in the fine grids, as well as to the reduced ozone con-
centrations (Appendix S1). Indeed, both these factors can lead to
reduced radicals in the nested domain and consequently, less CO
is removed by OH in urban and highly industrialized areas. On
the other hand, chemistry balance at remote regions is strongly

affected by transported pollution. Therefore, CO and OH con-
centrations at remote areas depend not only on the emissions and
the background levels of their precursors, but on their transport
as well.

CO is further examined at 31 European rural background
stations (Fig. 4 and Appendix S2 in Supporting Information).
It is worth noting that, although all stations considered in this
study are characterized as rural-background, significantly en-
hanced concentrations are observed at some sites. For instance,

Tellus 62B (2010), 4
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mean daily CO concentrations in winter can reach levels that are
usually observed at rural suburban or even urban regions (e.g.
Figs 4a and b). On the other hand, surface CO levels remain low
at some other stations throughout the year (e.g. Figs 4f and g).
The factors controlling CO levels at the stations included in this
study are examined in the next sections.

Table 3 summarizes the statistical parameters calculated by
all measured and modelled pairs of mean monthly CO concen-
trations at all stations in 2001. The nested-grid model config-
uration captures the CO cycle reasonably well throughout the
year (Rgx? = 0.63), similar to the global model. There is a
small tendency to underestimate the average values of the ob-
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servations (MO = 248.8 ppbv), as denoted by the mean bias
(MBg, = —4.5 ppbv). The magnitude of this underestimation is
moderate, as attested by the mean error (MEg, = 76.7 ppbv). Re-
garding the overall seasonal performance, S, shows lower biases
from the observations in warm periods (median spring/summer
MBg, = 3.7 ppbv, median MEg, = 59.6 ppbv) than in cold pe-
riods (median MBg, = —12.7 ppbv, MEg, = 95.8 ppbv). Model
performance at each station is further studied individually, using
monthly averages (Table 4). The higher correlation coefficient
at all stations, as well as the lower mean biases and errors at
most sites, indicates that the nested-grid model configuration
is capable of reproducing CO concentrations in Europe more
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Table 3. Statistical parameters of the observed and the calculated by the nested-grid (S2) and the global (S;) simulations of GEOS-CHEM mean
monthly CO concentrations in Europe, on an annual and seasonal basis for 2001

Period Mo (ppbv) Mgs (ppbv) Sa (ppbv) MB (ppbv) ME (ppbv) R?

Obs Si Obs Si S, Si S, Sy Sy Sy Sz
Annual 248.8 244 4 2442 111.6 72.2 75.6 —4.4 —45 78.9 76.7 0.58 0.63
Winter 316.6 301.4 303.3 125.1 74.0 77.0 —152 —132 108.2 105.7
Spring 236.9 238.3 241.4 88.6 70.3 78.1 1.4 45 67.4 64.7
Summer 1972 203.9 200.1 76.3 56.5 58.6 6.7 2.8 55.6 54.5
Autumn 246.0 237.6 233.8 119.3 37.2 30.8 -84 —12.1 87.2 85.9

Note: Statistical parameters equations can be found in the Appendix S3 in Supporting Information. R? is calculated only for the whole year, as it is

indicative of the annual cycle representation.

Table 4.  As in Table 3, but individually for each station of Table 2 on an annual basis

ala Station Mo (ppbv) MeEs (ppbv) Sa4 (ppbv) MB (ppbv) ME (ppbv) R?
Obs Si S Obs Sy S, Si S Sy S Si S

1 AT0002R 234.3 219.8 250.2 73.9 333 52.7 —14.5 15.9 37.6 29.0 0.82 0.85
2 AT0004R 185.2 219.8 208.1 25.6 333 25.3 34.6 229 34.6 229 0.78 0.79
3 AT0005R 187.1 219.8 207.0 24.9 333 28.0 32.7 19.9 34.6 21.5 0.63 0.66
4 ATO141A 300.2 219.8 207.0 95.4 333 28.0 —80.4 —-93.3 80.4 93.3 0.74 0.76
5 ATO0159A 393.6 270.7 243.1 94.3 51.5 454 —122.9 —150.5 122.9 150.5 0.63 0.66
6 CHO002R 243.0 215.1 233.2 63.2 36.2 42.5 —-27.9 —-9.8 40.0 343 0.51 0.65
7 CHO005R 180.5 250.0 231.5 25.4 41.7 40.2 69.4 50.9 69.4 50.9 0.57 0.58
8 DEO0502A 273.1 264.6 238.5 88.8 55.6 42.0 -84 —34.6 34.6 41.2 0.86 0.79
9 DE0754A 165.6 204.8 221.0 43.6 447 64.3 39.2 55.4 41.6 55.4 0.73 0.74
10 DE1023A 227.6 231.5 215.8 62.6 55.1 53.5 39 —11.9 329 24.4 0.57 0.69
11 DE1082A 216.3 264.6 238.7 35.6 55.6 51.0 48.4 22.4 56.7 36.9 0.40 0.41
12 DE1128A 202.1 193.3 194.4 20.7 56.6 57.8 —8.8 7.7 39.3 36.3 0.29 0.49
13 DE1140A 132.6 222.0 193.8 28.7 56.8 41.1 89.4 61.2 89.4 61.2 0.71 0.53
14 DEI1172A 246.1 264.6 256.4 78.4 55.6 48.3 18.6 10.4 41.8 41.1 0.67 0.68
15 DE1197A 173.1 193.3 194.4 42.7 56.6 57.8 20.2 21.3 41.3 36.1 0.36 0.48
16 DEI1226A 147.9 210.2 215.3 43.9 47.1 63.5 62.4 67.5 62.4 67.5 0.78 0.88
17 DEI1242A 149.7 222.0 205.3 43.1 56.8 48.0 72.3 55.6 72.3 56.0 0.49 0.53
18 DEI1256A 138.3 222.0 213.2 229 56.8 48.9 83.7 74.8 83.7 74.8 0.6 0.67
19 DEI1303A 241.5 218.4 264.3 60.2 43.9 71.2 —23.1 22.8 31.5 44.5 0.66 0.53
20 FRO586A 201.1 262.0 216.8 70.6 42.0 33.2 60.9 15.8 87.2 61.8 0.10 0.10
21 FR1023A 487.8 252.4 212.5 116.6 28.8 31.3 —2354 —275.3 235.4 275.3 0.30 0.30
22 FR1032A 470.1 262.0 216.8 92.0 42.0 33.2 —208.2 —253.3 208.2 253.3 0.60 0.82
23 FR1104A 385.2 199.0 239.2 67.8 20.9 43.1 —186.2 —146.0 186.2 146.0 0.10 0.10
24 IT1233A 306.3 259.6 245.2 125.7 39.1 24.2 —46.7 —61.1 82.7 94.8 0.57 0.61
25 NLOO09R 218.7 208.7 237.9 45.8 33.8 58.0 -9.9 19.2 19.1 25.6 0.58 0.75
26 NL0223A 307.3 262.0 272.9 75.5 42.0 64.9 —45.4 —344 48.2 36.2 0.63 0.79
27 NLO0229A 271.5 208.7 272.8 66.5 33.8 64.9 —62.8 1.3 62.8 26.3 0.84 0.90
28 NLO0247A 265.1 208.7 290.5 73.5 33.8 70.8 —56.3 25.5 56.6 39.3 0.44 0.74
29 PLOO14A 338.9 2717.3 271.7 89.5 54.2 55.0 —61.6 —67.3 70.5 75.0 04 0.42
30 PL0O026A 230.5 261.1 269.4 39.1 51.8 50.6 30.6 38.9 30.9 38.9 0.68 0.75
31 PLO030A 223.1 249.3 247.9 124.8 45.4 49.5 26.3 24.9 84.0 75.0 0.71 0.74
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Table 5. Statistical parameters of the observed and the calculated by the nested-grid (S;) and the global (S) simulations of GEOS-CHEM mean
monthly CO concentrations at station Zegveld-Oude Meije (NL0229A) in the Netherlands on an annual and seasonal basis in 2001

NLO0229A Mo (ppbv) MEs (ppbv) Sa (ppbv) MB (ppbv) ME (ppbv) R?

Obs Si S» Obs Si S» Si S> Si S> Si S>
Annual 271.5 208.7 272.8 66.5 33.8 64.9 —62.8 1.3 62.8 26.3 0.84 0.9
Winter 340.2 231.7 347.6 88.3 31.7 47.8 —108.5 74 108.5 35.9
Spring 262.8 223.6 285.0 41.8 31.7 65.0 —39.2 22.1 39.2 30.4
Summer 236.7 185.7 228.9 17.6 9.5 13.5 —-51.0 —-7.8 51.0 7.8
Autumn 246.2 193.9 230.2 34.5 30.9 25.6 —52.3 —16 52.3 31.1

accurately than the global simulation. The good performance
of the nesting model approach is particularly apparent for sta-
tions close to significant anthropogenic activity and/or close to
the coast, as in these cases statistics in S, are significantly im-
proved in comparison to those calculated for in S; (e.g. up to
~23% for station NL0229A). Improvement is also evident for
stations at high altitudes, with the statistical metrics in S, being
lower by up to ~10% than those in S; in Switzerland, Austria and
Germany. The most unbiased performance is found at NL0229A;
hence this site has been selected for further statistical analysis
(Table 5). The strong correlation (Rs,? = 0.90) and the low de-
viation (<10%) highlight the nested-grid model benefits. The
factors that favour the improvement on the nested-grid model’s
results in comparison to the global model are investigated in the
next section.

Some sources of biases are detected in the nested-grid ap-
plication of GEOS-CHEM. Among them, are those attributed
to the fact that the CO anthropogenic emissions in the model
do not vary through the seasons. However, such biases are not
significant, as CO seasonal variations from fossil fuel combus-
tion in the model deviate only by up to ~8% from the annual
means (Duncan and Bey, 2004). The corresponding high cor-
relation coefficients (Tables 3—5) prove the good representation
of the CO annual cycle by the model. Some other uncertain-
ties in emissions can induce further model biases. In particular,
although the biomass burning emissions, which are usually a
large source of bias, are satisfactorily updated for 2001 (Duncan
et al., 2003), their injection heights are not precisely defined.
Additionally, model deviations can be also attributed to the full-
mixing PBL scheme considered in the model, assuming that sur-
face emissions and concentrations are distributed evenly within
the mixing layer. This is a rational assumption when the PBL
is extremely unstable, but it will overestimate vertical mixing
when the PBL is modestly or weakly unstable, neutral or sta-
ble. The grid size in the nested-grid model, although of higher
resolution, still limits modelling skills in simulating small-scale
weather systems (in scales smaller than 1° x 1° resolution, re-
sulting occasionally in mismatches in the meteorological data
representation), as well as emissions and model predictions (cell
average) at station-scales (point value); hence the accuracy of
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the results is reduced. Finally, since CO production from oceans,
CO removal through soils and CO stratospheric diffusion are not
included in the model, further biases can be induced in the model
calculations, but to a lesser degree, since they represent smaller
source and sinks, respectively.

4.2 Sensitivity study

Differences between CO concentrations simulated by the nested-
grid and the global models reflect differences in CO production
and destruction processes in the two model configurations, as
well as discrepancies in the factors that directly or indirectly im-
pact these processes. In order to investigate the factors that favour
the improvement on the nested-grid model’s results in compar-
ison to the global model, the sensitivity of the two model con-
figurations to synoptic circulation patterns, CO anthropogenic
emissions, transport and mixing processes is studied in this sec-
tion.

First, a PCA is applied to both S; and S, data sets of daily CO
modelled concentrations during 2001, in order to classify the
31 stations in groups. The PCA yields three PCs, which define
the three subregions shown in Fig. 5, accounting for the sug-
gested from the literature >80% of the total variance (Jolliffe,
1993). It is evident that this grouping provides clearer spatial
distribution regarding the S, data set. Moreover, it is worth not-
ing that the PCA results are associated with the geographical
location of the stations, as well as with the emission intensity.
The first principal component (PC1, explaining 33.7% of the
total variance in the original data set) accumulates stations lo-
cated in the northern and western part of the study region, close
to the major anthropogenic sources. Therefore, the stations be-
longing in PC1 subregion should be affected to a large degree
by emissions. In this group, the mean emission rate in S, is sig-
nificantly higher (up to ~50%) than that in S;. This is explained
by the fact that most of these stations are close to the coast and
the coarse grids of S; include a large fraction of sea area. The
second principal component (PC2, capturing 24.8% of the total
variance) includes stations that are located in the southern part
of the examined area, with their majority being remote from
major sources. In this group, the mean value of the emissions
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Fig. 5. Three principal components (PCs) in S and S, data sets obtained from rotated Principal Component Analysis (PCA), defining three

subregions: PC1 (x), PC2 (open circles) and PC3 (filled circles).

in S, corresponds to ~1/3 of that considered in S; and to ~1/2
of that in PC1 group. Moreover, it is worth noting that the real
mean altitude of PC2 group is approximately 400 m, which is
closer to the mean altitude considered by S, (~500 m) than by
Si (~270 m) and much higher from the one in PC1 group
(~120 m). Therefore, model results for PC2 subregion are ex-
pected to be significantly influenced by the effects of topography.
Regarding the third principal component (PC3, accounting for
22.6% of the total variance), the stations are located in the eastern
part of the examined area, with lower background emissions in
comparison to the other two groups and at similar mean altitudes
with PC2 subregion.

Atmospheric circulation plays an important role in air-quality
studies, particularly for CO (e.g. Liu et al., 2006). To evaluate the
performance of S, compared to S, the relationship between their
modelled CO concentrations is examined for each PC group,
in relation to the 13 circulation patterns at MSL over Europe,
based on the classification developed by Kostopoulou and Jones
(2007). In addition, an upper level (850 hPa) classification is also
used, considering 9 circulation modes (Kostopoulou, 2003).

The 13 circulation types (CTs) at MSL are used to clas-
sify the daily weather conditions during 2001. Composites of
these types are presented at Appendix S4 in Supporting Infor-
mation. The first five patterns feature a major centre of high
pressure. In the first circulation type (CT1), the anticyclone is
located in northwestern Europe and the centre is observed over
the Benelux Region. In CT2, the Siberian High is the main
centre, which dominates over eastern Europe, spreads over a
large part of Scandinavia and expands to the south reaching the
Mediterranean. This circulation comprises a prevailing feature
in the winter season. The next three patterns (CT3, CT4 and
CT5) feature anticyclonic circulation centres situated over the
Mediterranean basin. Under these conditions, enhanced surface
westerlies blowing from the Atlantic prevail in northern Eu-
rope. In contrast, the following five patterns (CT6, CT7, CTS,
CT9 and CT10) represent typical cyclonic centres. CT6, an en-
hanced, deep low centre is located between the British Isles and
the Scandinavia Peninsula, which appears in winter and affects
the weather of northwestern Europe. CT7 presents a similarly

strong, deep low-pressure centre to that in CT6, although in this
case it is located east of the Baltic Sea. The remaining three
patterns (CT8, CT9 and CT10) present typical cyclonic centres,
located around the Mediterranean basin, and relate to areas of lo-
cal cyclogenesis (Kostopoulou and Jones, 2007). The final three
patterns (CT11, CT12 and CT13) are those occurring particu-
larly during summer, representing basically the interaction of the
Azores anticyclone with the summer Asian Thermal Low, which
prevails throughout the eastern Mediterranean. One might notice
that CT11 resembles CT9, however it must be noted that during
CT9 the low-pressure centre over the easternmost Mediterranean
is not related to the summer Asian Thermal Low (as in CT11).
This Low is associated with frontal depressions that generate
over secondary cyclogenesis areas in the Mediterranean, such as
the Aegean Sea and Cyprus (Kostopoulou and Jones, 2007). It
is further noted that CT12 and CT13 are considered subtypes of
CT11, with a secondary centre of high/low pressure in eastern
Europe.

The frequency of occurrence of each CT is calculated for the
year of study (Fig. 6). CT11 is found to be the most frequent type
(approx. 17% of the days), mainly observed during summer time.
The cyclonic types CT7, CT6 also represent common circulation
patterns (14 and 12%, respectively).

A qualitative evaluation of modelled CO concentrations at
the three PC subregions is performed, both for S, and S, and in
relation to the CTs, based on the standard statistics parameters.
The calculated mean biases and mean errors (in percentage) of
the two model configurations in relation to each CT are presented
for PC1, PC2 and PC3 groups in Fig. 6.

As far as PC1 subregion is concerned, it is found that S, per-
forms better than S; for the majority of patterns, with the best
results obtained when CT2, CT3, CT6, CT10, CT11 and CT12
dominate this region. In particular, good results are obtained
when the air flow reaches the PC1 domain from the west, as it
drifts from across the Atlantic region (CT3 and CT11). Similarly,
prevailing large-scale circulation associated with westerly wind
bursts is observed during CT6. The nested-grid model has the
best performance in comparison to the global model for CT12
(up to ~22% improvement), which is one of the least frequent
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Fig. 6. Mean biases (MB) and mean errors (ME) calculated for S; and S, in relation to each of the 13 circulation types (CTs) at mean sea level,
expressed in percentage (%) for the three principal components (PC1, PC2 and PC3). The frequency of occurrence of each CT for the year of study

is also presented.

types within the year, as it is observed only a few times during
summer. However, a similar, and more frequent, circulation is
described by CT2, which is also better represented by the S, (up
to ~12% improvement). During these types, the occurrence of
an anticyclone centre in eastern Europe, veers a southeasterly
flow towards the PC1 domain. Southerly origin of airflow is also
found in CT10. During this type, the cyclonic circulation asso-
ciated with the low-pressure centre over the Adriatic Sea causes
southwesterly airflow from southern Europe to intrude into the
PC1 area. Results are also better for S,, but to a lesser degree,
for the majority of the rest CTs (C4, C5, C7, C9 and C13).
In general, it is seen that the nested-grid model captures more
successfully the pollutants distribution for stations in PC1 group
when the local circulation is associated with western or southerly
induced airflow. The good performance of this model configura-
tion is attributed to the consideration of more detailed GEOS-3
meteorological data, enhanced spatial resolution in topography
and higher advection and convection time-steps, which result
in a more accurate representation of transport and mixing in S,
than S;. Consequently, the nested-grid model in most cases can
resolve the synoptic circulation more precisely than the global
model.

On the other hand, it is noted that a moderate performance,
similar to that of the global model, is demonstrated by the nested-
grid model when the PC1 subregion is under CT1 and CTS
conditions. During CT1, the anticyclone centre is situated right
above the domain specified by PC1. In this case, the pressure
gradient is weak across this region and without airflow intru-
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sions from adjacent regions. During the CT8 pattern, a cell of
low pressure is located in western Mediterranean and under these
conditions, a weak pressure gradient and a weak airflow drift-
ing from a northwestern or western direction are observed in
the PC1 region. Hence, it may be concluded that S, does not
seem to improve results significantly during stagnant circulation
conditions, attributed to the fact that the mixing processes are
similar in both models.

Overall, S, results are significantly improved under most CTs
(up to ~22% in case of CT12) for PC1 stations. As most of
the stations belonging to this group are close to strong sources,
differences between the CO concentrations calculated by S; and
S, are also strongly attributable to the differences found between
their anthropogenic CO emission densities. This appears more
pronounced in stations at a short distance from the coast, at-
tributed, as aforementioned in the previous section, to the lower
emission rates in the coarse grids that include a large fraction of
sea.

Good results are obtained for the region defined by PC2, too.
In particular, lower biases are revealed for synoptic conditions
represented by CT4, CTS, CT8, CT9, CT10 and CT13 patterns.
More specifically, in all the cases that the nested-grid model sub-
stantially improves results in PC2 subregion, the major routes
of airflow towards this area arrive from the west. Overall, S, re-
sults are significantly improved under most synoptic categories
for the PC2 group (up to ~17% for CT10). As the majority of
these stations are located to a mountainous region, both models’
results are largely influenced by topographical effects. However,
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Fig. 7. Vertical fluxes at 850 hPa (~2 km) in winter in Europe considered in (a) the global model and (b) the nested-grid model. Negative (positive)

fluxes represent upward (downward) fluxes.

as mentioned in the previous section, S, improves performance
in comparison to S, at stations of high altitude, which explains
the nested-grid model’s ability to simulate atmospheric condi-
tions more accurately for PC2 group. Moreover, it is noted that
although the stations belonging to PC2 subregion are remote
from major sources, with lower emission rates in S than in Sy,
their mean annual concentrations are similar and particularly
high for both runs. Consequently, the nested-grid simulation is
able to account for strong pollution transport from neighbouring
heavily polluted regions (e.g. Po-valley, northern Italy), result-
ing in high CO levels at these remote stations. Indeed, it becomes
evident that the transported pollution is better represented in the
nested-grid model than in the global model. In particular, strong
upward fluxes in S, over the polluted areas favour the ventilation
of the lower troposphere and the CO dilution, driving pollution
to upper levels (Fig. 7b), where it is transported by the synop-
tic circulation towards the mountainous region. In this case, the
strong downward fluxes in S, favour accumulation of CO at sur-
face. On the other hand, the global model is unable to capture
transport on scales smaller than 400-500 km and mixing is much
slower (Fig. 7a), attributed to its coarse resolution.

Less satisfactory results are obtained for PC3 group, with S,
improving results by up to ~7% (for CT11). This was never-
theless not surprising, as this group includes stations situated
far apart from each other, and therefore exhibit diverse char-
acteristics. In such cases, the nested-grid model reveals poor
performance skills under most of the prevailing synoptic-scale
CTs, given the diversity of mesoscale flows observed in each
site and the diversity in the other characteristics of the stations.
Furthermore, the low spatial variability of emissions in this re-
gion is not capable of improving the calculated concentrations
in the nesting application.

Similarly, spatial circulation patterns are analysed at the
geopotential level of the 850 hPa (CTsso) (not shown). It is
found that the nested-grid model simulates CO concentrations

better than the global model for most of the CTs (Fig. 8). In
contrast, S, shows poor simulation skills when a centre of high
geopotential heights is situated above the domain of study. This
is in accordance with the previous findings that revealed negli-
gible improvement of the results when a high-pressure system
at surface dominates the weather across western Europe (i.e.
CT1).

4.3 Case studies

In this section, CO surface concentrations in Europe are studied
during high pollution events. To this aim, CO is examined at one
rural station in the Netherlands, where particularly enhanced
concentrations in comparison to the background levels were
observed during the cold period of 2001. CO is also studied
during summer using data from a Greek rural station, in order to
assess the strength of the model to reproduce high concentrations
in a region that is under the influence of dominant summer-time
synoptic features.

4.3.1 High CO pollution event in winter. In January
2001, recorded CO concentrations at Zegveld-Oude Meije
(NLO229A), a rural background station located outside a built-
up area (van Elzakker, 2001), were characterized by periodic
rises and falls that lasted from a few hours to a few days (Fig. 9).
Particularly, during 15-20 January, CO rapidly increased from
rural concentrations to significantly higher levels for the follow-
ing 3 days, with peak values (hourly concentrations of 800—1800
ppbv) especially apparent during the period 17-20 January.

The study of the surface synoptic patterns and the associ-
ated meteorological conditions reveals that low pressures (as-
signed to CT7) prevailed over the study area 4-5 d before the
event (10-11 January). During this period, CO concentrations
are substantially different between the two models, with the
nested-grid simulation capturing the observed rises and falls, as
opposed to a poorer performance of the global model. As already
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discussed, S, slightly improves results under these synoptic con-
ditions. Therefore, simulated wind speed and wind direction in
both modelling approaches do not differ much on those days
(Figs 10a and b). However, temperature is significantly higher
in S; (Fig. 10c), revealing that the global model fails to capture
the passing cold front. Moreover, the enhanced mixing in the
global model (Fig. 10d) favours the artificial CO dilution in the
coarse grids, retaining CO in lower levels; thus differences be-
tween CO predictions and observations increase in this model
configuration. The next couple of days (12—-14 January), the low
pressure systems were followed by large anticyclonic patterns
(CT1), dominating over an extensive area of the western and
central Europe, extending from the United Kingdom and the
Netherlands to Poland and large part of Austria and Hungary.
However, the observed CO concentrations at the examined sta-
tion remained relatively low, since the prevailing weak wind flow
did not favour significant pollution transport towards this area. It
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5Jan 10Jan 15Jan 20Jan 25Jan 30Jan
is worth noting that especially on 1415 January (both assigned
to CT1) the global model simulates CO levels closer to the ob-
servations than the nested-grid model. As aforementioned, both
models’ performance is limited under this circulation pattern
due to the prevailing stagnant conditions and the associated lim-
ited mixing. Nevertheless, the higher wind speed in the global
simulation dilutes more CO and decreases its levels, resulting in
better agreement with the observed values.

From January 16 and onwards, an eastward shift of the system
was observed, and the high-pressure centre was prominent over
eastern Europe and parts of European Russia. Under this circula-
tion (CT2), low southeasterly winds spiralled outward from the
outskirts of the high-pressure centre towards the study region.
Meanwhile, an anticyclone was found at 850 hPa and a low-
pressure system at 500 hPa enhanced the high pressures in the
lower troposphere. Particularly on January 16 and 17, the pre-

vailing south—southeasterly winds of low intensity transferred
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Fig. 10. Wind speed (a), wind direction (b), temperature (c) and PBL heights (d) calculated by GEOS-CHEM model nested-grid (S,) and global
(S1) simulations at the rural background station Zegveld-Oude Meije (NL0229A) in the Netherlands during January 2001. Measurements were not

available.

polluted air masses from heavily polluted neighbouring areas.
This transport is well simulated by S,, resulting in the gradual
increase of CO concentrations. The global model presents also a
small increase in CO values. However, its limited performance
under the CT2 type results in higher winds (and consequently
in deep mixing heights), retaining CO in much lower levels.
On January 18, a cyclonic circulation began to form west of
the Netherlands, which, combined with the high pressure to the
east, enhanced the southwesterly flow. S, captures this sharp
change of wind direction successfully but with a time lag of few
hours, while S; winds retain the southeasterly flow. This weak
low-pressure system, centred to the west of the station, was well
developed on the 19™ of January. The shallow mixing heights
prevented pollutants dilution, trapping them close to surface un-
der the influence of the prevailing low synoptic winds. From
Fig. 9, it is evident that this pollution event is successfully cap-
tured by the fine model. On the other hand, the enhanced mixing
and the high wind speeds in the global model retain CO in lower
levels. The limited representation of meteorological patterns and
transport processes in the 4° x 5° grids becomes also evident
from the GEOS-3 meteorological patterns (not shown).

From January 20 and onwards, the low pressure moved further
east and CO levels began to decline, as a warm front, followed
by increase in temperature and wind intensity, forced the high
CO concentrations to dilute. Once more, CO levels and daily
variability calculated by S, are in good agreement with mea-

surements, owing to this model’s ability to capture the assigned
CTs and the associated wind regimes. Overall, the nested-grid
model has a very good performance during the high pollution
event (MO = 843.3 ppbv, MBs, = 47.9 ppbv and MEg, = 274.8
ppbv), significantly more accurate (up to 42%) than the global
model (MBg; = —400.7 ppbv, MEg; = 404.8 ppbv).

4.3.2 High CO pollution event in summer. In summer, a
strong east-west surface pressure difference is generated be-
tween the Azores high and the Asian monsoon low-pressure pat-
terns, which cause northerly flow in the lower troposphere over
the Eastern Mediterranean, particularly in August (e.g. Tombrou
et al., 2009). Indeed, the examination of the synoptic patterns
during August 2001 reveals that the prevailing conditions over
the Greek territory mainly corresponded to three synoptic cat-
egories (CT11, CT12 and CT13), being associated with strong
northerlies over the Aegean Sea. The air flow pattern at the up-
per level of 850 hPa also originated mainly from the northern
sector (N-NE) along the Aegean Sea (assigned mainly to types
CTl1gso and CT7gs0), which turned to NW over the Greek Island
of Crete.

In order to study long range transport towards this area, CO
measurements were collected at Finokalia (Fig. 11), a rural
coastal station (130 m above sea level) on the northeastern
part of Crete (35°19'N, 25°40'E, Fig. 3), during 1-16 August
2001, in the framework of MINOS campaign (Lelieveld et al.,
2002a). Under the prevailing conditions, pollution transport was
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favoured along the northwestern Turkish coast and the north-
eastern boundary of Greece, most likely from the Sea of Azov
in NE Europe where significant CO production was evident due
to a large number of fires (Salisbury et al., 2003), resulting in
significant increase of CO levels at Finokalia.

In order to investigate the performance of the two modelling
applications during this pollution transport event (Fig. 11), re-
sults are examined in relation to synoptic circulations. During
all types, the prevailing wind at Finokalia was of strong intensity
(Fig. 12a), originating from the northwest (Fig. 12b). Hence, the
nested-grid model results are also studied at the adjacent up-
wind grid to the original Finokalia’s grid, on the northwesterly
direction in the Aegean Sea. Modelled temperature (Fig. 12c)
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against measurements (e.g. Krol et al., 2005) and PBL heights
(Fig. 12d) are also examined.

Measured CO concentrations at Finokalia (e.g. Salisbury
et al., 2003) are reasonably well simulated by the nested-grid
model. The best model-observation agreement is found during
5-8 and 11-16 of August, when the nested-grid model approach
captures more successfully the measured CO levels in compari-
son to the overestimated values simulated by the global model.
This is attributed to the better representation of the prevailing
CT11 and CT13 by S, in comparison to S;. The limited repre-
sentation of the meteorological patterns and transport processes
in the 4° x 5° grids becomes also evident from the GEOS-3
meteorological patterns (not shown). Particularly, in most of the
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Fig. 12. Wind speed (a), wind direction (b), temperature (c) and PBL heights (d) calculated by GEOS-CHEM model nested-grid (S;) and global (S;)
simulations at Finokalia during 1-16 August 2001. Measurements are plotted when available (MINOS, Lelieveld et al., 2002a; Krol et al., 2005).
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days, the centres of the Lows and Highs are more precisely lo-
cated in S, than in S, while the extension of the Asian Low over
the Aegean is clearly deeper. Furthermore, the synoptic condi-
tions that prevailed during this period at the 850 hPa (CT1gso,
CT7g50) are better represented in S, than in S;. The limited per-
formance of the global model through the whole period is also
attributed to the fact that the coarse grid including the Finokalia
site aggregates emissions from the entire area of Crete.

Biases in the nested-grid model simulation are observed when
the area is dominated by strongly variable atmospheric circula-
tion (e.g. 3—4 and 9-10 August). Under these conditions, a dis-
tinct (i.e. well-organised) synoptic circulation fails to establish
over the area in the model, resulting in a mismatch of the posi-
tion of the low and high-pressure centres of GEOS-3 assimilated
data in relation to the real atmospheric circulation. Overall, the
nested-grid model simulation reproduces reasonably well the
CO observations during the whole period (MO = 159.5 ppbyv,
MBg, = 5.2 ppbv and MEg, = 22.6 ppbv), significantly more
accurately (up to ~20%) than the global model, which reveals
poorer performance (MBg; = 36.4 ppbv, MEg; = 43 ppbv).

5. Conclusions

The application of the nested-grid simulation of the global CTM
GEOS-CHEM over the European domain demonstrated that this
model configuration has a very good ability in capturing the sea-
sonal signals and the levels of CO concentrations at rural back-
ground areas throughout the year. Based on extended statistical
evaluation for 31 stations, it was found that the nesting model
approach shows the lowest (largest) biases in warm (cold) peri-
ods, tracking CO in most cases more accurately than the global
model, particularly (a) close to significant anthropogenic activ-
ity, (b) at high altitudes and (c) at short distance from the coast.

In order to determine the differences between the nested-grid
configuration and the global GEOS-CHEM model, a rotated
PCA was applied based on daily CO modelled concentrations
in 2001, yielding three PCs that defined three subregions in the
study domain. The first subregion (PC1) accumulated stations
located in the northern and western part of the study region, close
to the major anthropogenic sources, with significantly higher
mean emission rates (up to ~50%) and in general at low altitudes.
The second subregion (PC2) included stations that were located
in the southern part of the examined area, mainly at a long
distance from major sources (with emissions at ~1/2 of that
considered in PC1) and at a mean altitude of ~400 m. In the third
subregion (PC3), stations were located in the eastern part of the
examined area, with lower background emissions in comparison
to the other two groups and at similar mean altitudes with PC2.

The CO concentrations for each of the three PCs groups were
examined, in relation to the circulation patterns prevailing over
Europe, at MSL and at the geopotential level of the 850 hPa. It
was found that nested-grid model’s results significantly improve
for PC1 stations (up to ~22%) and PC2 (up to ~17%), while im-

provement is lower for PC3 (up to ~7%). This model configura-
tion presents better performance when the prevailing circulation
patterns are associated with westerly flow, while poorer skills are
found during stagnant conditions. Similar results are obtained
for the CTs at 850 hPa. Moreover, it was found that transport
and mixing processes are better represented by the nesting sim-
ulation than in the global run. This was particularly evident in
high altitude regions, where the pollution advection and con-
vection processes from highly polluted neighbouring areas are
better captured by the nested-grid model.

Furthermore, it was seen that differences in CO concentra-
tions over Europe between the two model configurations are
related particularly to the hydroxyl radical behaviour. CO and
OH concentrations depend, particularly at remote regions, not
only on emissions and the background levels of their precursors,
but on their transport as well.

In addition, the nested-grid model proves to reproduce the
day-to-day variability of the CO concentrations at rural stations
during high pollution events, both in the cold and the warm
periods, as opposed to the poorer global model’s performance.
The improvement in the nesting modelling approach in compar-
ison to the global model application in these cases reaches up to
~40%.

Deviations of the nested-grid model from the observations
were partially attributed to the uncertainty of the emission in-
ventories, mismatches in the meteorological data representa-
tion, lack of vertical variation in the injection heights of the
emissions from fires and the full-mixing PBL scheme consid-
ered in the model. Recently, the consideration of the non-local
scheme formulated by Holtslag and Boville (1993) in the global
model was found to improve vertical distribution of NO, and
O; in the lower troposphere relative to results derived using the
full-mixing assumption (Lin and McElroy, 2010), although the
coarse resolution in the global model was a limiting factor (Lin
et al., 2010). The grid size in the nested-grid model, although
of higher resolution, still limited modelling skills in simulating
small-scale weather systems, as well as emissions and model
predictions at station-scales; hence the accuracy of the results
is reduced. Moreover, smaller biases were attributed to the fact
that some CO sources and sinks of lesser importance are not
considered in the model.
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Additional supporting information may be found in the online
version of this article:

Appendix S1. Mean monthly surface concentrations of CO in
Europe produced by the nested-grid simulation (S,) in (a) winter
and (b) summer.

Percentage difference between the predicted CO concentra-
tions (C) calculated by the nested-grid (S;) and the global
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(S1) simulations of GEOS-CHEM {[(Cs,-Cs;)/Cs;1x 100% } for
winter (¢) and summer (d).

(a) Modelled OH distribution by the nested-grid (S,) sim-
ulation of GEOS-CHEM in summer, (b) percentage differ-
ence of OH in summer calculated between the concentra-
tions (C) calculated by the nested-grid (S;) and the global
(Sy) simulations of GEOS-CHEM, given by [(Cs,-Cs;)/Cs1] X
100%.

Percentage difference of O3 concentrations in summer at sur-
face in Europe between the nested-grid (S,) and the global
(S;) simulations of GEOS-CHEM predicted concentrations (C),
given by [(Cs,-Cs;)/Cs1] x 100%.

Appendix S2. Measured (Air Quality Database of the European
Environmental Agency, http://www.eea.europa.eu/data-and-
maps/data/airbase-the-european-air-quality-database-1) and
modelled mean daily CO concentrations (in ppbv) calculated
by the nested-grid (S;) and the global (S;) simulations of
GEOS-CHEM for 31 stations in Europe in 2001.

Appendix S3. Statistical parameters equations.

Appendix S4. Composites of 13 circulation patterns at mean
sea level over Europe based on the classification developed by
Kostopoulou and Jones (2007).
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