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Abstract. Pollutants from global sources are known to af-
fect the Eastern Mediterranean Shore (EMS). However, there
has been no previous study explicitly locating the Euro-
pean sources, characterizing their transport pathways, and
quantifying their contribution to local concentrations in the
EMS. In the current study, spatially tagged carbon monox-
ide was used as a tracer for pollutant transport from Europe
to the EMS over five consecutive years (2003–2007) using
the global chemical transport model MOZART-4. The model
results were compared against NOAA/GMD ground station
data and remotely sensed data from the Terra/MOPITT satel-
lite and found to agree well on monthly basis but do not agree
on daily basis. On synoptic scale, there is agreement between
MOZART and GMD during July to August. A budget anal-
ysis reveals the role of CO from hydrocarbon oxidation on
CO concentration during summer. European anthropogenic
emissions were found to significantly influence EM surface
concentrations, while European biomass burning (BB) emis-
sions were found to have only a small impact on EM surface
concentrations. Over the five simulated years, only two Euro-
pean biomass burning episodes contributed more than 10 ppb
to surface CO concentrations in the EM. CO enhancement in
the EM during the summer was attributed to synoptic con-
ditions prone to favorable transport from Turkey and East-
ern Europe towards the EM rather than increased emissions.
We attribute the apparently misleading association between
CO emitted from European BB and CO enhancements over
the EM to typical summer synoptic conditions caused by the
lingering of an anticyclone positioned over the Western and
Central Mediterranean Basin that lead to forest fires in the
area. Combined with a barometric trough over the eastern

part of the Mediterranean Basin, this generates a prevailing
transport of air masses from Eastern Europe to the EMS.
Synoptic scale variations are shown to change the transport
pathways from Europe towards the EMS having an overall
small affect. CO concentration over the EMS can be describe
as having 3 components: the seasonal cycle, the cycle of CO
produced from hydrocarbon oxidation and a synoptic varia-
tion.

1 Introduction

Gas phase pollution from global and European sources is
known to travel over the Mediterranean Sea downwind to
the Eastern Mediterranean Shore (EMS), defined here as Is-
rael, Lebanon and Syria (Lelieveld, et al., 2002; Kallos et al.,
2007; Astitha et al., 2008; Luria et al., 1996; Wanger et al.,
2000; Matvev et al., 2002; Duncan and Bay, 2004; Dayan
and Levy, 2005; Erel et al., 2007). Evidence for contami-
nation of lower tropospheric layers over the EMS by pollu-
tion emitted from European sources during summer has been
shown (Stohl et al., 2002; Dayan and Levy, 2005; Dayan et
al., 2002; Erel et al., 2007). However, locating the sources
affecting the EMS, quantifying their contributions to local
concentrations and characterizing the influence of synoptic
pressure systems on short term variation have not yet been
accomplished. Furthermore, it should be noticed that the
EMS does not always share the same transport pathways of
other parts of eastern Mediterranean region (e.g. Greece).

In this study, we use carbon monoxide (CO) as a tracer for
pollutants. CO has a global-average lifetime of about two
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Table 1. GMD stations.

Code Name Latitude Longitude Elevation (m) Country

WIS WIS Station Negev Desert 31.13 34.88 400.0 Israel
HUN Hegyhatsal 46.95 16.65 248.0 Hungary
LMP Lampedusa 35.52 12.62 45.0 Italy
BSC Black Sea Constanta 44.17 28.68 3.0 Romania
OXK Ochsenkopf 50.03 11.80 1022.0 Germany
BAL Baltic Sea 55.35 17.22 3.0 Poland
MHD Mace Head County Galway 53.33 −9.90 5.0 Ireland

months and its molecular weight is close to that of air. It is
widely used as a tracer to track pollution transport. In addi-
tion to chemical oxidation in the atmosphere, CO is emitted
from anthropogenic sources, biomass burning (BB), vegeta-
tion and ocean. The CO seasonal cycle is mainly governed
by the concentration of the hydroxyl radical (OH) in the tro-
posphere (Novelli et al., 1992) and is expected to be lowest in
the late summer when photochemistry is active and highest
during late winter or spring.

CO concentration in a specific location depends on several
processes such as emissions, chemical production, chemical
loss, transport and deposition, and these are associated with
different spatial and temporal scales. The goal of this re-
search is twofold: investigate CO sources affecting the EMS
at both large spatial and temporal scales and synoptic scales.
From large scale perspective our aim is to locate and quantify
the contribution of CO sources to local EMS concentration
and to assess the relative importance of the various source
types. From synoptic scale perspective we are concerned
with the question of how synoptic scale processes influence
the short term CO variation and to what extent synoptic pres-
sure systems can explain synoptic scale variation.

The paper is organized as follows: First, to gain basic
knowledge on the temporal and spatial behavior of CO over
the research domain, measurements – both in situ (Sect. 2)
and remotely sensed (Sect. 3) – are shown and analyzed. In
Sect. 4 we will introduce the MOZART-4 model, the emis-
sions inventory used and a brief description of the concept
of tagged runs. In Sect. 5 the model results are evaluated
against measurements. The model results used for budget
analysis and to locate the sources affecting the EMS along
with the contribution of each source to local concentrations
are discussed in Sect. 6. In the following Sect. 7 the relative
importance of anthropogenic sources and BB sources are an-
alyzed. In Sect. 8 the the influence of synoptic systems on
synoptic scale variation is examined and discussed, followed
by the last Sect. 9 including summary and main conclusions.

2 In-situ flask measurements over Sde-Boker

The only background monitoring ground station located at
southern Israel is available over the whole EMS region. CO

concentration is measured on a near weekly basis at Sde-
Boker (31.13◦ N, 34.88◦ E, 400m) as part of the NOAA Earth
System Research Laboratory Global Monitoring Division
(NOAA/GMD) flask sampling program (Novelli et al., 1992,
1998, 2010) and is operated by the Weizmann Institute of
Science (WIS). The site is located far from urban centers
and therefore is well-suited for background measurements.
CO monthly means for Sde-Boker along with other Euro-
pean GMD stations (see Table 1) are shown in Fig. 1 (solid
red line for WIS, dashes lines for other European stations).

Three main features are evident:

1. The CO seasonal cycle: high over winter months, de-
creasing sharply during April and increasing again from
November.

2. In contrast to the seasonal cycle, higher CO concentra-
tions are observed during August compared to July and
September.

3. The minimum average CO is seen in September, which
is later than other stations except LMP.

While two other stations share a similar pattern (OXK and
BSC), this feature is seen earlier at WIS (August) than the
two other stations (September).

A closer look at the anomalous high CO during August
reveals a more complicated picture. Measurements during
June to October can be partitioned, on yearly basis, to 3 cat-
egories:

1. “Regular” seasonal cycle (years 2005)

2. Local maxima during August (years: 2001, 2002, 2003,
2004, 2006, 2007, 2008).

3. Local maxima during July (year 2000).

3 MOPITT measurements.

The flask measurements described in the previous section
provide an accurate measure of CO concentration at a spe-
cific point but contain no information about the spatial vari-
ability of CO over the region. To characterize CO spatial
variability satellite measurements can be used.
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Fig. 1. CO monthly means for Sde-Boker (31.13◦ N, 34.88◦ E,
400 m) along with other European GMD stations (solid red line for
WIS, dashes lines for other European stations).

3.1 MOPITT instrument and retrieval.

Measurements Of Pollution In The Troposphere (MOPITT),
onboard the Terra satellite, is an eight-channel gas corre-
lation radiometer with pixel resolution of about 22 km by
22 km at nadir and a swath width of about 640 km. Global
coverage is achieved in about three days under clear sky con-
ditions. Version 4 MOPITT level 2 CO retrievals are used
in this study (Deeter et al., 2010). The MOPITT retrievals
include the CO mixing ratio for ten atmospheric levels from
the surface to 100 hPa with 100-hPa grid spacing and the total
column amount of CO in the atmosphere. MOPITT retrievals
are based on the Maximum A Posteriori (MAP) technique in-
corporating a priori information about the CO concentrations
profile and its covariance. A full description of the retrieval
method can be found at Deeter et al. (2003) and Deeter et
al. (2010).

3.2 Evaluating MOPITT sensitivity to the lower
troposphere near Sde-Boker

Here we are interested in CO concentration at the lower tro-
posphere (LT) and therefore MOPITT sensitivity to this layer
should be examined before using the retrievals.

MOPITT measurements rely on thermal contrast between
the surface and atmosphere and therefore, in common with
other operational remote sensing measurements of CO, are
mainly sensitive to the free troposphere with only limited sur-
face sensitivity (Edwards et al., 2004; Worden et al., 2010).
The thermal contrast depends on surface type, vegetation
and solar illumination. Over the sea, the skin temperature
is very close to the air temperature and therefore we expect
a low sensitivity of MOPITT retrieval to the LT. Over arid
area (such as Sde-Boker), especially during summer, skin
surface temperature can be much higher than the air tem-
perature leading to a high thermal contrast and a better sen-
sitivity to the LT. There are additional factors determining
MOPITT sensitivity such as: CO loading and H2O vertical
profile, thus even under high thermal contrast the retrieval
sensitivity might be low.

A quantitative measure of MOPITT vertical sensitivity can
be gained from the averaging kernel matrix. MOPITT re-
trieved state vector̂x can be expressed as a weighted average
of the true state vectorx and the apriori state vectorxa with
the following relation (Deeter et al., 2010):

x̂ ≈ AK x +(I −AK )xa (1)

WhereAK is the averaging kernel matrix andI is the identity
matrix. For MOPITT v4 these quantities are defined in terms
of log(VMR) (Deeter et al., 2010).

The averaging kernel matrix, which indicates the sensitiv-
ity of the retrieved state vector to the true state vector, can be
written as:

AK =
∂ x̂
∂x

(2)

Each row of theAK matrix describes how all of the elements
in the true state vector contribute to a particular element of
the retrieved state vector (Deeter et al 2003).

Examining the shape of theAK for a specific level (e.g.
the corresponding row) will reveal the vertical resolution and
sensitivity of the retrieval. The AK not necessarily peaks
at their corresponding pressure level and in most cases are
not sharply defined meaning the retrieval can be interpreted
as an averaged valued over several layers. To illustrate this
Fig. 2 shows the AK of two retrievals near GMD/ESRL Sde-
Boker located at the Negev desert. During day (right panel)
the 900 mb curve peeks in the 900 mb level, meaning the re-
trieval is significantly based on information from measure-
ments rather than apriori data. This peak is probably due to
the high thermal contrast, as expected for this hot and arid
area. It is important to notice that the 900 mb retrieval is sen-
sitive to several other layers (from 1000 mb to 700 mb) and
therefore will represent a weighted average value of these
layers. Another important point is that the 900 mb retrieval
is more sensitive to the surface than the surface retrieval.
During night (left panel) the AK peek at 900 mb is less pro-
nounced and comparable to the 800 mb curve. This is again
probably due to reduced thermal contrast between surface
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Figure 2 Averaging kernels obtained near SDE-BOKER GMD station during 18/8/2004. 

During day (left panel) the 900mb retrieval sharply peaks at the same level, meaning 

there is a good sensitivity to lower tropospheric concentration. During night (right panel) 

the 900mb retrieval moderately peaks at its level with same contribution from the 800mb 

level indicating slightly less sensitivity to the lower tropospheric concentration. 

Fig. 2. Averaging kernels obtained near SDE-BOKER GMD station during 18/08/2004. During day (left panel) the 900mb retrieval sharply
peaks at the same level, meaning there is a good sensitivity to lower tropospheric concentration. During night (right panel) the 900 mb retrieval
moderately peaks at its level with same contribution from the 800 mb level indicating slightly less sensitivity to the lower tropospheric
concentration.

temperature and the layers above, which is less over night.
The shapes of the 800 mb and 900 mb are very similar in-
dicating a high correlation for the retrieved values at these
levels.

In addition, the “Degrees of Freedom for Signal” (DFS),
which is the trace of the AK matrix, can be calculated. DFS
is a measure of the number of components of the retrieved
CO profiles that are not constrained by the a priori. (Deeter
et al., 2003). A low DFS value indicates that the retrieval is
mainly based on a priori data and not on measurement. The
range of DFS values associated with MOPITT thermal in-
frared retrievals span between 0.5 and 2 (Deeter et al., 2004).
DFS values over the EMS are relatively high and span be-
tween 1 and 2. Worden et al. (2010) defined the surface
DFS, as a measure of MOPITT LT sensitivity. The surface
DFS equals to the sum of the AK diagonal elements from
the surface to 800 hPa. Retrievals with surface DFS>0.4 are
defined as sensitive to the LT (Worden et al., 2010). Fig-
ure 3 show the monthly average surface DFS near Sde-Boker
(±1 deg, land only). During day (red dots) the surface DFS
is higher than 0.4 from March to October and is much higher
than the global average which is 0.25 (Worden et al., 2010).
During nights the surface DFS is low as excepted (surface
DFS <0.2). Figure 3 presents the Monthly average CO at
900 mb (red dots) along with their standard deviation (dashes
bars). Only retrievals with surface DFS higher than 0.4 were
used. The seasonal cycle can be clearly seen, but the anoma-
lous high during August cannot be seen (Except for sum-
mer 2006). A possible explanation for this is that MOPITT
retrievals differ fundamentally from in-situ measurements.

While in-situ measurements represent a small volume at a
specific layer, MOPITT retrievals can be seen as averaged
value over several layers (e.g. the 900 mb retrieval is average
from the surface up to the 700 mb, see Eq. 1).

The anomalous high concentration during August might
be restricted to lower levels, and therefore averaging over
several layers might mask this signal. MOPITT retrievals are
highly variable both spatially and temporally (as described
by the dashed bars), especially during winter and spring.
This variability is associated with cold fronts during winter
and the highly variable boundary layer height (300–2000 m2)
during spring. Points without bars (e.g. December), denote
a single measurement due to low retrieval sensitive to the LT
(surface DFS<0.4).

4 Model description

4.1 MOZART-4

The Model for Ozone and Related chemical Tracers, version
4 (MOZART-4) is a global chemical transport model of the
troposphere (Emmons et al., 2010). For this study, the tracer
version of MOZART-4 is used, where only CO is simulated.
CO sources include direct emissions and secondary produc-
tion from the oxidation of hydrocarbons, while CO sinks in-
clude reaction with OH and dry deposition. Monthly aver-
ages of OH and CO chemical production fields (from CH4
and other hydrocarbon oxidation) are taken from a previous
simulation with full chemistry. The dry deposition scheme
from Sanderson et al. (2003) is included in MOZART-4.

Atmos. Chem. Phys., 12, 1067–1082, 2012 www.atmos-chem-phys.net/12/1067/2012/
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Table 2. Tag definition.

Tag id Name Min Lat Max Lat Min Lon Max Lon

1 South Western Europe 36 50 −10 10
2 Balkans 36 50 10 30
3 Turkey and Eastern Europe 36 50 30 45
4 North Western Europe 50 60 −10 30
5 North Eastern Europe 50 60 30 45
6 EMS 30 36 30 36
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Figure 3. Monthly average CO from MOPITT retrievals (blue dot) along with their 

standard deviation (dashed lines). Retrievals with surface DFS < 0.4 where filtered out. 

Fig. 3. Monthly average CO from MOPITT retrievals (blue dot) along with their standard deviation (dashed lines). Retrievals with surface
DFS<0.4 where filtered out.

The model is driven by meteorological inputs from the Na-
tional Centers for Environmental Prediction/National Cen-
ter for Atmospheric Research NCEP/NCAR Reanalysis with
time steps of 6 h (Kalnay et al., 1996). A horizontal resolu-
tion of 2.8◦ in latitude by 2.8◦ in longitude is used with 28
sigma levels extending from the surface up to a pressure level
of about 2 hPa. The model is run in time steps of 20 min.

4.2 CO emissions

Anthropogenic pollutants are emitted principally from fixed
sources, such as urban or industrial areas, or from specific
known locations, such as roads. Although there is evi-
dence that European anthropogenic emissions (Meszaros et
al., 2005) may be decreasing, we assumed a constant an-

nual anthropogenic surface emission flux of CO, using the
values for the year 2000 as obtained from the Precursors of
Ozone and their Effects in the Troposphere (POET) inven-
tory (Granier et al., 2005).

BB emissions, on the other hand, exhibit large spatial and
temporal variability (Edwards et al, 2004) and are character-
ized by large uncertainties in timing, location, and magni-
tude (Bian et al., 2007). Furthermore, synoptic scale trans-
port is very sensitive to the timing and location of emis-
sions (Ranmar et al., 2002; Dayan and Levy, 2002, 2005;
Dayan and Lamb, 2007). Chen et al. (2009) applied three
BB inventories with different temporal resolutions: monthly
from Global Fire Emissions Database version 2 (GFEDv2),
8-day (GFEDv2 resampled with MODIS 8-day fire counts),
and daily (GFED 8-daily resampled using the GOES ABBA
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Fig. 4. Spatially tagged CO regions (both anthropogenic and BB)
that were used for tracing transport in MOZART. The partitioning
is based on previously known transport patterns and the emission
inventory.

diurnal cycle). They compared the model results with satel-
lite, aircraft, and ground based measurements and concluded
that, ”switching from monthly to 8-day time intervals for
emissions has the largest effect on CO and aerosol distri-
butions, and shows better agreement with measured day-to-
day variability”. In the absence of a daily inventory, we
used the 8-day fire emissions from the Global Fire Emissions
Database version 2 (van derWerf et al., 2006). This inventory
was resampled from the monthly GFED 2 inventory to an 8-
day time step using Moderate Resolution Imaging Spectro-
radiometer (MODIS) fire hot spots (Giglio et al., 2003).

4.3 The concept of tagged runs

CO has a principal chemical sink, the OH radical, and there-
fore can be simulated linearly. CO sources can be tagged
according to their type (e.g., anthropogenic or BB), location
(e.g., east or west Europe), and timing (e.g., month of the
emissions). Each of these tagged CO sources is treated as
a separate “species” and can be used as a tracer to identify
transport pathways and to evaluate the contribution of each
source to local CO total concentration. Here we spatially tag
the European CO sources and separate them into two types,
BB and anthropogenic sources. For each source type, six
areas (“tags”) are defined, making a total of 12 tags for the
whole continent. The six regions that were tagged for each
source type are shown in Fig. 4 (see Table 2): South Western
Europe (tag 1), Balkans (tag 2), Turkey and Eastern Europe
(tag 3), North Western Europe (tag 4), North Eastern Europe
(tag 5), and EMS (tag 6). The tags were defined according
to known transport pathways (Erel et al., 2007; Dayan and
Levy, 2005) and emission spatial distributions according to
the POET and GFED inventories. The simulated mixing ra-
tios of CO and each tag are averaged over 24 h.

In addition CO from CH4 (Come) and CO from hydrocar-
bon oxidation (COhc) is also included for budget analysis.

5 Model results and evaluation

5.1 Model results

The time series of CO surface concentration for a MOZART
grid cell centered over 32.85◦ N and 33.75◦ E between 2003
and 2007 is shown in Fig. 5. The seasonal cycle can be seen,
with high CO concentration during winter months, reaching
a maximum in spring, and decreasing sharply around May.
The CO concentration for the mid-summer months (i.e., July
and August) is higher than in the early summer (i.e., May–
June). Another decrease in concentration can be seen in
September and October followed by a sharp increase during
November and December. A similar pattern is exhibited by
the five year averaged CO (Fig. 6). CO variability during au-
tumn, winter, and spring is much higher than in the summer,
reflecting the synoptic variability during these months com-
pared with the stable atmospheric conditions characterizing
the summer.

5.2 Comparison of the model to MOPITT Observations

To properly evaluate MOZART with MOPITT products, the
averaging kernel and a priori profile associated with each of
the MOPITT retrievals must be applied to the model profiles
(Emmons et al., 2009a). Using eq1 we can write this trans-
formation as:

∧

X
MOZART

= Xa+AK (XMOZART −Xa) (3)

Where
∧

X
MOZART

is the simulated retrieved profile base on the

modeled profile (XMOZART) and MOPITT apriori data (Xa)
and MOPITT AK. It is important to notice that the V4 state
vector represents the CO profile as a set of log Volume Mix-
ing Ratio (VMR) values and therefore the transformation
(eq3) should be done in terms of log(VMR).

We evaluate MOZART results by applying eq3 for each
of MOPITT retrieval over a specific MOZART cell and then
averaging the “retrieved” MOZART and MOPITT for each
day. As mentioned previously, MOPITT retrievals over wa-
ter surface are less sensitive to the LT and therefore were
filtered out and only retrievals with surface DFS>0.4 were
used. Figure 7 shows a comparison between MOPITT and
“retrieved” MOZART at 900 mb level, on a monthly basis.
While correlation is high (0.67<R<0.88) there is a large bias
(∼20, less than 20 %). Emmons et al (2009) found a bias
of 25% for MOPITT 700 mb retrievals. While bias may be
higher near surface, model shortcoming can also contribute
to this high bias (e.g. emission inventory, too high OH con-
centration, error in boundary layer height). Using a lower
surface DFS to filter MOPITT retrievals will lead to lower
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Fig. 5. MOZART-4 CO surface concentration (ppb) for the study period (2003–2007). The seasonal cycle, high CO from autumn to spring
and low CO during summer, is clearly seen. CO variability from autumn to spring is much higher than during summer, reflecting the synoptic
system variability during these months as opposed to the stable summer conditions.
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Figure 6. Average CO surface concentrations (ppb) during the study period (2003-2007). 

A deviation from the expected seasonal cycle during summer can be seen.  

 

Fig. 6. Average CO surface concentrations (ppb) during the study
period (2003–2007). A deviation from the expected seasonal cycle
during summer can be seen.

correlation and lower bias, as the retrievals will be closer to
the a priori, which is based on MOZART simulation clima-
tology (see Eq. 3). Daily comparison between MOPITT and
MOZART yields much lower correlation (R ∼0.5).

5.3 Evaluation of the model with gmd ground station
data

A comparison of MOZART simulated CO concentrations
(resampled to Sde-Boker pressure level using local mete-
orological station measurements) to the GMD station data
from Sde-Boker (southern MOZART grid cell) is shown in
Fig. 8. Model output is co-sampled with GMD measure-
ments and averaged for each month. The model generally
reproduces both the magnitude and variability of CO concen-
trations well, with an overall correlation ranging from 0.61
to 0.91 and bias ranging from -5ppb to 12ppb. As will be
shown in the next section, this correlation is mainly due to the
seasonal cycle and the model cannot reproduce the synoptic
scale variability properly, unless for summer months. Higher
bias can be seen during winter and spring months which are
characterized by MOPITT as having higher spatial variabil-
ity that could not be simulated by the coarse spatial reso-
lution used for this simulation. During summer the bias is
minimal (except for July 2007). The lower end of the corre-
lation values and the higher end of the bias values come from
the spring months (March–May) of 2003. A possible expla-
nation for the discrepancy between the model and measure-
ments in the spring of 2003 is the presence of widespread Eu-
ropean forest fires that existed during that season and might
not be properly quantified by the emission inventory. Fire-
induced plume rise is not included in the simulations and
might also have contributed to this bias. The correlation for
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Fig. 7. Comparison of MOPITT V4 (blue dots) with MOZART (red
dots) at 900 mb, for the study period (2003–2007). The MOZART-4
results have been transformed with the MOPITT averaging kernels
and a priori data.

the years 2005–2007 alone is relatively high, ranging from
0.73 to 0.91.

5.3.1 Evaluation of the Model ability to simulate
synoptic scale variations

Synoptic scale can be coarsely defined as having a temporal
scale of several days. Here we will define the synoptic tem-
poral scale, based on GMD sampling frequency, to be equal
to a week.

To evaluate the model ability to reproduce the synop-
tic scale variation, MOZART results were conditionally
co-sampled with GMD measurements at Sde-Boker and
only measurements without any quality assurance flags
(flag = ”. . . ”) were used. For each year, a polynomial fit was
used to construct the seasonal cycle. The two time series
were deseasonalized by subtracting CO concentration from
the seasonal cycle. Figure 9 shows the deseasonalized time
series for the years 2003–2007. Generally, the model is un-

Fig. 8. Comparison of MOZART CO mixing ratio (at 964 hPa )
with co-sampled GMD flask measurements at Sde-Boker (31.13◦ N,
34.88◦ E, 400 m a.s.l.) for the study period (2003–2007).

able to reproduce the synoptic scale variation. The model
was able reproduce the synoptic scale variation for years
2003–2007 for the period between July and September. Two
possible reasons could lead to this good agreement:

1. Summer months over the EMS are characterized by sta-
ble atmosphere and small changes in synoptic pressure
systems.

2. CO from hydrocarbon oxidation has a defined seasonal
cycle (as will be shown in the next section) and the
model is capturing this cycle.

6 Conclusions

On monthly basis, high correlation is seen between the model
and measurements that have been used to evaluate the sim-
ulation. The model show a small bias compared to the In-
situ ground measurements (GMD) and high bias compared

Atmos. Chem. Phys., 12, 1067–1082, 2012 www.atmos-chem-phys.net/12/1067/2012/
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Fig. 9. A comparison between the deseasonalized time series of
MOZART (blue) and GMD (red) for the years 2003-2007. The
model was able to reproduce the synoptic scale variation for these
years for the period between August to October.

to MOPITT retrievals. The model results correlates nicely
(0.61<R<0.91) with weekly GMD measurements, but have
gain low correlation (R∼0.5) where compared to daily MO-
PITT retrievals. These results imply that MOZART cannot
simulate adequately daily variability during winter months.
During summer months (August–October) the model can
simulate well synoptic scale variation (with time scale of a
week). The model can reproduce the synoptic scale variation
for the period between July to September.

7 Budget analysis

7.1 CO sources by type

CO is released from many sources which differ in their mag-
nitude, spatial and temporal variability. Transport and dif-
fusion of CO in the atmosphere depends, among other fac-
tors, on these properties. Transport range, for example, relies

much on the effective release height. Anthropogenic emis-
sions are considered as surface sources whereas CO origi-
nated from hydrocarbon oxidation can be released at higher
levels and the release of CO from biomass burning depends
on the fire radiant heat. Therefore it would be desirable to in-
vestigate the contribution of these sources and their temporal
variability. Since this research is focused on synoptic scale
variation, of typical temporal scale of few days, it is essential
to evaluate the synoptic scale variation associated with each
source type.

CO sources can be categorized in several ways; in this
study CO sources where partitioned into five types: anthro-
pogenic, biogenic, fire, chemical production and ocean. For
each one of these sources, a global tag was defined. Fig-
ure 10 shows MOZART simulation for two year (2006–
2007) over the EM shore. CO concentration time series is
shown for each source (for MOZART cell centered at 30◦ N
and 33.75◦ E). Biogenic sources (green line) and BB sources
(red line) both have a minor contribution. Biogenic sources
have a seasonal cycle with high contribution over winter and
low daily variability. BB has no defined seasonal signature
and contributes episodically. Except for August 2007, daily
variation is small. CO from chemical production (orange)
contributes substantially (50–80 ppb) with defined seasonal
cycle; low over winter and autumn and high during summer
and have low daily variability. The main contributor to the
total CO is the anthropogenic source (purple, 50–180 ppb).
Its seasonal cycle is as expected, i.e., elevated concentration
during winter decreasing during spring, slightly increasing
during the summer; and decreasing again during the fall. The
daily variability is high and similar to the total CO daily vari-
ability. Emission from the ocean is negligible (not shown).
Comparing the daily variability of the various sources we can
conclude that total CO daily variability is governed mainly
by anthropogenic sources.

7.2 European CO sources per region affecting the EMS
region

To further attribute the daily variation, the anthropogenic
sources where spatially tagged. For each continent in the
northern hemisphere, i.e., North America, Europe and Asia a
tag was defined. Figure 11 shows the contribution of anthro-
pogenic sources for each of these continents (not including
Africa). European anthropogenic sources contribute substan-
tially (10–80 ppb) to local CO concentration with high daily
variability all around the year. Asian and North American
sources are in the same order of magnitude (10–25 ppb) with
low daily variability during most of the year, and very small
variability during summer. It is evident that during summer
daily variation in CO concentration are mainly caused by Eu-
ropean anthropogenic sources.

The seasonal cycle of the European contribution is very
similar to the seasonal cycle of total CO, with a high
concentration in winter, spring, and autumn and a lower
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Fig. 10. CO contributed from each source type and total CO (black) as simulated by MOZART for 2006–2007. Each source represents the
global contribution of a specific type. Anthropogenic sources (purple) are the main contributors to the total CO and have similar seasonal
cycle as the total CO and large daily variability. Chemically produced CO (orange) have an opposite seasonal cycle (high over summer) and
relatively small daily variability. Biogenic (green) and fires (red) have small daily variability.

Fig. 11.The contribution of CO anthropogenic sources for each continent for 2006–2007. During Summer: European sources are dominant,
with high daily variation. CO from Asia and North America has a small contribution and very small daily variability.

concentration in summer. The contribution of European
emissions to local CO surface concentrations is compara-
ble to that from local (tag 6) emissions (Fig. 12). European
sources can contribute up to 80 ppb. High contributions are
seen mainly during the winter months, peaking in March.

Local and European emission contributions to local CO
concentrations is generally negatively correlated, meaning
that either local or European sources are dominant (Fig. 12),
except in the summer, when both local and European sources
are simultaneously affecting the local CO concentration. A
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Fig. 12. A comparison between the contribution of European emissions to local CO concentrations (blue) and the contribution of local
emissions to local CO concentrations (black). The European contribution is comparable to the local contribution, and they are generally
negatively correlated.

possible explanation for the positive correlation in the sum-
mer is the short range of air mass transport during summer
caused by the dominant synoptic system for this season, i.e.,
the Persian trough in its weak mode recirculating local and
European emissions. European CO variability during winter
is much higher than in the summer due to the stable nature of
the EM summer. The European contribution is usually lower
than the local contribution during autumn and higher than the
local contribution during winter. The high contribution dur-
ing winter can be attributed to accumulation of CO due to the
stable atmosphere and low boundary layer over Europe and
westerly winds.

The average contribution of each anthropogenic tag to the
local surface concentration along with the maximum contri-
bution is shown in Fig. 13. Anthropogenic European emis-
sions significantly affect the EMS. All anthropogenic tags,
except tag 1, contribute year-round. The highest contribution
is from Turkey and Eastern Europe (tag 3). Central Europe
(tag 2) and Western Europe (tags 4 and 5) are found to con-
tribute mainly during the winter and spring. While the aver-
age tag contribution ranges between 5 and 15 ppb, extreme
episodes of more than 30 ppb were simulated (not shown
here).

8 The relative importance of European anthropogenic
and BB sources to EM near surface concentrations

Holloway et al. (2000) have conducted a detailed budget
analysis for global CO distribution and found a substantial
contribution of about 30 % from BB sources over the EMS.
The flux of European BB carbon monoxide emissions from
some areas of Europe is comparable to the flux of anthro-
pogenic CO emissions and may even exceed the latter dur-

ing extreme BB episodes (GFED2 and POET inventories;
Fig. 14). Furthermore, there is some correlation between Eu-
ropean BB emissions and EM CO concentrations (Fig. 15).
However, the European BB contribution to local surface CO
concentrations in the EM is actually small. Over the five
years simulated, only two cases of significant contribution
were detected. The first case is at the end of April 2006, when
widespread agriculture fires occurred over northern Russia
(tag 5). The second case is at the end of August 2007, when
huge fires occurred over Greece (tag 2). While local CO en-
hancement is correlated with the respective BB episodes over
Europe, model results indicate that anthropogenic emission
from tag 3 is the cause for these elevated values.

A possible explanation for the minor contribution of Euro-
pean BB to local surface CO concentrations in the EM is the
change in synoptic conditions over the Mediterranean basin
during summer, when most of the biomass burning occurs.
The typical synoptic condition during summer over the EM
is a weak or moderate Persian trough. Under these synoptic
systems, air masses travel to the EM coast from the Mediter-
ranean basin or Turkey (tag 3) with northwesterly winds at
the same time, a clock-wise flow around an anticyclone lo-
cated over central Mediterranean transports European pollu-
tants southwesterly. Two high pressure systems coexist with
the weak Persian through: one, over western and central Eu-
rope, the second, over Russia leading to favorable meteoro-
logical conditions for widespread forest fires. This synoptic
configuration leads to a short back-trajectory from Turkey to-
wards the EM advecting anthropogenic pollution (tag 3) but
blocking BB emissions. During summer air masses tend to
circulate over the EM and short back-trajectory may coexist
with moderate winds.
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Fig. 13. Average (black) and maximum (red) tag contribution for the study period for Sde-Boker (2003–2007). Major episodes can be seen
during winter months for all tags. Enhancement is for tag 3 during summer.

9 Synoptic scale variation associated with the various
sources

There is a clear difference in the CO variability between sum-
mer 2006 and 2007 (Fig. 12). During summer 2006 low vari-
ability can be seen on both local and European sources. Dur-
ing summer 2007 a higher variability can be seen especially
during the second part of July, where local and European
contribution is uncorrelated. Transport of pollution from Eu-
rope to the EM is controlled by the wind flow resulting from
a combination of synoptic systems, the one formed over Eu-
rope in tandem with those located over the EM. Schemati-
cally this can be divided this into two cases:

1. A high pressure system over central Europe with deep
Persian through over the EMS.

2. A low pressure system over northern Europe with weak
or median Persian through over the EMS.

In the first case back-trajectories will tend to have longer
western paths (Tags: 2,4). In the second case the back-
trajectories will be shorter and north easterly paths (Tags:
3,5). Figure 16 shows a time series of 3 components con-
tributing to the local concentration: the local contribution
(green), western and northern contribution (Tags 2 and 4,
red, hereafter western source), and north eastern contribu-
tion (Tags 3 and 5, blue, hereafter eastern sources). Figure 17
shows the 10 day composite of Sea Level Pressure (SLP) for
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Fig. 14. Biomass burning CO emission fluxes
[1010molecules cm−2 s−1] from GFED2 for 22/08/2007 (up-
per panel) and fixed anthropogenic emissions from POET
[1010molecules cm−2 s−1] (lower panel), updated in 2005.

the two summers. During July 2006 a low contribution can
be seen from western sources and average contribution from
local and eastern sources along with high pressure system
over central Europe. In the beginning of August a sharp de-
crease can be seen in the contribution of the eastern sources
along with low pressure system over central Europe at the
same time there is a sharp increase in the contribution of the
western sources. At the end of August there is an increase
in local contribution due to intensification of the high pres-
sure system over Western Europe. During the first two weeks
of July 2007 a low contribution is seen from both eastern
and western sources with an averaged contribution from lo-
cal sources. A low pressure system is shown over northern
Europe leading to short trajectories and higher local contri-
bution. During the second part of July 2007 there is a de-
crease in western sources contribution and increase of east-
ern and local sources. A high pressure system can be seen
all over Europe leading to back-trajectories coming from the
east. During the first part of August 2007 there is a sharp de-
crease in local contribution and a mild increase from western
sources while eastern sources show fluctuations. The high
pressure system is shifting westward leading to a deep Per-
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Figure 15. Local CO surface concentration obtained from NOAA/GMD at Sde-Boker 

(black circles) and European BB emission fluxes [10
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] calculated 

from GFED v2 (red circles). Local CO enhancement is synchronized with BB fluxes. 

Fig. 15. Local CO surface concentration obtained from
NOAA/GMD at Sde-Boker (black circles) and European BB emis-
sion fluxes [1013molecule cm−2 s−1] calculated from GFED v2
(red circles). Local CO enhancement is synchronized with BB
fluxes.

sian thought, a more ventilated boundary layer over Israel
and trajectories coming from north Western Europe. At the
second half of August 2007 a strong increase is seen in local
contribution and a decrease in west sources contribution. A
high pressure system can be seen over most of continental
Europe leading to short back-trajectories.

www.atmos-chem-phys.net/12/1067/2012/ Atmos. Chem. Phys., 12, 1067–1082, 2012



1080 R. Drori et al.: Attributing and quantifying carbon monoxide sources affecting the Eastern Mediterranean

 42 

 

 

 

Figure 16. The contribution of various sources to local concentration during July-August 

2006 (upper panel) and 2007 (lower panel).

Fig. 16. The contribution of various sources to local concentration
during July–August 2006 (upper panel) and 2007 (lower panel).

10 Summary and conclusions

This paper represents the first attempt to quantify the con-
tribution of various European CO sources to EMS surface
concentration.

The chemical transport model MOZART-4 was used to lo-
cate and quantify the impact of European CO emissions on
CO surface concentrations in the EMS and particularly in
Southern Israel. Model results were compared against MO-
PITT retrievals and ground monitoring station data and found
to agree well on monthly basis and weekly basis during sum-
mer. The model was unable to reproduce the synoptic scale
variation except for summer months (July-September). Se-
lected transport events were analyzed and explained.

Our main conclusions are:

1. The CO concentration over the EMS can be described
by 3 main components: anthropogenic CO sources sea-
sonal cycle, the CO from hydrocarbon oxidation (COhc)
seasonal cycle and synoptic scale variations.

2. Anthropogenic European CO emissions can contribute
up to 90 ppb (50 %) of the surface CO concentration in

  

  

Fig. 17. 10 days SLP composite for July–August 2006 (left panel)
and 2007 (right panel).
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the EM and are comparable in order to the contribution
of local CO emissions.

3. The anthropogenic CO sources with the highest contri-
bution to EM CO concentrations are from Turkey and
Eastern Europe. Emissions from Eastern Europe con-
tribute throughout the year to EM CO concentrations
with the exception of late spring and autumn. Emissions
from Central Europe mainly contribute during the win-
ter months with a smaller contribution during summer
and autumn.

4. In-situ measurements as well as modeled CO; indicate
a small enhancement of CO concentrations in the EM
during August, as opposed to the expected minima dur-
ing this month. This enhancement is attributed to typi-
cal summer synoptic conditions rather than emission en-
hancement (such as European BB). This enhancement is
not seen by remotely sensed measurements.

5. COhc contributes significantly to the local CO concen-
tration. Cohc enhancement during summer months is
probably the reason for the anomalous high CO in Au-
gust.

6. European BB contribution to EM surface concentration
is minimal. Typical synoptic summer conditions lead to
north westerly winds over the EM, advecting CO from
Turkey (tag 3). At the same time, a clock-wise flow
around an anticyclone located over Western and Central
Europe transports European BB south westerly.

7. CO synoptic scale variation at the receptor can be ex-
plained by the synoptic pressure systems both over the
source and at the receptor area. For the EMS, a High
pressure spread over entire Europe will lead to short
back-trajectories and a high local contribution, while a
low pressure over Europe will lead to long westerly tra-
jectories with contribution from west sources. A high
pressure system over central Europe will lead to east-
erly back-trajectories with higher contribution from east
sources.
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