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Abstract

Among various factors that influence the long-range transport of pollutants in the free
troposphere (FT), the prevailing atmospheric weather states probably play the most
important role in governing characteristics and efficacy of such transport. The weather
states, such as a particular wind pattern, cyclonic or anticyclonic conditions etc, and5

their degree of persistency determine the spatio-temporal distribution and the final fate
of the pollutants. This is especially true in the case of Nordic countries, where baroclinic
disturbances and associated weather fronts primarily regulate local meteorology, in
contrast to the lower latitudes where convective paradigm plays similar important role.
Furthermore, the long-range transport of pollutants in the FT has significant contribu-10

tion to the total column burden over the Nordic countries. However, there is insufficient
knowledge on the large-scale co-variability of pollutants in the FT and atmospheric
weather states based solely on observational data over this region. The present study
attempts to quantify and understand this statistical co-variability while providing rele-
vant meteorological background.15

To that end, we select eight weather states that predominantly occur over the Nordic
countries and three periods of their persistency (3 days, 5 days, and 7 days), thus pro-
viding in total 24 cases to investigate sensitivity of free tropospheric carbon monoxide,
an ideal tracer for studying pollutant transport, to these selected weather states. The
eight states include four dominant wind directions (namely, NW, NE, SE and SW), cy-20

clonic and anticyclonic conditions, and the enhanced positive and negative phases of
the North Atlantic Oscillation (NAO). For our sensitivity analysis, we use recently re-
leased Version 6 retrievals of CO at 500 hPa from the Atmospheric Infrared Sounder
(AIRS) onboard Aqua satellite covering 11 yr period from September 2002 through Au-
gust 2013 and winds from the ECMWF’s ERA-Interim project to classify weather states25

for the same 11 yr period.
We show that, among the various weather states studied here, southeasterly winds

lead to highest observed CO anomalies (up to +8 %) over the Nordic countries while
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transporting pollution from the central and eastern parts of Europe. The second (up to
+4 %) and third highest (up to +2.5 %) CO anomalies are observed when winds are
northwesterly (facilitating inter-continental transport from polluted North American re-
gions) and during the enhanced positive phase of the NAO respectively. Higher than
normal CO anomalies are observed during anticyclonic conditions (up to +1 %) com-5

pared to cyclonic conditions. The cleanest conditions are observed when winds are
northeasterly and during the enhanced negative phases of the NAO, when relatively
clean Arctic air masses are transported over the Nordic regions in the both cases. In
case of nearly all weather states, the CO anomalies consistently continue to increase
or decrease as the degree of persistency of a weather state is increased. The results10

of this sensitivity study further provide an observational basis for the process-oriented
evaluation of chemistry transport models, especially with regard to the representation
of large-scale coupling of chemistry and local weather states and its role in the long-
range transport of pollutants in such models.

1 Introduction15

Apart from the local sources of pollution that degrade local air quality and hence hu-
man health, many studies show that, depending on the global and regional circulation
patterns and favourable meteorological conditions, the long range transport of pollu-
tants also contributes to increased pollutant concentrations. In fact, the importance of
hemispheric and long range transport of pollutants is now widely recognized in the20

scientific community, and the research focus in recent years has deservedly been on
better characterization of source-to-sink relationships and drivers of pollutant variabil-
ity during such transport (Brandt et al., 2012; Chin et al., 2007; Christoudias et al.,
2012; Creilson et al., 2003; Dentener et al., 2010; Duncan and Bay, 2004; Eckhardt
et al., 2003; Fiore et al., 2009; Huntrieser et al., 2005; Li et al., 2002; Li et al., 2005;25

Pfister et al., 2004; Shindell et al., 2008; Stohl et al., 2002; Trickl et al., 2003). It is
important to keep in mind that it is the local meteorology and synoptic scale weather
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patterns that eventually determine the spatio-temporal distribution of pollutants, their
transport characteristics and final fate. One of the main mechanisms by which the pol-
lutants (e.g. from wildfire emissions) get transported from their source regions to the
Earth’s northern most latitudes as far as the Arctic is through varying states of at-
mospheric circulation. This was first realized through the phenomenon of Arctic haze5

observed during the winter/spring months that was first reported in the 1950s (Quinn
et al., 2007). It is now known that the major pathways to the Arctic depend up on the
season and the position of the Arctic front. For example, during the winter and spring
months, the intense Siberian high pressure system pushes the Arctic front towards the
south whereby the polluted regions of the Eurasian subcontinent are within the Arctic10

airmass resulting in the efficient transport of pollutants during this time of the year.
The spatio-temporal distribution of pollutants over the Nordic countries is a result

of complex interplay of local sources, atmospheric circulation patterns, and contribu-
tions from the long range transport originating from North America, continental Eu-
rope and Asia. The dominant modes of atmospheric variability in the Northern Hemi-15

sphere affecting the Nordic countries, especially in winter, are the North Atlantic Oscil-
lation (NAO) and Arctic Oscillation (AO). The positive and negative phases of NAO are
marked by changes in the wind speed and direction over the Atlantic, heat and mois-
ture transport across the Atlantic. The frequency and intensity of the number of storms
and warm conveyer belts influence the transatlantic transport of pollutants from North20

America to Europe, including over the northern European latitudes (Hurrel et al., 2003;
Li et al., 2002; Dentener et al., 2010; Duncan and Bey, 2004). Eckhardt et al. (2003)
observed a strong correlation between the NAO and transport of anthropogenic pollu-
tion into the Arctic and Eastern Europe from all the NH continents with an enhanced
transport during the positive NAO phase. However, a significant anti-correlation is ob-25

served between NAO and the anthropogenic pollutants over western and central Eu-
rope (Christoudias et al., 2012). Significant correlations between the positive phase
of AO and elevated ozone concentrations in western Europe is observed and can be
attributed largely to in-situ production associated with the subsidence within the high

9252

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/9249/2014/acpd-14-9249-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/9249/2014/acpd-14-9249-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 9249–9274, 2014

Free tropospheric CO
and persistency of

weather states

M. A. Thomas and
A. Devasthale

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

pressure dome or entrainment of pollutants into this dome (Creilson et al., 2005). Pfis-
ter et al. (2004) showed that when averaged over Europe, almost 67 % of the anthro-
pogenic carbon monoxide (CO) at the surface comes from regional sources, in addition
to the transport from N. America (14 %) and Asia (15 %). However, at higher altitudes,
the contribution from N. America and Asia is significantly higher. Brandt et al. (2012)5

using the 3-D long range chemistry transport hemispheric model showed that the con-
tributions from N. American anthropogenic emissions to the ozone levels in European
subcontinent is 3.1 % and the contributions from European anthropogenic sources to
N. America is 0.9 %.

One of the major pathways carrying pollutants from the continental Europe to the10

Arctic passes over the Nordic countries. Tang et al. (2009) studied the long range trans-
port and weather patterns relating to high ozone events in southern Sweden and using
a trajectory model showed that these events occurred during anticyclonic events, es-
pecially during summer and vice versa. Most recently, Devasthale and Thomas (2012)
investigated co-variation of temperature inversions and CO over Scandinavia during15

winter using satellite sensor data and showed that the increased levels of CO are ob-
served when westerly winds are stronger during relatively unstable conditions. Apart
from long range transport of pollutants in the free troposphere (FT), in cold climate of
the Nordic countries, unfavorable meteorological conditions such as thermal inversions,
low boundary layer height and low temperatures can contribute to increased pollutant20

concentrations in the lowermost troposphere near the surface. The above mentioned
studies emphasize on the need for a better quantification of the linkages between the
pollutant concentrations and atmospheric weather states.

Many of the studies mentioned above examine CO, since CO is often considered as
an excellent tracer to investigate pollution transport characteristics due to its moderate25

life-time in the atmosphere. Increased carbon monoxide levels would not only enhance
carbon dioxide levels in the atmosphere through its reaction with hydroxyl (OH) radi-
cals, but also indirectly increase concentrations of short-lived climate pollutants such
as ozone and methane, which would otherwise be depleted by OH radicals. There-
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fore, monitoring CO and understanding its sensitivity to large-scale weather patterns,
based solely on observations, is important not only to gain insights into long range pol-
lution transport, but also to serve as an observational basis for the sensitivity studies
to evaluate chemistry transport models.

In spite of their importance as mentioned above, there is no consistent observation-5

ally based assessment of how the dominant weather states impact free tropospheric
CO variability over the Nordic countries. The present study attempts to partially fill this
gap. Decreased instrument sensitivity over very cold surfaces, variable snow cover,
difficulties in cloud detection etc are some of the factors that limit the use of satellite re-
mote sensing to study the atmospheric composition variability over the Nordic regions,10

especially in the lowermost troposphere. But the data records of atmospheric compo-
sition from satellite sensors, esp. from hyperspectral sounders such as IASI and AIRS,
are continuously improving and we now have better understanding of their retrieval
quality and sensitivities. More than a decade long data, e.g. from AIRS and MOPITT,
can be exploited to investigate statistics on the large-scale co-variability of weather15

states and trace gases, as attempted here.
In the next section, we describe the data set used and methodology adopted, fol-

lowed by presentation of an overview of dominant atmospheric circulation patterns and
corresponding meteorological conditions over the Nordic region, with specific focus on
Sweden, in Sect. 3. We then discuss sensitivity of CO to these patterns and persistency20

of these patterns in Sect. 4. The final section presents conclusions.

2 The Atmospheric Infrared Sounder (AIRS) CO and ERA-Interim data sets

We use recently released Version 6, daily standard and support Level 3 retrievals of CO
from AIRS-Aqua (AIRS Science Team/Joao Texeira, 2013; AIRS-V6L3UG, 2013). Ten
years of data from September 2002 to and including August 2012 are analysed. The25

AIRS retrievals of temperature and CO are validated and matured considerably over
the years to enable variability studies (Divakarla et al., 2006; Fetzer, 2006; Yurganov
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et al., 2008; Warner et al., 2007, 2010, 2013). The accuracy and biases of AIRS CO
are well documented in the studies mentioned above.

Since the focus of the present study is on free troposphere, we have analysed CO
at four different vertical levels, namely 850 hPa, 700 hPa, 500 hPa and 400 hPa, but the
results are shown only for 500 hPa. The reasons for that are (a) the signal of pollutant5

transport in the free troposphere is most tangible at this level, (b) coincidently AIRS
retrievals are of best quality at this level (Yurganov et al., 2008; Warner et al., 2010), and
(c) for the sake of brevity. The tendencies in CO observed at these four vertical levels
and corresponding wind patterns during selected weather states are not significantly
different, since many of the weather states, when they are persistent, affect the entire10

free troposphere. We analyse AIRS retrievals only when the degrees of freedom value
is larger than 0.5. For investigating large-scale features and tendencies, as attempted
in the present study, AIRS Level 3 CO data are quite suitable as for example shown
by Devasthale and Thomas (2012). Data from both ascending and descending passes
of the afternoon Aqua satellite are used. We have allowed up to 30 % cloud cover15

while analysing the AIRS CO retrievals based on the findings of our sensitivity studies
(Devasthale and Thomas, 2012). Recently Warner et al. (2013) showed that the AIRS
CO retrievals in cloud contaminated cases are reasonably good, and the degrees of
freedom of the signal, an indicator of information content, are reduced only by up to 0.2
in cloudy cases compared to clear-sky cases.20

The advantage of using AIRS data lies in the fact that (a) the simultaneous retrievals
of temperature and humidity in time and space are available which can be used to un-
derstand thermodynamical properties of the atmosphere and possible transport of heat
and moisture during different weather states, (b) the longest (> 11 yr) data record of CO
from hyperspectral measurements is available, and (c) the synergy with other A-Train25

sensors providing aerosol and cloud information can be exploited in future studies.
For investigating winds, we used 6 hourly zonal (u) and meridional (v) wind compo-

nents from the ECMWF’s ERA-Interim reanalysis (Dee et al., 2011) for the same period
when AIRS CO data are available.
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3 An overview of selected weather states

In the present study, we select 8 weather states that most frequently occur over the
study area (42–80◦ N, 10◦ W–40◦ E). Figures 1–3 show an overview of circulation pat-
terns and typical meteorological conditions observed under these weather states. The
states are selected based on the synthesis of previous literature (e.g. Chen, 2000;5

Linderson, 2001) and further confirmed by manual inspection of numerous weather
reports from the Swedish Meteorological and Hydrological Institute. Since the persis-
tency of a weather state may enhance or reduce pollution levels in the free troposphere,
for each selected weather state, we have also investigated tendencies of CO anoma-
lies under three persistency periods, namely 3 days (P3), 5 days (P5) and 7 days (P7)10

respectively. For brevity, we present the circulation patterns and meteorological condi-
tions only for the P5 case, but the sensitivity results for CO are shown for all weather
states and persistency periods later in this study.

The eight identified weather states consist of four dominant wind directions (NW, NE,
SE and SW), anticyclonic and cyclonic conditions, and two enhanced phases of the15

NAO. In case of the first four weather states, we chose the center (55–60◦ N, 12–20◦ E)
of the study area (40–80◦ N, 10◦ W–40◦ E) to average daily wind speed and direction at
850 hPa from the ERA-Interim reanalysis. Based on these daily averages we selected
days when a particular wind direction prevailed and persisted for at least 3, 5 and 7
days. The same procedure is applied for selecting anticyclonic and cycloninc conditions20

based on average MSLP over the center of the study region. For the remaining two
weather states, the selection of days is based on NAO indices.

During the selected 11 yr study period, relatively speaking, these states occur 9 %,
3 %, 4 %, 14 %, 28 %, 27 %, 6 % and 9 % of the time respectively. Figure 1 shows the
composites of the wind direction and strength at 850 hPa for the P5 case over the study25

area and the broader picture of the same is presented in the Supplement (Figs. S1 and
S2) to better understand the pathways of the air masses entering the study area. It can
be seen that when the winds are NW (top row, left), the air masses are transported
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from across the northernmost Atlantic into the Nordic countries and eastern Europe,
leading to colder than average temperatures and drier conditions in the eastern parts
of the study area and warmer and more moist conditions in the west (Fig. 3). However,
when the winds have a NE component, the air that is transported across the Atlantic
from N. America travels northward almost perpendicular to the latitude belts up to 75◦ N5

is merged with the Arctic air mass (refer to S1) and merges with the anticyclonic flow
with the center of this flow located over southern Norway. Because of this mixing with
the Arctic air mass, the air may be relatively cleaner than the air from the north-west.
When the winds are SW (bottom row, left), a more or less similar pattern is observed
to those when the winds are NW. However, at a closer look, it can be seen that the air10

masses that travel all the way to Scandinavia originate from a much higher trajectory
(north of 50◦ N) in N. America which means that the air masses originated from the
south-west would be comparatively cleaner than those originating from the north-west
(see S2). Much of Scandinavia remains warm and moist during the SW winds (Fig. 3).
The anticyclonic structure that is centered over Finland during SE winds leads to ad-15

vection of air masses from the central and eastern parts of Europe into the western
Scandinavian region.

Another important characteristic of the Earth’s atmosphere is pressure distribution
as it defines the wind and weather patterns globally. Figure 2 shows the composites of
the magnitude and direction of the winds at 850 hPa during above normal or high mean20

sea level pressure (MSLP) conditions (Fig. 2a) and below normal or low MSLP condi-
tions (Fig. 2b) over the center of the study area and persist for at least five consecutive
days. During high MSLP situations, the transatlantic transport is much stronger over the
northern Scandinavia (see Supplement Fig. S3 for more details) and hence potentially
much effective in advecting air masses all the way up to Arctic, whereas the rest of Eu-25

rope is unaffected by this transport. However, during low MSLP conditions, the winds
have a much lower trajectory (refer S3) and the air masses advected from across the
Atlantic are transported over continental Europe and is caught up in the cyclonic flow
centered around central Scandinavia thereby, potentially cleaning up the air masses
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or reducing the concentrations of the pollutants from N. American subcontinent. The
circulation pattern during anticylonic (cyclonic) conditions leads to enhanced (reduced)
heat and moisture transport over the western part of Scandinavia and northeast At-
lantic Ocean as shown in Fig. 3.

The gradients in pressure and hence, the winds, force different types of oscillations.5

One such prominent oscillation, manifested in boreal winter as a see-saw in pressure
over the Atlantic is the North Atlantic Oscillation. As described in the introduction, the
NAO phases play an important role in the transatlantic transport of pollutants. Shown in
Fig. 2c and d is respectively the 850 hPa winds associated with enhanced positive (EP:
NAO index > +1) and enhanced negative NAO conditions (EN: NAO index< −1) and10

when these conditions prevail for at least five consecutive days. The daily NAO index for
the period in study was downloaded from the following link http://www.cpc.ncep.noaa.
gov/products/precip/CWlink/pna/nao.shtml. It can be seen that the winds are much
stronger during the enhanced positive NAO phase and there is a significant advection
of air masses across the Atlantic from northern US and Canada into northern Europe15

and Scandinavia (refer to Supplement Fig. S4 for a broader picture). However, during
the EN phase, the winds are much weaker and the cold Arctic air masses propagate
into Scandinavian countries and there is a relatively stronger south westerly flow over
northern Europe.

Figure 4 shows the normalized frequency of number of days of data available for20

each weather state as function of months. The distribution of their occurrence is not al-
ways uniform as expected, since different weather states are dominant during different
times of a year except for anticyclonic and cyclonic periods (i.e. during above normal
and below normal MSLP conditions) when their occurrences are distributed evenly.
The frequency distribution of EP and EN phases is such that the enhanced positive25

NAO phases more prominent during the winter half of the year, while enhanced nega-
tive NAO phases during the other half of the year. This unequal distribution of weather
states as a function of months makes it difficult to compare their relative impact on ob-
served CO levels due to interference of seasonality of CO. To address this, we calculate
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11 yr annual climatology of CO by taking a weighted average based on the distribution
of occurrence for a particular state as a function of month and then subtract this cli-
matology from the composite of CO observed under that state to compute anomalies.
This ensures that we remove the seasonal variations while comparing different states
and that the observed CO anomalies are indeed due to contribution from that particular5

weather state and its persistency.

4 Sensitivity of CO to weather states and their persistency

Figure 5 shows CO anomalies in the free troposphere (500 hPa) for four chosen wind
directions and persistency periods of P3, P5 and P7. When the winds are NW, above
normal CO concentrations are observed over northern Europe and CO anomalies in-10

crease significantly from P3 to P7. The examination of circulation patterns and me-
teorological conditions for this weather state suggests that the NW air masses may
efficiently transport pollutants from across the Atlantic into the study region. The wind
speed also increases from P3 to P7. However, a different picture is observed when
the winds are from NE directions. In the P3 case, CO concentrations are much higher15

towards central Europe compared to the Nordic countries. As the persistency of NE
winds increases (from P3 to P7), reduced CO levels are observed and the FT becomes
comparatively clean. This can be explained by the fact that the transatlantic pollutants
that assimilate into the cyclonic flow observed during the NE cases are diluted by the
even stronger and cleaner Arctic air mass intrusions into Scandinavia under P7 period.20

When the winds are SE, as mentioned before, the major pathway of pollution trans-
port into the Nordic countries is from central and Eastern Europe, as seen in Fig. 1.
Comparatively much lower CO anomalies are observed when the winds are SW. This
may be because the air masses that travel to northern Europe have their source re-
gions from northern N. American subcontinent (north of 45◦ N) which is comparatively25

cleaner than the air masses from other wind directions.
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The deviation of the CO concentrations under anticyclonic and cyclonic conditions
and their persistency is shown in Fig. 6. The CO concentrations are in general higher
over northern Europe during anticyclonic conditions compared to cyclonic. The CO
concentrations continue to increase as anticyclonic conditions persist, and vice versa
for cyclonic situations. A careful analysis of wind patterns reveal that, during anticy-5

clonic conditions, the polluted air masses from continental Europe and N. America are
being drawn and circulated over the Nordic regions whereas, during cyclonic condi-
tions, cleaner Arctic air is mixed in the circulation gyre thereby being more efficient in
the removal and dispersal of pollutants resulting in relatively cleaner conditions.

Lastly, the sensitivity of CO to NAO phases and their persistency is shown in Fig. 7.10

The CO anomalies are higher during the EP phase compare to the EN phase during all
persistency periods. Furthermore, there is clear tendency that, as the positive phases
of the NAO persist, CO concentrations tend to increase, especially in the higher lat-
itudes. The free troposphere on the other hand becomes cleaner when the negative
phases of NAO persist. When the westerlies are weakened, cold and clean Arctic air15

is drawn over the northern Europe during the negative phase. The tendencies in CO
observed during positive and negative phases of NAO are consistent with previous
studies that use models simulations (Eckhardt et al., 2003; Christoudias et al., 2012).
For example, from the analysis of 15 yr simulations, Eckhardt et al. (2003) show en-
hanced tracer transport to the Arctic that passes over the Nordic countries during posi-20

tive phases of the NAO. Christoudias et al. (2012) also arrive at similar conclusion with
regard to transport towards northern Europe.

To quantify the importance of the different synoptic states, Fig. 8 shows the percent-
age change in CO at free troposphere observed during the different weather states and
persistency periods over the study area. It can be seen that in nearly all the cases, the25

CO concentrations either steadily increased or decreased with increased persistency
of each weather state. The highest CO contribution, almost 4–8 % depending on the
degree of persistency, is observed when the winds had a south-easterly component.
The second (up to 4 %) and third highest (2.5 %) anomalies are observed under NW
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winds and the enhanced positive phases of the NAO respectively. The CO anomalies
of completely opposite signs during positive and negative phases of the NAO confirm
the significance of the role of natural variability in pollutant transport and diffusion. The
anticyclonic and cyclonic conditions also show opposite signs of CO anomalies, with
maximum anomalies in the order of 1 % observed during anticyclonic conditions. The5

remaining weather states discussed in this study are more efficient in reducing the build
up of CO concentrations in the free troposphere, thereby lead to cleaner conditions.

It is to be kept in mind that these percentage changes in FT CO are based on av-
erages and that the individual short-term intrusion of pollution or strong but short-lived
episodic transport can lead to much higher changes in CO over the study area.10

5 Conclusions

Although the long-range transport governs the variability of pollutants in the free tro-
posphere over the Nordic countries, it is the atmospheric weather states that finally
determine the spatio-temporal distribution and the fate of the pollutants. The persis-
tency of a particular weather state may further enhance or reduce concentrations of15

pollutants. Understanding statistical link between weather states and pollution variabil-
ity is not only crucial to understand the role of long-range transport itself, but also, be
able to simulate such a link in chemistry transport models. The latter is important since
CTMs are often used to estimate changes in pollution load, attribution studies and de-
veloping mitigation strategies under different climate change scenarios. In this context,20

the present study attempts to provide insights into sensitivity of free tropospheric car-
bon monoxide to different weather states and their degree of persistency based solely
on observational data.

We investigated free tropospheric CO variability during eight weather states often
prevailing over the Nordic countries. Selected states include four wind directions (NW,25

NE, SE, and SW), anticyclonic and cyclonic conditions, and positive and negative
phases of the NAO. Furthermore, we investigated tendencies in CO under three differ-
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ent degrees of persistency (3 day, 5 day and 7 day) of each weather state. For nearly all
the weather states, CO levels consistently continued to increase or decrease as the de-
gree of their persistency increased. Among the weather states studied here, relatively
speaking, the highest CO anomalies were observed when winds had southeasterly
component, transporting pollutants from the central and eastern European regions to5

over the Nordic countries. The second largest contribution was from the northwesterly
winds, most likely carrying pollutants as a result of long-range transport from polluted
North-American regions. The third largest anomalies are observed during enhanced
positive phase of the North Atlantic Oscillation, confirming the importance of this nat-
ural variability in controlling pollutant distribution and transport over the study region.10

The cleanest conditions were observed under prevailing northeasterly winds and the
enhanced negative phase of the NAO. The results from this sensitivity study provide
an observational foundation for the process-oriented evaluation of chemistry transport
models.

Finally it must be mentioned that although we provide relevant information on at-15

mospheric circulation and meteorology while inferring the potential role of long-range
pollution transport in the observed sensitivity of CO to weather states, the actual attri-
bution and precise quantification of contribution from different transport pathways must
be done using trajectory or chemistry transport models.

Supplementary material related to this article is available online at20

http://www.atmos-chem-phys-discuss.net/14/9249/2014/
acpd-14-9249-2014-supplement.pdf.
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Fig. 1: Atmospheric circulation patterns at 850 hPa when winds are NW, NE, SE, and SW over the 506 
center of the study area.  507 
 508 
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Fig. 1. Atmospheric circulation patterns at 850 hPa when winds are NW, NE, SE, and SW over
the center of the study area.
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 527 
Fig. 2: Atmospheric circulation patterns at 850 hPa during high and low MSLP conditions and 528 
enhanced positive and negative phases of the NAO. 529 
 530 
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Fig. 2. Atmospheric circulation patterns at 850 hPa during high and low MSLP conditions and
enhanced positive and negative phases of the NAO.
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 550 
 551 
 552 
Fig. 3: Temperature and water vapour anomalies at 850 hPa [in K and molecules/cm2 respectively] 553 
observed during selected weather states. 554 
 555 
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Fig. 3. Temperature and water vapour anomalies at 850 hPa [in K and moleculescm−2 respec-
tively] observed during selected weather states.
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 573 
Fig. 4: Normalised distribution of the number of days when different weather states occurred and 574 
persisted for 5 consecutive days.  575 
 576 
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 578 
 579 
 580 
 581 
 582 
 583 
 584 
 585 
 586 
 587 

Fig. 4. Normalised distribution of the number of days when different weather states occurred
and persisted for 5 consecutive days.
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 588 
 589 
Fig. 5: Anomalies of CO layer column density (in molecules/cm2) at 500 hPa observed under different 590 
wind conditions and their persistency periods. 591 
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Fig. 5. Anomalies of CO layer column density (in molecules cm−2) at 500 hPa observed under
different wind conditions and their persistency periods.
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 611 
 612 
Fig. 6: Same as in Fig. 5, but under high and low MSLP conditions and their persistency periods. 613 
 614 
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Fig. 6. Same as in Fig. 5, but under high and low MSLP conditions and their persistency
periods.
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 633 
 634 
Fig. 7: Same as in Fig. 5 but under enhanced positive and negative phases of NAO and their 635 
persistency periods. 636 
 637 
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Fig. 7. Same as in Fig. 5 but under enhanced positive and negative phases of NAO and their
persistency periods.
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 656 
 657 
Fig. 8: Percentage increase or decrease in CO at 500 hPa observed during different weather states and 658 
their persistency periods compared to respective weighted climatologies over the study area.  659 
 660 
 661 

Fig. 8. Percentage increase or decrease in CO at 500 hPa observed during different weather
states and their persistency periods compared to respective weighted climatologies over the
study area.
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