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Introduction 
 

Since the last two centuries and the industrial revolution, we measure and observe an 

enhancement of greenhouse gases (GHG) into the atmosphere.   The concentration of CO2, 

which is the main GHG, before industrial period, was about 280 ppm (thanks to measures 

from ice cores) and has  increased to 390 ppm in 2012. Since many years, it was showed that 

this increase of GHG has not only impact on the climate but also promote by anthropogenic 

activities.  So the climate change induced by the raise of GHG. It became a worry for 

scientists and politics which try to limit this phenomenon, to predict climate change and 

monitor measures to mitigate it. Kyoto protocol (1996) had to aim to reduce global emission 

on GHG. 

 

So, in this context, it has been essential to have a better understanding  about the carbon cycle 

and the (positive and negative) feedbacks on the climate. Many scientific studies and project 

has been set up to estimate the global and regional balance of carbon.  In fact, there are 

natural and anthropogenic sources of carbon (volcanic activity, oil extraction) and also sinks 

of carbon (like forest, especially in Siberia).  

 

Measures of trace gases and aerosols can allow reducing the uncertainties of carbon budget. 

The carbon cycle is not well understood due to many (positive and negative) feedbacks.  

There are sources (natural and anthropogenic), which emit carbon into the atmosphere, and 

sinks of carbon which uptake carbon.  Main sources come from fossil fuels and cement (8.3 ± 

0.4 Pg.C.y
-1

) and land-use change (1.0 ± 0.5 Pg.C.y
-1

). These results have developed and 

show the increase of carbon budget. Sinks are not full and increase but we don’t know the 

capacity of theses sinks in the future (sinks represent about 5.1 Pg.C.y
-1

). So the global carbon 

budget is positive with a mass of 4.3 Pg.C.y
-1

. 

 

Methane is a more powerful GHG than CO2. A global decreasing of CH4 emissions in the late 

1980s was been recorded. Siberia represents a major source of methane but there is a large 

incertitude in the estimation of CH4. WORTHY ET AL. (2009) estimates the decreasing emission 

of CH4 in Siberia about 13.6Tg in anthropogenic emission CH4 over 1988-2005 period. 

However uncertainties are large, especially in Siberia.  

 

Today, we have a global relative knowledge of it but we must reduce incertitude to a better 

establishment of models and particularly in some regions like Siberia which is a key region in 

the regulation of carbon and where knowledge still to improve. 

 

 

Trace gases are measured by scattered stations at the ground over Siberia. These stations 

allow continuous measures in time but not spatial.  TROICA project allowing a measurement 

continuous of trace gases along the Trans-Siberian railroad.  The aircraft measures (realized 

by YAK-AEROSIB) are continuous over an enough area but just punctual. One of the 



interests of this project is to make vertical profiles on the troposphere and take account of the 

atmospheric transport depending of meteorological condition. 

 

*** 

 

The YAK-AeroSib project meets at this need. It is a French-Russian project implemented by 

the LSCE (Laboratoire des Sciences du Climat et de l’Environnement) and IAO (Institute of 

Atmospheric Optics of Tomsk). Every year since 2006, one or two campaigns of measure of 

trace gases are performed by the staff of IAO in Siberia to collect and analyze data.  

 

The  FLEXPART model used in post processing treatment for the YAK AEROSIB campaign 

are required to understand  and to explain the values measured by aircraft. Above all, it allows 

to highlight the transport of pollutants and to have a first estimation of regional sources, 

thanks tracers like CO and inventories of emissions.  

 

The present document will present the campaign in summer 2012 and the results in next parts. 

This project is integrated on ICOS (Integrated Carbon Observed System) network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. General presentation of AEROSIB campaign 2012 
 

In this section, we present the YAK-AEROSIB campaign which took place in summer 2012. 

Then, we discuss and analyze the data. 

Transect 

The campaign took place the 31
st
July and 1

st
August 2012 in Siberia. For this campaign, the aircraft 

followed a new transect in the troposphere:  from Novosibirsk to Yakutsk (82-130°E and 54-63°N, see 

Map1).  

 
Figure 1 : Transect of aircraft. Black line represents Flight1, red line represents Flight 2, blue line represent Flight 3, green 
line represents Flight 4 and magenta line represents Flight 5. Grey line represents the ground track and yellow points the 
biomass burning events (between the 21st July and 1st August 2012) 

Five flights were performed across Siberia over two days. For each flight two to six vertical 

profiles (ascending or descending) were performed (Table 1).  Altitude varied between the 

surface and 8.5 km with regular plateau at 5km and at maximum of altitude (as shown in Map 

1) lasting 15 minutes. 

Flight Number of 
profile 

Date Hours, UTC Hours, LT Nb profiles Itinerary Color 
code 

1 2 2012-07-31 0257-0421 0829-1002 2 Novosibirsk-Tomsk Black 

2 4 2012-07-31 0544-0903 1125-1633 4 Tomsk-Mirni Red 

3 4 2012-08-01 1113-1342 1849-2221 4 Mirni-Yakutsk Blue 

4 6 2012-08-01 0334-0650 1213-1337 6 Yakutsk-Bratsk Green 

5 2 2012-08-01 0804-1035 1451-1606 4 Bratsk-Novosibirsk Magenta 

Table 1 : Flight informations 



Vertical profiles are referred as FxPy with x and y corresponding respectively to the number 

of flight and profile (e.g. F2P3 corresponding to the 3
th

 profile during the flight 2).  This 

transect enables to measure and to collect data in a supposed “clean” troposphere within a 

large region (South Siberia and Yakutsk), to vary landscape and other parameters. 

 

According to SHVIDENKO ET AL. (2007), the studied area is mainly dominated by Taiga forest and 

Taiga mountain. Nevertheless the West-South of the domain is covered by steppe and it is a 

big agricultural region. Deciduous and pine are the main tree species in the south of the 

transect whereas the North is dominated by larch. Spruces are also presents. The area contains 

many rivers, lakes and wetland although their localization and their number are not well 

known (FREY AND SMITH, 2007). Some industrial cities of important size were flown like 

Novosibirsk (1.5 million inhabitants), Tomsk (over 500 000 inhabitants), Yakutsk (about 300 

000 inhabitants) and Bratsk (250 000 inhabitants). 

 

 
Figure 2: Russia Land Cover (from SHVIDENKO ET AL., 2009).  The red double arrow represents awkwardly the transect. 

Instrumentation 

The aircraft used was a Tupolev 134 research aircraft with onboard instruments: the new 

PicarroG2301-m (LSCE) which measures CO2 and CH4 concentrations. It is calibrated before 

and after each flight on NIES scale (PICARRO, 2010). DPS , Grimm 1.09 and Grimm 7.821 

instruments (IAO), measure aerosols concentrations (nano and micro size range) , an 

aethalometer instrument (IAO) to measure  black carbon concentration at  wavelength of 0 

.52µm  and Thermo instruments  (Laboratoire d’Aerologie, Toulouse) to measure CO (model 

48C) and O3 (model 49C) concentrations. More precisions on instrumentation are given in 

literature (PARIS ET AL, 2008). Condor instrument (LSCE) was utilized to collect similar 

information as Picarro instrument in order to compare the two sets of data. This comparison 



will not be mentioned in this report. Technical description of Tupolev and onboard instrument 

were done on appendix.  

 

Meteorological parameters and forest fires. 

The Figure 3 gives us the meteorological conditions during the YAK-AEROSIB campaign. 

These maps are available on ESRL-NOAA website 

(http://www.esrl.noaa.gov/psd/data/composites/day/). 

 

Temperature is averaged over three days (July 30th to August 1st) to have the general trend 

during the measurement period. Siberia is surrounded by an area front coming from the North 

and the extreme East with a temperature variation of 5 to 15 °C and by a warm front coming 

from the South with a temperature variation of 27° to 37°C. The average temperature on the 

transect ranges approximately between 20°C and 27°C. An important colder air pocket is 

observed in this area, near the Baikal Lake (and North West of Mongolia). 

 

The wind fields allow understanding the transport of pollutants. On the 31
st
  of July, winds at 

700 mb level were relatively important and their velocity did not exceed 8 m.s
-1

 (28.8km.h
-1

), 

except in the region of Baikal Lake with velocity near 12 m.s
-1

, which is a fort wind. In the 

North and South-East, winds are more important with velocity over 18.m.s
-1

 (64 km.h
-1

, 

violent wind at Beaufort scale). 

 

The day after, winds are more intensive, particularly in the North (between 12 and 18m.s-1) 

of Siberia. A wind field velocity of 10 and 12m.s-1 was observed over central Siberia and 

Yakutsk (between 51°N and 65°N). At the West of the transect, winds were faster than the 

day before. As we will see on the third part, there was an anticyclone over Siberia during the 

last 10 days before the campaign with few long transport of air mass 

 

Siberia is characterized by many wildfires during summer due to the high temperatures and 

the dry weather. Over 10 days before our studied period, there were more than 53,000 

wildfires in the region by MODIS satellite (https://firms.modaps.eosdis.nasa.gov/firemap/). 

They are represented by a yellow point in map 1. These wildfires are important sources of 

CO2, CO, CH4 and aerosols. 

 
 

 

 

  



 

 
Figure 3: Mean temperature during the campaign (top) 

Wind fields the July 31st (middle) and the August 1st (down) 
 

 

  



2. Results 

In this part, we discuss about the result of entire campaign before to focus our interpretation 

on some special events that we have selected. First we focus our attention over the 

concentration of trace gases in order to compare with the reference level (background) and the 

characteristic values of previous campaign. After we will watch the vertical and temporal 

vertical distribution of theses trace gases and we will expose the results with aerosol 

distributions.   

2.1 Overview (global concentrations) 

 

During the campaign, we measured concentrations of the following trace gases in Siberian 

troposphere: CO2, CO, O3 and CH4. Statistical informations about these gases are shown in 

Table 2 and Figure 3. Aircraft measured also concentrations of aerosols (0.3nm to 32µm size 

range) and results will be detailed in section 2.5.   

 

 

 

 

 

 

 

 

 

 

 

As we can see in the table 2, CO concentration was high with a median about 179 ppb 

compared to Summer 2007 with 100.1 ppb median measured by ZOTTO station (VASILEVA ET 

AL., 2011) in central Siberia. CO2 and CH4 concentrations are relatively stable even if we 

observe strong values about 431.9 ppm for CO2 and 2.367 ppm for the CH4 (in Flight 2, we 

will detail in next part ).  

In August 2007, the median concentration of CO was about 105 ppb and 102 ppb in July 2008 

(PARIS ET AL., 2010) against 179 ppb for the campaign 2012. Furthermore the CO mean 

concentration was about 230 in summer 2012 against 145 ppb during the last YAK-AEROSIB 

campaign in spring 2010 (BERCHET ET AL, 2013). There were important forest fires during 

summer 2012, coupled at anticyclone, in Siberia that which can explain the important CO 

concentration measured by aircraft.  

O3 concentration exceeded also the concentration of previous campaign with a mean of 69 

ppb compared to 50 ppb in April 2006 and 55-65 ppb in September 2012.  

Background concentrations are  references for specific deviation of observed concentration 

for the trace gases. For the year 2012, we take background values form Mace Head station 

Species CO2 (ppm) CO (ppb) CH4 (ppb) O3 (ppb) 

Minimum 374.6 86 1833 24 

10
th
 Percentile 381.0 136 1865 48 

1
st
 Quantile 383.6 155 1872 57 

Mean 386.2 230 1882 69 

Median 386.5 179 1887 69 

3
rd

 Quantile 388.9 229 1887 80 

90
th
 Percentile 390.4 386 1902 91 

Maximum 431.9 3921 2367 143 

Standard deviation 3.68 173 22 17 

Interquartile Range 5.3 74 15 23 

Background concentration ~385.0 ~97 ~1863 - 
Table 2: Statistical informations about trace gases concentrations measured during the campaign 



(Ireland, 53.33°N, 9.90°W). CO2, CO and CH4 had background concentrations respectively of 

385 ppm, 97 ppb and 1.87 ppm. These data are available at NOAA website      

(http://www.esrl.noaa.gov/gmd/dv/iadv/graph.php?code=MHD&program=ccgg&type=ts). 

These measures were made in well-mixed troposphere and are representative of background 

concentration in clean atmosphere. Another definition of background is given in the third part 

to a better comparison with surrounding polluted troposphere. 

Comparing background concentrations to our study, we can notice that median concentrations 

of trace gases during the campaign were slightly higher for CO2 (+1.5 ppm) and CH4 (+19 

ppb) and much higher for CO (+72 ppb).  

The probability of density (see Figure 4) allows seeing the distribution. O3 is well distributed 

around the median (normal distribution) whereas CO distribution is more skewed with a long 

tail of high values. 

 
Figure 4 : probability density for trace gases. Red lines indicate the background concentration for each species and green 

lines represent the median value for each species 

 

http://www.esrl.noaa.gov/gmd/dv/iadv/graph.php?code=MHD&program=ccgg&type=ts


2.2 Vertical distribution of species flight by flight 

 

In this section we focus on the vertical distribution of each species during the campaign to 

have the general trends. The Figures 6-9 below give corresponding information with two 

types of representation.  The first one is the vertical distribution by flight with average 

concentration of species by level of 500m. The second representation is the 3D distribution of 

species with measured values. 

 

Carbon dioxide (see Figure 5) 

Overall, we observe a very slight of CO2 between upper troposphere and the ground with only 

1-2 ppm. It’s a trend shared for all flights, excepted Flight 4 (4-5 ppm). For the previous 

campaign, the depletion was about 10 ppm in the same period (PARIS ET AL., 2010). Flight 4 is 

the flight with the lowest concentration of CO2 with concentration close to 380 ppm in the 

lower troposphere. Regarding the 3D representation, we can observe that it is the area with the 

less biomass burning area nearby. So, we can suppose that taiga uptake much CO2 in this 

context comparing other flights. Flight 3 is the flight with the most concentration. All the 

flight is characterized by a concentration higher than the background (385 ppm). Regarding 

the 3D representation, it seems to be in the area of Yakutsk which is impacted by industrial 

city (with important mine of diamond) and many biomasses burning area. 

 

Carbon monoxide (see Figure 6) 

The campaign 2012 was impacted by strong emissions of CO due to the important wildfires 

during the summer.  The flights 3 and 5 have high concentrations of CO in lower troposphere 

(much 420 ppb for the maximums) whereas Flight 2 has an important peak of CO at 7.5km of 

altitude. The flights 1 and 4 do not seem impacted (or less impacted) by strong CO emissions 

even if they are higher than the background (97 ppb). These observations were correlated by 

the interquartile ranges which are important for the flight 2, 3 and 5 (reflecting an important 

degree of variability in CO emission) and lower for the other flights. 3D representation allows 

understanding theses strong variability between the flights, with the localization of fires 

and/or cities (Tomsk). A strange high CO concentration is observed on Flight 2 in upper 

troposphere near Tomsk (see also Figure 9).  It can come from local sources or far sources 

(with long transport).  

 

Methane (see Figure 7)  

CH4 is relatively stable and decrease with altitude (like CO, unlike CO2 and O3). Not high 

variations for the flights 1, 2 and 4. High concentrations (much 1900ppb) and variability are 

measured on lower troposphere for the flight 3 and 5, like for CO. Nevertheless, these 

correlations are not verified for Flight 2 (even if we can observe a very slight peak of methane 

at 7.5km). The map is relatively similar to the map for CO for lower altitude. High 

concentrations of CH4 are observable close to Yakutsk, Novosibirsk, Tomsk and at middle of 

Flight 2 (above fires) and Flight 5. The correlation between CO and methane is relatively 

higher during the campaign with 0.77 (results of correlation are shown in section 2.6) 

 

 



Ozone (see Figure 8) 

An important depletion is observed between upper and lower troposphere: near the ground, 

the concentrations are close to 55 ppb whereas the concentration was about 75ppm. The 

depletion is less important than 2007 and 2008 campaign which had a depletion about 40ppb 

(PARIS ET AL., 2010) and much higher than the other campaigns (PARIS ET AL., 2010; BERCHET ET AL., 

2013) with 10 ppb of depletion. Flight 3 has the higher concentration of O3, particularly in 

upper troposphere. It can be due to the influence of stratospheric ozone (much important). CO 

is a precursor of ozone that is why we observe a certain degree of anti-correlation between 

these two species on same flight. Likewise, Flight 2 was unstable (see interquartile range).  

Comparing to other flights, Flight 1 is interesting because it is much loaded into O3 but very 

slight on CO and CH4. The sources (mechanism of formation) of O3 are different for this 

flight or Ozone settle les on vegetation during this flight (unlike to the other flight, aircraft fly 

over mainly steppe and agricultural region).  

 



 

Figure 5: Vertical distribution of CO2 by flight, averaged by level of 500m (top), measured values (bottom) 



 

Figure 6: Vertical distribution of CO by flight, averaged by level of 500m (top), measured values (bottom) 



 

Figure 7: Vertical distribution of CH4 by flight, averaged by level of 500m (top), measured values (bottom) 



 

Figure 8: Vertical distribution of O3 by flight, averaged by level of 500m (top), measured values (bottom) 

 



 

2.3 Flight by flight description 

 

Flight 1 (see Figure 9) 

The first flight occurred the 31st of July between 0257 and 0421 UTC (0829-1002 LT) from 

Novosibirsk to Tomsk. The aircraft realized quick ascent up to ~8 km before going down to 5 

km and then 2.5 km of altitude. During the first part of the flight, the troposphere was 

relatively stable with concentration near to their background concentration (excepted for CO 

with concentration higher than 150 ppb but it corresponding at the first quartile). At the 

beginning of the measurements CO2 concentration was higher due to the respiration of the 

vegetation (SASAKAWA ET AL., 2013). Therefore low peaks of ozone, CO and CO2 were observed 

(rep A, ~0315 UTC, 85°E) in free troposphere but, according to the altitude, we don’t 

conclude on the sources (presence of Tomsk city  with ascending air mass or  long-transport 

of polluted air mass ?). However second part of the graphic give us more information: each 

time that aircraft flies above Tomsk, we observe an increase in trace gas concentrations (~100 

ppb of CO excess above background) and, at the end of the flight (rep B on the figure), below 

the atmospheric boundary layer, we observe an important peak of CO concentration (445 ppb, 

+348 ppb above background). It also corresponds to the overflight of a biomass burning area 

(Map 1). At the same time, peaks of CO2 and CH4 are observed. Vertical profiles for the flight 

1 (where concentrations of trace gases between 0 and 500 m are not shown because they are 

biased by the airport activity) shows a global increase of CH4, CO and CO2 at the lower 

altitude (500 m). We can suppose that it is the combination of two factors: the influence of 

Tomsk city and biomass burning areas. Vertical profile F1P2 (F is the number of the flight, P 

is the number of profile) will give us more precisions about this (following section). 

 
Figure 9: Time series for Flight1. The reapers A and B indicate special events. 



Flight 2 (see Figure 10) 

The second flight from Tomsk to Mirni (red line on Map 1) occurred 1h30 after the first 

flight. At Tomsk it was 1125LT when aircraft takes off. The peak of CO (rep.A) was recorded 

by onboard instrument and concentration of CO rises during the first ascent (F2P1) without 

plateau before the level at 8 km of altitude. CO2 (~386 ppm) magnitude is similarly than the 

mean of first flight. Before 0700UTC (rep. B) there are high concentrations of CO2 (431.9 

ppm), CO (more than 3500 ppb) and CH4 (2.367ppm) measured. Approximately, the position 

of the aircraft was 95°E, 59°N and at 800m of altitude, in central Siberia.  The aircraft fly 

over the Taiga. Map 1 shows that there was an important forest fires at this location. The 

analysis of F2P2 in next section will be interesting due to the variability of trace gases, maybe 

due to forest fires. The second part of the flight is more consistent with clean conditions even 

if there is variability of CO2 and CH4 near 0800 UTC (rep. C) where important and very 

punctual trace gases concentrations have been measured in upper troposphere. At this 

location, in Siberia Taiga, it appears there is a second fire forest, maybe less important than 

the first regarding intensity of measured trace gases concentrations. However, we don’t 

conclude too fast, due to the altitude. 

 
Figure 10: Time series for Flight 2. The reapers A, B and C indicate special events. 

 

Flight 3 (see Figure 11) 

For the Flight 3, from Mirni to Yakutsk, an overall increase of CO2 concentration has been 

measured compared to the two previous flights. It is likely due to the diurnal cycle of CO2. 

According to the landscape and the local time, the aircraft fly over Taiga the evening. So 

Taiga captures less CO2 at this moment of the day (maximum is during daytime like previous 



flights).   Strong CO concentration is also observed during this flight near the location 130°E 

corresponding to the city of Yakutsk. In addition to this observation, strong concentrations of 

methane (1.95 ppm) have been measured. According to MODIS satellite 

(https://firms.modaps.eosdis.nasa.gov/firemap/, see Map 1 for localization of fires), we can 

assume that is the result of many forest fires which took place near the city. At 127°-128°E 

location, where aircraft passed three times, there are important increases of trace gases 

concentrations, probably due to the same plume of smoke.   

 

 
Figure 11: Time series for Flight 3 

Flight 4 (see Figure 12) 

Flight 4, from Yakutsk to Bratsk, occurred the next day.  A continuity is measured for the 

variation of methane for the two first vertical profiles (corresponding at locations between 

130° and 123°E) with a notable minimum of methane concentration (1832 ppb, rep.A) before 

stable concentrations  measured for the rest of the flight (bracketing between 1860 ppb and 

1900 ppb). Concerning the CO2, we observe a global decreasing trend of 10 ppm along the 

flight path. Nevertheless, CO2 concentration is very low (less 380ppm) at 116°E, 111°E and 

103°E locations (rep B.), where the aircraft enters temporarily the boundary layer. These 

observations of low CO2 concentrations are made at mid-day hours (1230-1330 LT) and 

therefore are most likely reflecting strong absorption of CO2 by the taiga ecosystem. This 

CO2 minimum in the boundary layer was also present in Flight 2 (afternoon) but is more 

pronounced here, probably reflecting the more vigorous photosynthesis of midday hours of 

Flight 3. Carbon monoxide concentration is relatively constant (but higher than background 

concentration) between 0500 and 0650 UTC but we observe some variations in first part of 

the flight, where CO2 concentration is higher. At the beginning and the end of the flight peaks 

https://firms.modaps.eosdis.nasa.gov/firemap/


of trace gases (rep.C) are measured but we cannot considerer them because it is corresponding 

at the time where aircraft is influenced by local airport emissions at taking off or landing. 

 
Figure 12: Time series for Flight 4 

Flight 5 (see Figure 13) 

From Bratsk to Novosibirsk (Flight 5), between 1451 and 1606 LT, CO and CH4 

concentrations are highly variable in upper and middle troposphere during the first two 

vertical profiles and CO2 concentrations are higher than the end of precedent flight. At 0910 

UTC, progressive increase of both CO (1223 ppb at the maximum) and methane (1960 ppb) 

has been measured while a decreasing of 4 ppm CO2 has been observed before to increase 

(rep. A). The progressive increases of CO and CH4 seem to be due to plumes of smoke and of 

wind direction. The same phenomena occurred after but they are less important (rep. B). The 

second part of Flight 5 is also unstable with a CO2 higher than the beginning of the flight and 

some variations of CH4 accompanied by some peaks of CO. The diurnal cycle of CO2 would 

explain the augmentation of CO2 concentration but it is not consistent with the local time. A 

change in vegetation can be at the origin (flight over steppe). Nevertheless, aircraft was in 

middle and upper troposphere, where the effects of vegetation are weak. At the end of the 

flight, when aircraft approach of Novosibirsk, important rises of CO (+300ppb above 

background), CH4 (+10ppb) and CO2 have been measured. These observations are surprising 

regarding the measurement at this location in Flight 1. It seems that is a new polluted air mass 

over Novosibirsk, due to wind and direction of aircraft, or it is also the consequences of 

human activities on the high city of Siberia. 

  

 



 

 
Figure 13: Time series for Flight 5 

2.4 Individual vertical profiles 

 

Vertical profiles of atmospheric composition have been carried out for each ascent or descent 

(without plateau at high and low altitude). For the 2012 campaign, we have twenty vertical 

profiles which allow a first interpretation and to identify events like forest fires, particularly 

presents during the campaign. Scatter plots (following section) will give us more precisions 

on our interpretations. For better understanding, vertical profiles are noted FxPy with x 

representing the number of flight and y the number of profile during the flight. All the figures 

are displayed on the Appendix. Only the most interesting of them are shown in this section. 

Flight 1 Profile 1 (see Appendix 7) 

Due to calibration of CO, a part of data is missing. Nevertheless, it seems that there was an 

important emission of trace gases near the ground (i.e. 396 ppm of CO2, 2150 ppm of CH4) 

due to the presence of airport and/or city.  In upper troposphere, an air mass relatively 

polluted (391 ppm of CO2, 180 ppb of CO) was observed between 7 and 8 km. 

 

F1P2 (see Appendix 8) 

A large variability of trace gases during the profile with an important concentration of CO 

(450 ppb, + 350 above the background) close to the ground, arriving at Tomsk (see also 

Figure 8, rep B). 

 

 



F2P1 (see Appendix 9) 

CO concentration increases with altitude with a maximum at 7 km (700ppb). Notable peaks of 

CH4 (much 1920 ppb, +50ppb above background) at 2.5 km and concentration of micro 

particles (much 1000 particles.cm
-3

) at 3.5km have been measured. Like explained in part 2.3, 

there is an important probability that it is due to forest fires (see Figure 9, rep A).  

 

F2P2 (see Figure 14 or Apendix10) 

Three peaks of CO, CO2, CH4 and aerosols are correlated at 0.5, 2.5 and 5 km of altitude. As 

we seen (part 2.2 and 2.3), this flight is the more impacted by forest fires. We can see three 

distinct polluted air mass at these altitudes (also corresponding to the plateau of the flight). 

 

 
Figure 14: F2P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

F2P3 (see Appendix 11) 

High concentrations of CO (1500 ppb!), CH4 (1980 ppb), CO2 (396 ppm, +11 above the 

background) and micro aerosols (~4000 particles.cm
-3

) near the ground, confirming the 

previous profile: the aircraft seems to cross a plume of smoke at lower altitude between F2P2 

and F2P3, as we seen in Figure 10 (rep B). 

 

F2P4 (see Appendix 12) 

A elevated concentration of trace gases arriving at Mirni with augmentation of aerosols micro 

particles (~500.cm
-3

) close to the ground (airport?) is observable. High variability of trace 

gases is observable in middle troposphere. 

 

 

 



F3P1 (see Appendix 13) 

In lower altitude, measurements are influenced by city and airport (250 ppb of CO, double of 

background). In this profile, the atmospheric boundary layer (ABL) is well defined between 3 

and 3.5 km with net changing on water vapor and slope of WBPT (Wet-Bulb Potential 

Temperature). 

 

F3P2 (see Appendix 14) 

At 3 km of altitude, we observe important peaks of CO2 (400 ppm), CO (600ppb), CH4 

(2000ppb) and micro aerosols (4000 particles.cm
-3

). As detailed in previous part, we must 

compared to F3P3 and F3P4, due to particular trajectory of aircraft during this flight. 

 

F3P3 (see Figure 15 or Appendix 15) 

Two distinct air mass  charged in trace gases are observed  at 3.5 km (much 2000 ppb of CO, 

~410 ppm of CO2, 2140 ppb of CH4 and 5000 micro particles.cm
-3

) and around 4.5 km (1200 

ppb of CO, ~404 ppm of CO2, 2000 ppb of CH4 and 3500 micro particles.cm
-3

) of altitude. 

 
Figure 15: F3P3 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

F3P4 (see Figure 16 and Appendix 16) 

Important peaks of trace gases and aerosols (800 ppb of CO, 392 ppm of CO2, 1950 ppb of 

CH4 and much 2000 micro particles.cm
-3

)  at 2.5 km of altitude. Aircraft fly over three times 

Yakutsk and across different air mass which can have the same origin. If presence of city and 

airport is predominant at ground level (see Figure 2.3), we don’t exclude the possibility of 

biomass burning area influences (which are important close to Yakutsk, see Map 1). 

 



 
Figure 16: F3P4 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

F4P1 (see Appendix 17) 

Concentrations of trace gases are relatively important in lower troposphere (500 ppb of CO, 

~400 ppm of CO2, 1950 ppb of CH4 and around 1500 micro particles.cm
-3

) which can be 

explained by the presence of Yakutsk. Concentrations are near their background level in 

upper troposphere. 

 

F4P2 (see Appendix 18) 

CO2 concentration is low (380 ppm, -5 ppm below background concentration) in lower 

troposphere. We observe an inversion of CO and CH4 concentrations between 3 and 4 km of 

altitude (ABL is well defined). Two peaks are identified at 3.5 (250 ppb of CO, 1920 ppb of 

CH4) and 6 km (250 ppb of CO, 1900ppb of CH4). 

 

F4P3 (see Appendix 19) 

Very light concentration of CO2 during this profile (with the minimum of the campaign, ~375 

ppm) is measured. Nevertheless a slight peak of pollution is recorded at 4.5 km of altitude 

(280 ppb CO, 1910 ppb of CH4 and 388 ppm of CO2): CO2 increases but it is well uptake by 

taiga. 

 

F4P4 (see Appendix 20) 

CO2 concentration is still very low during this profile (average of 380 ppm, -5 ppm below 

background concentration).No sources of pollution seem to exist with low concentrations of 

CO, CH4 and aerosols. 

 

 



F4P5 (see Appendix 21) 

Same observation as F4P4 with very slight peak of micro particles (60 particles.cm
-3

) 

consistent with slight peak of water vapor (0.75%) at 7.5 km. 

 

F4P6 (see Appendix 22) 

Similar observations than previous profiles, excepted slight increases of trace gases 

concentrations (220 ppb of CO, 395 ppm of CO2 and 1940 ppb of CH4) close to the 

background arriving at Bratsk. Profiles of Flight 4 (except F4P1), confirm us the strong 

absorption of CO2 by the taiga (detailed in previous part) where no or few sources of pollution 

are observables (CO and CH4 are low during this flight).  

 

F5P1 (See Appendix 23) 

Peaks of micro aerosols and water vapor are consistent at 1.5 km of altitude (like F4P5). CO 

(350 ppb) and CH4 (1890 ppb) concentrations are relatively high at 7.5 km whereas CO2 is 

close to 384 ppm (decreasing compared to the trend in upper troposphere). Aircraft across 

probably a polluted air mass uplifted from the ground. 

 

F5P2 (see Appendix 24) 

The polluted air mass of F5P1 is confirmed in this profile with several peaks of CO, CO2 and 

CH4. Micro particles are important in lower troposphere (~1000 particles.cm
-3

) whereas nano 

particles are present in upper troposphere (3000 particles.cm
-3

). Aircraft seems to fly over a 

source of pollution (confirmed by Figure 12, rep.A). 

 

 
Figure 17 : F5P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 



F5P3 (see Appendix 25) 

End of crossing polluted air mass with very high concentrations at the beginning of the 

profile, near the ground (1200 ppb of CO and 1970 ppb of CH4) probably due to fly over 

plume of smoke. In middle troposphere it seems to have some air mass polluted but CO data 

are missing (due to calibration). 

 

 

F5P4 (see Appendix 26) 

Variation of CO, CH4 and CO2 concentrations are identified in middle troposphere (5.5 km) 

due to air mass uplifted. On the ground (below 3 km), we note the influence of Novosibirsk 

and/or airport (394 ppm of CO2, 450 ppb of CO, 1920 ppb of CH4). 

 

2.5 Aerosol distributions 

The aircraft measured also the number concentration of aerosols from 3 nm to 32 000 nm with 

two instruments (Grimm and DPS) and the concentration of black carbon (µg.m
-3

) with an 

aethalometer instrument. These measurements concern more the IAO team which is 

specialized over aerosols in Siberia but they are sources of interesting information to 

understand the pollution that we observed during this campaign. So, we will expose the 

results and the observations after a brief reminder. 

 

Atmospheric aerosol is defined as “a collection of airborne solid or liquid particles, with a 

typical size between 0.01 and 10 µm and residing in the atmosphere for at least several hours. 

Aerosols may be of either natural or anthropogenic origin. Aerosols may influence climate in 

two ways: directly through scattering and absorbing radiation, and indirectly through acting as 

condensation nuclei for cloud formation or modifying the optical properties and lifetime of 

clouds” (IPCC). 

 

It exist two types of aerosols:  

 -primary particles (liquid or solid) which are transmitted directly into atmosphere 

since their sources like sea salt, dust, ash, or soot. Except for the black carbon, it is the 

consequences of friction on the ground. Soot is the result of incomplete combustion of oil or 

biomass. 

 -secondary particles which are formed directly into atmosphere by a conversion 

process of gases into particles.  

 

Sources of particles can be either natural (50%) or anthropogenic (i.e. transport, industries, 

agriculture…). There are four modes of aerosols: ultrafine particles (or nucleation, <10nm), 

Aitken (<100nm), accumulation (<1µm) and coarse (>1µm).  

 

Ultrafine particles are result of secondary particles by nucleation or by condensation at the 

surface of preexisting particles while accumulation mode particles are the result of primary 

emissions. The main sinks for aerosols are the sedimentation (for the aerosols of large size) 

and the rain.  



 

The black carbon (BC) correspond is practically exclusively composed of carbon atoms in 

shape of polymers. Sources are principally anthropogenic (process of combustion like oil) but 

it can be the result of biomass combustion. There is a radiative impact more powerful than the 

carbon dioxide or the methane. Concentrations of black carbon decrease with distance of the 

sources. Thus it is interesting, in our study due to the rural environment of Siberia, to observe 

both aerosols and black carbon.  

 

The team of IAO of Tomsk has realized many flights in West Siberia and collect data to allow 

defining background concentration for aerosols and black carbon. The vertical distribution of 

aerosols particles derived from the data of monthly flights carried out from March 2011 to 

October 2013. These data can be considered as background and we can see the vertical 

distribution for the summer period for different size range in Appendix 27. As we can see, the 

aerosol number concentrations are more important near the ground (thousands paticles.cm
-3

) 

and decrease with altitude (hundreds particles.cm
-3

). Small particles contribute to the major 

part of aerosol number concentration.  Concerning the background of black carbon for this 

region, we can refer to the Figure 18 (taken from study of Antokhin P.N. et al, 2011). It 

represents the seasonal variability of vertical profiles (for 1999-2007 periods) of the BC mass 

concentration. For summer, the concentrations in free troposphere (>3km) are the lowest (less 

of 0.06 µg.m
-3

) and increase to 0.4 µg.m
-3

 at the ground level. Except between 1 and 3 km of 

altitude, the summer period is the less impacted by black carbon. The maximum occurs in 

spring. 

 
Figure 18 : Seasonal variability of vertical profiles of the BC mass concentration. (Anntokhin  et al., 2011) 

Flight 1 (see Figure 19) 

There is not nucleation mode (strong concentration of small size aerosols with dN/dlogD 

>1000 particles.cm
-3

) but we can observe a value of black carbon upper than background 



level, especially in low altitude at the end of the flight (concentration between 0.5 and 1 

µg.cm
-3

 vs inferior to 0.2 µg.cm
-3

 for background) when a peak of CO (~430 ppb) is recorded. 

BC is a good indication because in this rural region, the mains sources are the biomass 

burning. For the rest of the flight, black carbon concentrations are close to the background 

value. It is consistent with the fact that the flight 1 is not the most impacted by the biomass 

burning (even if the CO concentration is important) as can be the flights 2, 3 and 5.  

  

Flight 2 (see Figure 20) 

Few minutes before 7:00 a.m. (UTC), we observe a process of new particles formation (NPF) 

for aerosols with diameter inferior to 100 nm when the high CO concentration is shown at 

lower altitude. This NPF event results directly from the gases emissions due to biomass 

combustion (that we had identified before). Besides, a correlated BC concentration about 10 

µg.m
-3

 is recorded (the background concentration is normally about 0.2 µg.m
-3

, so 50 times 

lower!). At 8:00, we observe a strong concentration of CO at 8km of altitude but we don’t 

observe the NPF (that is consistent with the fact that we are in upper troposphere). However, 

we note an increase of concentration for particles with diameter superior to 500nm. Thus, we 

can think that aircraft across an air mass relatively aged because particles coagulated to form 

bigger particles. The concentration of BC at this altitude stays well superior to its background 

level (0.4 µg.m
-3

). Overall, we observe a BC concentration well superior to its background 

level for the flight 2 and especially for the first part (up to 7:15) where CO concentration is 

very high (>200 ppb). 

 

Flight 3 (see Figure 21) 

In the first part of the flight, we can see a concentration of CO around 200 ppb (twice as much 

the background value; +20 ppb than median) and a mean concentration of BC around 0.05 

µg.m
-3

. We observe also a similar signature in aerosol distribution with the major part of 

aerosols having a size between 10 and 500 nm (respectively 10 particles.cm
-3

 to 0.1 

particles.cm
-3

). Between 12:30 and 1:00 p.m., we note a process of NPF (dN/dlogD>1000 

particles.cm
-3

) correlated with a high CO concentration (>800 ppb) at low altitude (< 4 km) in 

atmospheric boundary layer. This NPF process can be considered as the responsible of the 

larger aerosols formation. We observe the similar phenomena at the end of the flight when the 

aircraft re-across the same air mass (see Map 1 or Figure 11: the trajectory is not direct). 

During these two periods, the black carbon concentration is 1 µg.m
-3

 (vs 0.04 to 0.05 µg.m
-3

 

for the background level) that is the proof of strong emissions in this region (as we saw 

before). 

 

Flight 4 (see Figure 22) 

As we explained, Flight 4 is the less impacted by biomass burning this year. During the flight, 

the CO concentration doesn’t vary (~160 ppb). Aerosol distribution doesn’t vary over time, 

except between 4:30 and 5h00, and after 6h30 when the aircraft goes down in altitude (the 

concentration of particles with diameter 50 to 500 nm is more important). Overall, black 

carbon concentration stay over its background level but it is lower compared to the other 

flights. We don’t observe the formation of new particles. It is consistent with previous 



observations: Flight 4 occurs in a cleaner atmosphere (low emissions of trace gases compared 

to others flights) but it can be lightly impacted by remote biomass burning. 

 

 

Flight 5 (see Figure 23) 

During this flight, we can see a stronger concentration for aerosols with diameter inferior to 

50 nm (as for Flight 1).  The concentration of carbon monoxide is high during all the flight. 

We observe also important concentration of black carbon (5 µg.m
-3

 at low altitude and more 

of 1 µg.m
-3

 at high altitude). Several periods where particles with diameter superior to 500 nm 

are relatively more elevated (dN/dlogD>0.1 particles.cm
-3

) compared at other flights and in 

same time high concentration of black carbon (as for Flight 1 and for particles between 500 

and 5000 nm). The presence of high concentration of CO and very variable in upper 

troposphere (during the first part of the flight) has not consequence in aerosol distribution or 

their concentrations. The black carbon being the result of primary particle emissions, thus we 

can conclude that there is not sources of emission in this place but probably, it is an air mass 

which moved from a place with biomass burning around Novosibirsk region and explain the 

difference of trace gases measures before the departure (the 31
st
 July) and the return (the 1

st
 

August) in Novosibirsk. 

 



 

Figure 19:  Concentration of black carbon (0.52µm) with concentration of CO in red and altitude (solid grey line) at the 
top and aerosol distribution (in units of particles.cm

-1
 ) according to their diameter (in nm) for Flight 1 at the down. 



 

Figure 20: Concentration of black carbon (0.52µm) with concentration of CO in red and altitude (solid grey line) at the top 
and aerosol distribution (in units of particles.cm-1 ) according to their diameter (in nm) for Flight 2 at the down. 



 

Figure 21: Concentration of black carbon (0.52µm) with concentration of CO in red and altitude (solid grey line) at the top 
and aerosol distribution (in units of particles.cm-1 ) according to their diameter (in nm) for Flight 3 at the down. 



 

Figure 22: Concentration of black carbon (0.52µm) with concentration of CO in red and altitude (solid grey line) at the top 
and aerosol distribution (in units of particles.cm-1 ) according to their diameter (in nm) for Flight 4 at the down. 



 

Figure 23: Concentration of black carbon (0.52µm) with concentration of CO in red and altitude (solid grey line) at the top 
and aerosol distribution (in units of particles.cm-1 ) according to their diameter (in nm) for Flight 5 at the down. 

  



2.6 Correlation between species 

In this part, we are interesting to the correlation between species to know the origin of some 

polluted events, recorded by the aircraft. Indeed, more studies show the relationship between 

trace gases occurring during special event. A high correlation is recorded between CO2 and 

CO when fossil fuel burning or between CO and CH4 during a biomass burning events. 

To realize the correlation during this campaign, we defined a new background because the 

background concentrations given by Mace Head station suppose a clean air. But, during our 

sampling, air mass was polluted (as you can see in Figure 8-12 with a base level 

approximately of 160 ppb for CO) and the resulting relationship would be erroneous.  The 

new background concentrations for each trace gases were based on CO variability criteria 

defined by PARIS ET AL. (2008). We choose to separate background according to the altitude.  

In this way, we calculated, on same base above, the background concentration in BL 

(z<2500m) and in FT (z>2500). They are given in the table 3. 

Trace gas BG BG
BL

 BG
FT

 

CO2 (ppm) 385.0 383.5 385.8 

CO (ppb) 171 199 158 

CH4 (ppb) 1875 1882 1871 

Ozone (ppb) 66 53 73 
Table 3: Background concentrations for each species.  

BL refers to Boundary Layer and FT refers to Free Troposphere 

For each species we calculated a delta concentration which corresponds to the difference 

between the measured value and its background concentration reference (i.e. ΔCO = 

COmeasured -CObackground). We show the CO-CO2, CO-O3, CO-CH4, CO2-CH4 and CO2-O3 in 

many cases: for all the campaign, to distinguish the BL to the FT, by flight, by flight and by 

altitude, and for height particular events (corresponding  to peaks of , see table 4). According 

to the definitions of background above, delta concentration for each species is calculated 

according the altitude. For events which occur in all altitude, we used background 

concentration and for events which occur in BL (FT) we used background concentration in 

BL (FT). 

All the results are given in Table 4 by flight and by level (BL or FT). Globally, during the 

whole campaign, we can note a strong correlation (0.77) between CO and CH4. In the BL, 

they are high correlations between these species and between CO2 and CH4 (0.62). Even if 

CO-CO2 correlation is less elevated than (0.53) other, we can say that CO, CO2 and CH4 are 

co-emitted in BL, confirming the predominance of biomass burning.  

However, the correlation over whole campaign (thousand km scale) is not significant because 

it does not consider the presence of very localized events (km scale).  

Correlations made by flight are interesting for the flight 1 (the smallest, ~500 km at the 

ground level).  It the only one flight with an anti-correlation between CO and CO2 whether it 

be in BL or in FT. PARIS ET AL. (2008), showed a  high  correlation between these two species in 

Spring but never correlation for summer flights due to additional sources and sinks for CO, 

which de-correlate ΔCO and  ΔCO2 in the atmosphere (TURNBULL ET AL. 2006). Additional 



correlation between CO2-CH4 (0.71) is observed in BL but not CO-CH4, contrarily to the FT 

with a high correlation CO-CH4 (0.88) and elevated anti correlation CO2-CH4 (0.78). 

According to these observations with previous results (see 2.2, 2.3, and 2.4) we can suppose 

that  they are not local biomass burning during this flight (not CO-CH4 correlation) in BL but 

an important part due to cities (Novosibirsk and Tomsk are close).  However, in FT, we can 

suppose air mass polluted of long-transport, what is consistent with Figure 9, where we 

observe some peaks of CO in upper troposphere (much 200 ppb).   

 

The Flight 2 is one of the most impacted by biomass burning. In BL, they are strong 

correlation between CO, CH4 and CO2 (much 0.80 for each correlation) which is the signature 

of local biomass burning. According to observations resulted of part 2.3, we focused on 

events E1, E2
BL

 and E3
FT

 (corresponding to rep A, B and C on Figure 10, data of these events 

are given in Table 4). E2
BL

 corresponds at the highest peaks of CO, CO2 and CH4 at 1200 m 

of altitude when aircraft across a plume of smoke and we can consider these correlations as 

reference (0.86 for CO-CO2, 0.84 for CO-CH4 and 0.99 for CO2-CH4) for plume of smoke. 

E3
FT

 is the second important peak during Flight 2 but in upper troposphere. The correlations 

were different from E2
BL

, what is the proof of two distinguish air mass. E3
FT

 is the result of 

long transport of air mass polluted (within CO2, CH4 and O3 seem to be co-emitted) and the 

using of retro-trajectories (FLEXPART) in next part will give us more precision. 

Correlations over Flight 3 do not give sufficient information, even if strong CO-CH4 

correlation is noted. Nevertheless, two special events are observed in BL, E4
BL

 and E5
BL

 (see 

Table 4 for more details). In Figure 10, same comportment are recorded for trace gases and 

with the special transect of the aircraft, it was easy to think that aircraft across the same 

polluted air mass. But surprising results of correlations require us to reconsider our previous 

analyze. For E5
BL

, only correlation between CO and CH4 can be detected (R=0.69) but for 

E4
BL

, there is also strong correlation between CO2-CH4 (0.72) and CO2-O3 (0.74). The last 

correlation can be explain by the common sink of CO2 (absorption) and O3 (deposition) by 

vegetation (ENGVALL ET AL., 2011). The origins of these two events will be analyzed with 

FLEXPART to know if we have two sources of if during the transport, there has been 

exchange with surrounding air mass.  

Flight 4 is the flight the less impacted by pollution. If we note a strong CO-CH4 correlation 

(as for the whole campaign), there is strong CO2-O3 correlation, consequences of absorption 

by taiga of CO2 and deposition of O3 over the forest (biomass burning not detected during the 

flight). However, in the first part of the flight (first ascent and descent, between 033440 and 

043602 UTC), some peaks of CO, CO2 and CH4 have been recorded. We chose to watch the 

correlation in BL (E6
BL

) and FT (E7
FT

) between these trace gases but nothing of interesting 

has been observed, even if again the strong CO-CH4 correlation especially in BL (E6
BL

). 

Negative correlation is recorded between CO2–CH4 in upper troposphere, probably due to the 

oxidation of CH4 by OH radical (given water vapor and CO2) 

Flight 5 is characterized by strong correlation between CO-CH4 (~0.8) and CO2-O3 (much 

0.8) in BL or in FT, what is a characteristic of absorption and deposition of CO2 and O3. 

Three distinct events are given in Table 5 (E8
FT

, E9
BL

 and E10
BL

). For these three events we 



found the same CO-CH4 and CO2-O3 correlation as the whole flight. In BL, for E9
BL

, anti-

correlation CO-O3 (caused by significant destruction of O3 during the transport; see BERCHET 

ET AL., 2013) what seems to be logical, CO being a precursor of O3 due to its reaction with OH 

radical.   These correlations are consistent with the aerosol distributions which indicate not 

local sources of biomass burning but rather polluted air mass coming from elsewhere. E10
BL

 

occurs when aircraft come back to Novosibirsk whereas E9
BL

 occurs in rural environment. 

ID Flight Date 
(UTC) 

Coordinates Concentrations (mean) Correlation coef. (R) – N // Direction coef (a) 

Lat 

(°N) 

Lon 

(°E) 

Alt 

(m 

a.s.l) 

CO2 

(ppm) 

CO 

(ppb) 

CH4 

(ppb) 

O3 

(ppb) 

CO/CO2 

(ppb/ppm) 

CO/CH4 

(ppb/ppm) 

CO/O3 

(ppb/ppb) 

CO2/CH4 

(ppm/ppm) 

CO2/O3 

(ppm/ppb) 

YAK F1-F5 12-07-31 
to 12-08-

01 

02:57:43- 
10:34:53  

58.85 104.97 4679 
 

386.2 
±3.7 

229.6 
±172.8 

1882 
±0.0 

69.1 
±17.0 

R=0.25 
a=0.00529 

N=7889 

R=0.77 
a=9.e-5 

N=7888 

R=-0.16 
a=-0.01581 

N=7948 

R=0.21 
a=0.00121 

N=45129 

R=0.57 
a=2.65223 

N=9241 

YAKBL  
1718 

385.0 
±4.1 

292.9 
±240.0 

1893 
±0.0 

56.0 
±11.9 

R=0.53 
a=0.00873 

N=2828 

R=0.83 
a=9.e-5 

N=2827 

R=0.19 
a=0.00958 

N=2887 

R=0.62 
a=0.00429 

N=16309 

R=0.58 
a=1.71807 

N=3321 

YAKFT  

6363 

386.9 

±3.2 

193.5 

±3.2 

1875 

±0.0 

76.6 

±14.8 

R=0.08 

a=0.00255 
N=5062 

R=0.53 

a=7.e-5 
N=5062 

R=-0.22 

a=-0.00031 
N=5062 

R=-0.08 

a=-
0.00031 

N=28837 

R=0.53 

a=2.42424 
N=5923 

F1 F1 12-07-31  
02:57:43-

04:20:16 

56.13 84.41 4704 
 

387.4 
±2.0 

159.1 
±36.2 

1878 
±0.0 

70.0 
±11.4 

R=-0.71 
a=-0.04662 

N=754 

R=0.69 
a=0.00028 

N=753 

R=-0.18 
a=-0.5785 

N=813 

R=0.22 
a=0.00281 

N=4387 

R=0.25 
a=1.34853 

N=891 

F1BL  

1886 

386.9 

±2.3 

166.7 

±44.5 

1888 

±0.0 

59.9 

±4.1 

R=-0.6 

a=-0.03061 
N=264 

R=0.41 

a=0.00017 
N=263 

R=-0.28 

a=-0.02332 
N=323 

R=0.71 

a=0.01155 
N=1608 

R=-0.6 

a=-0.98183 
N=320 

F1FT  

6430 

387.7 

±1.8 

154.0 

±28.3 

1873 

±0.0 

77.3 

±9.2 

R=-0.79 

a=-0.05133 
N=488 

R=0.88 

a=0.00031 
N=488 

R=-0.03 

a=-01043 
N=488 

R=-0.78 

a=-
0.00445 

N=2777 

R=0.38 

a=1.98847 
N=569 

F2 F2 12-07-31   
05:44:06-

09:02:46 

59.78 99.57 4277 
 

375.6 
±3.1 

262.0 
±252.1 

1880 
±0.0 

63.8 
±19.6 

R=0.62 
a=0.00784 

N=2052 

R=0.76 
a=7.e-5 

N=2052 

R=-0.2 
a=-0.01603 

N=2052 

R=0.5 
a=0.00352 

N=11731 

R=0.24 
a=1.55593 

N=2423 

F2BL  

1939 

384.4 

±30.3 

287.1 

±336.1 

1884 

±0.0 

50.5 

±9.8 

R=0.83 

a=0.00863 
N=948 

R=0.86 

a=8.e-5 
N=948 

R=0.02 

a=6.e-7 

N=948 

R=0.9 

a=0.00797 
N=5350 

R=0.01 

a=0.02961 

N=1107 

F2FT  

6237 

386.5 

±2.5 

240.5 

±141.7 

1876 

±0.0 

75.0 

±18.8 

R=0.36 

a=0.00645 
N=1102 

R=0.18 

a=1.e-5 
N=1102 

R=-053 

a=-0.07015 
N=1102 

R=-0.17 

a=-
0.00071 

N=6379 

R=0.07 

a=0.51634 

N=1314 

F3 F3 12-07-31 

11:13:24-
13:41:16 

62.39 124.01 4578 

 

388.9 

±2.3 

259.6 

±176.2 

1891 

±0.0 

78.7 

±16.2 

R=0.12 

a=0.00146 
N=1493 

R=0.84 

a=0.00011 
N=1493 

R=-0.18 

a=-0.01599 
N=1493 

R=0.18 

a=0.00189 
N=8670 

R=0.54 

a=3.91203 
N=1739 

F3BL  

1406 

387.8 

±2.9 

387.9 

±171.9 

1909 

±0.0 

65.4 

±9.2 

R=0.29 

a=0.00412 
N=554 

R=0.82 

a=9.e-5 
N=554 

R=0.6 

a=0.02791 
N=554 

R=0.47 

a=0.00389 
N=3298 

R=0.49 

a=1.69028 
N=639 

F3FT  

6526 

389.5 

±1.5 

186.6 

±128.7 

1880 

±0.0 

86.5 

±14.3 

R=0.67 

a=0.00827 

N=937 

R=0.73 

a=1.e-4 

N=937 

R=0.16 

a=0.01711 

N=937 

R=0.55 

a=0.00625 

N=5370 

R=0.44 

a=3.98239 

N=1098 

F4 F4 12-08-01 

03:34:38-

06:49:48 

59.15 114.43 5074 

 

384.0 

±4.1 

170.3 

±70.5 

1875 

±0.0 

65.2 

±16.3 

R=0.2 

a=0.0118 

N=2004 

R=0.87 

a=2.e-4 

N=2004 

R=-0.12 

a=-0.02668 

N=2004 

R=0.04 

a=0.00015 

N=11477 

R=0.71 

a=2.82231 

N=2357 

F4BL  

1740 

381.4 

±4.3 

211.1 

±115.1 

1885 

±0.0 

48.0 

±8.0 

R=0.63 

a=0.024 

N=556 

R=0.92 

a=2.e-4 

N=556 

R=0.38 

a=0.02573 

N=556 

R=0.64 

a=0.00323 

N=3268 

R=0.6 

a=1.1517 

N=665 

F4FT  
6403 

385.0 
±3.6 

158.8 
±31.9 

1872 
±0.0 

71.9 
±13.6 

R=0.04 

a=0.00511 

N=1446 

R=0.65 
a=0.00019 

N=1446 

R=0.04 

a=0.01854 

N=1446 

R=-0.19 
a=-

0.00048 

N=8207 

R=0.7 
a=2.62411 

N=1690 

F5 F5 12-08-01 

08:04:22-

10:34:53 

55.13 91.61 4788 386.7 

±3.5 

266.9 

±145.4 

1885 

±0.0 

71.4 

±12.6 

R=-0.28 

a=-0.00675 

N=1578 

R=0.83 

a=0.00011 

N=1578 

R=-0.42 

a=-0.03633 

N=1578 

R=-0.34 

a=-

0.00193 
N=8856 

R=0.81 

a=2.8833 

N=1823 

F5BL 1532 385.7 

±4.0 

371.4 

±189.3 

1903 

±0.0 

62.2 

±13.9 
R=0.01  

a=0.00024 

N=498 

R=0.82 

a=8.e-5 

N=498 

R=-0.06 

a=0.00424 

N=498 

R=0.16 

a=0.0073 

N=2777 

R=0.89 

a=3.08844 

N=582 

F5FT 6271 387.1 

±3.1 

218.5 

±83.5 

1876 

±0.0 

75.8 

±9.1 

R=-0.58 

a=-0.02218 

N=1078 

R=0.77 

a=0.00013 

N=1078 

R=-0.56 

a=-0.06199 

N=1078 

R=-0.63 

a=-

0.00281 

R=0.8 

a=2.30003 

N=1239 



N=6077 

E1 F2 12-07-31  
05:45:45-

06:04:13 

56.74 

86.36 

4819 388.9 
±1.5 

495.5 
±104.1 

1873 
±0.0 

34.7 
±9.7 

R=0.42 
a=0.00628 

N=185 

R=-0.47 
a=-7.e-5 

N=185 

R=0.43 
a=0.04415 

N=185 

R=-0.84 
a=-

0.00786 

N=1097 

R=0.43 
a=2.7057 

N=226 

E2BL 12-07-31  

06:54:12-

07:04:05 

59.35 95.95 1195 387.6 

±8.1 

697.6 

±775.9 

1912 

±0.01 

45.2 

±11.2 

R=0.86 

a=0.00865 

N=122 

R=0.84 

a=8.e-5 

N=122 

R=0.49 

a=0.00702 

N=122 

R=0.99 

a=0.00934 

N=582 

R=0.57 

a=0.81601 

N=122 

E3FT * 12-07-31 
07:58:35-

08:02:29 

60.83 104.95 8183 388.2 
±3.6 

383.6 
±240.2 

1891 
±0.0 

90.8 
±18.7 

R=0.49 
a=0.00718 

N=45 

R=0.54 
a=5.e-5 

N=45 

R=0.42 
a=0.03245 

N=45 

R=0.97 
a=0.0065 

N=230 

R=0.87 
a=4.66132 

N=45 

E4BL F3 12-07-31  
12:32:19-

12:55:31 

62.23 128.17 1612 388.5 
±2.2 

510.0 
±134.9 

1917 
±0.0 

71.4 
±6.9 

R=0.44 
a=0.00426 

N=233 

R=0.87 
a=9.e-5 

N=233 

R=0.5 
a=0.01132 

N=233 

R=0.72 
a=0.00629 

N=1354 

R=0.76 
a=2.27306 

N=274 

E5BL 12-07-31  
13:28:11-

13:41:16 

62.21 129.51 1454 388.4 
±2.9 

420.2 
±150.6 

1918 
±0.0 

68.3 
±6.3 

R=0.09 

a=0.00087 

N=123 

R=0.69 
a=1.e-4 

N=123 

R=-0.04 

a=-0.00168 

N=123 

R=0.45 
a=0.00487 

N=772 

R=0.39 
a=1.65837 

N=124 

E6BL F4 12-08-01  

03:34:39-
04:36:03 

61.19 124.52 1840 386.6 

±5.6 

331.6 

±205.2 

1904 

±0.0 

58.1 

±5.0 

R=0.42 

a=0.00982 
N=117 

R=0.9 

a=0.00019 
N=117 

R=-0.11 

a=-0.00282 

N=117 

R=0.52 

a=0.00334 
N=792 

R=0.07 

a=0.06875 

N=158 

E7FT 6459 388.8 

±1.4 

160.1 

±45.8 

1870 

±0.0 

81.6 

±12.5 

R=-026 

a=-0.00857 
N=500 

R=0.62 

a=0.00019 
N=500 

R=0.13 

a=0.03524 
N=500 

R=-0.69 

a=-
0.00648 

N=2814 

R=0.4 

a=3.49041 
N=579 

E8FT F5 12-08-01  

08:10:50-
08:56:22 

55.77 97.64 6351 384.4 

±1.4 

276.9 

±87.3 

1884 

±0.0 

70.1 

±7.6 

R=0.28 

a=0.00487 
N=460 

R=0.85 

a=9.e-5 
N=460 

R=-0.22 

a=-0.0201 
N=460 

R=-0.05 

a=-

0.00032 

N=2677 

R=0.69 

a=3.56872 
N=540 

E9BL 12-08-01  
08:56:23-

09:13:51 

54.83 93.36 1990 383.4 
±2.4 

540.9 
±321.4 

1911 
±0.0 

55.4 
±4.7 

R=0.19 

a=0.00172 

N=168 

R=0.97 
a=9.e-5 

N=168 

R=-0.63 
a=-0.01143 

N=168 

R=-0.08 

a=-

0.00065 

N=1025 

R=0.65 
a=1.2725 

N=211 

E10BL 12-08-01  
10:11:37-

10:34:53 

54.94 83.72 1085 388.9 
±2.2 

315.6 
±36.3 

1904 
±0.0 

73.0 
±9.5 

R=0.32 
a=0.02034 

N=247 

R=0.74 
a=2.e-4 

N=247 

R=0.46 
a=0.12741 

N=247 

R=0.11 
a=5.e-4 

N=1370 

R=0.76 
a=3.32159 

N=288 

Table 4: Correlations between species. Identifiers begin with "YAK 2012" for all campaign, "F" for flight and "E" for 
particular event. FT refers to measurement into Free Troposhere (z>2500m) and BL refers to measurement below 
Boundary Layer (z<2500m). Coordinates are the average position for the selected events. *For this event, only 46 
measures has been taken for CO and O3 

  



3. Interpretations and discussions 

To interpret us results and observations, we use a semi-lagrangian particle dispersion model, 

called “FLEXPART” (see STOHL ET AL.,2003), and developed by Andreas Stohl  of the 

Norwegian Institute for Air Research in the Department of Atmospheric and Climate 

Research. In this study we use the version 8.2 even if version 9.0 was available. We used the 

ECMWF data for meteorological fields with a spatial resolution of 1° and 91 level of altitude.   

The aim of this model is to simulate the dispersion of atmospheric particles from sources or 

receptors. In our case study, we use the backward mode (receptor to sources) in order to 

connect our measures to potential sources at the surface of the Earth and to have a qualitative 

approach of them contributions. We define release points every 0.2° of the aircraft 

displacement. Throughout the important peaks of trace gases recorded on Flight 2 (E2 event, 

rep. B on Figure 9), we detail briefly the three steps on Flexpart allowing the interpretation. In 

next parts we will focus on interpretation of some interesting events recorded during the 

campaign. 

  3.1 Case of E2 event: pollution by wildfires at low altitude 

3.1.1 Retro plumes of particles  

High values of CO2, CO, CH4 and aerosols were record around 0700UTC the 31
st
 July in 

lower troposphere (~1500m). Satellite observations of MODIS detected an important area of 

wildfire (seen on Map1), so we can think at the existence of probable relationship between 

fires and our measures. So, we identified the number of the release which is the closest. So 

this point is the receptor and Flexpart release 2000 particles every hours (over 10 days period) 

and calculate on the one side the meaning trajectories of the particles (solid line on Figure 24) 

and on the other the 5 daily cluster position. Cluster representing less of 10% were considered 

as noise and deleted.  So we can estimate the trajectories in the space. We can see that this air 

mass was stuck over Siberia in lower altitude (under ABL), consistent with anticyclone 

conditions during this campaign,  allowing accumulation of trace gases on air mass from 

potential sources in this area.  

 
Figure 24: Retro plume of polluted air mass during the Flight 2 (E2). Solid grey line represents the transect of aircraft.  The 
colored solid line represents the meaning trajectory of air mass while the circle represents the cluster position. Their 
sizes are proportional to their importance. Colors give the altitude and the number the day before the releasing point 
(black cross). 



FLEXPART model allows to knows the fraction of air mass coming from ABL and  from 

stratosphere. In our case, we can see an important fraction (~60%)from ABL  especialy 3 days 

before the passage of the aircraft. It is consistents with the low altitude of the aircraft  but it is 

interesting because local emission are first mixed in ABL  before to go up in altitude thanks to 

Warm Conveyor Belt (WCB) or pyroconvection and to be transported  over the hemisphere.  

With the wildfires detected by MODIS,  we can think that the high values measured come 

from this source.  

 
Figure 25 : Altitude of the trajectory model (black line) with altitude of cluster (green point) every days (Down). Fraction 

of ABL air mass (Middle) and  fraction of stratosphere air mass (down). 

 

3.1.2 Potential Emission Sensitivity (PES) 

 

The Potential Emission Sensitivity, calculated by FLEXPART, consists to estimate the likely 

sources of emission “seen by the aircraft” (i.e by the measure point). The word potential 

indicates that this sensitivity is based on transport ignoring removal process that would reduce 

the sensitivity. The value of the PES (in units of s.kg
-1

) in a particular grid cell is proportional 

to the particle residence time in that cell. In our case we choose a resolution of 0.5°*0.5° with 

three levels (500, 2500m and 12000m of altitude). Like for retro trajectories, we simulated the 

retro plume on 10 days period before the campaign.  



Figure 26 (top) gives the retro plume for the air column corresponding at the integration of 

concentration over 12 000 meters of altitude. It represents the potential source of emission 

seen by an observatory placed at this point.  We can see a PES in spit shaped from the release 

point to the East with more of 2000 s.kg
-1

 close to the measure point.  However we know that 

locally emissions have an impact in the low altitude. In free troposphere, air mass were 

transported and can have been impacted by several sources (gain and loose) by chemical 

reaction during transport (due to meteorological conditions or other species). So, footprint 

PES is more interesting to estimate the sources at the ground. There are several approaches to 

define footprint. We assume a footprint that integrated a column air corresponding at the 

ABL, defined at 2500m of altitude, which is an estimation even if  during night the ABL was 

lower.  The result of footprint PES is done by the Figure 26 (down). The shape is globally the 

same but concentrations differ (carte à refaire, done rune échelle plus grande).   

 

 
Figure 26 : Retro plume for the entire air column (12 000m) of the release point 53 of Flight 2 (E2 event). The entire 
column (Top) and the footprint PES (down). Colors represent the concentration in units of s.kg

-1
 over 10 day’s period 

before campaign. Black cross represent the release point. 

Aircraft passed above the maximum PES for this release point (with high value of PES) that is 

explain the high concentrations of traces gases (more of 800 ppb of CO and 2000 ppb of CH4, 

see Figure 9). As we seen in second part, 10 ug.m
-3

 of black carbon concentration have been 

recorded and  new particles formation (NPF) have been highlight  for this event. It is 

consistent with the PES footprint simulation with important sources at this location.  



   3.1.3 Map of Emission and contribution of sources 

Map of emission allows to estimate the concentration of sources by particular cell on our grid 

(define before, 0.5°*0.5°).  This map is done multiplying PES footprint by inventories  of 

emissions for this domain. Two inventories are used: EDGAR which is the inventory of 

anthropogenic emission at the Earth surface and an inventory made by Solène Turquety…..(2 

LIGNES POUR DECRIRE LES INVENTAIRES)…. It allows a qualitative estimation of 

anthropogenic and wildfires emission… (A TERMINER QUAND LES RESULATS 

SERONT DISPONIBLES) 

   3.1.4 Transport during the campaign 

An important air mass was crossed by the aircraft during the Flight 5 (rep A on figure 12), the next 

day. The retro trajectory calculated by the model  shows that this air mass come from the place 

where  the peak at low altitude was measured and studied  here.  So the air mass has traveled over 

Siberia in the South in low altitude but according the model and the Figure 24 it is not the same air 

mass but they were met  over the big area of fire. 

 

Figure 27 : Retro plume of polluted air mass during the Flight 5 (E9). Solid grey line represents the transect of aircraft.  
The colored solid line represents the meaning trajectory of air mass while the circle represents the cluster position. Their 
sizes are proportional to their importance. Colors give the altitude and the number the day before the releasing point 
(black cross). 

The PES footprint seems to indicate a very localized source between the area of fire on the 

north and the point of release.  The air mass seems to be polluted during the two days before 

the campaign.  

A TERMINER AVEC LES DERNIER RESULTATS (figure du vol 5)   

3.2 Pollution a high altitude 

In the Flight 2, the aircraft across a polluted air mass at 8200 m of altitude (Rep C on figure 9, 

Event E3 on table 4). Unlike the precedent case study, we can’t make relationship with local 

sources at this place at the ground. Fewer fires are detected.  High values of CO (more of 800 

ppb) and O3 (more of 120 ppb) are recorded. As we seen in part 2.5, we don’t observe NPF 

process for aerosol but an increase of concentration for particles with diameter superior to 

500nm, supposing an air mass relatively aged. The black carbon concentration is higher than 

the background but less important than in E2 event. The concentration of BC decreases with 



the distance. We have strong CO2-CH4 (0.97) and CO2-O3 (0.87 but few point of 

measurement) correlations but not correlation CH4-CO. 

The retro trajectory given by FLEXPART model shows that air mass arrived in high altitude 

ten days before the campaign and still stucked over Siberia (and southern of release point). 

Due to its higher altitude (7000-11000m), the local pollution has a minor impact of it. We can 

see a contribution of 20% of stratosphere in this air mass between seven and ten days before, 

that it can explain high ozone values. PES footprint confirms the low contribution of local 

sources with a maximum (about 60 s.kg
-1

) East-southern close to the Baikal.  So, we can 

assume that this pollution is not local and come from away.  

 

 The minor impact of regional sources can be explained by anthropogenic activities because 

not fires have been detected at the place where maximum PES values are calculated by the 

model.  (L’ORIGINE SERA EXPLIQUEE AVEC LES RESULTATS DES CARTES 

D’EMISSION) 

 

Figure 28 : Flexpart model for E3 event. At the top, retro plume of polluted air mass during the Flight 2 (E2) :Solid grey line represents the transect of 
aircraft.  The colored solid line represents the meaning trajectory of air mass while the circle represents the cluster position. Their sizes are proportional 
to their importance. Colors give the altitude and the number the day before the releasing point (black cross). At the left down the fraction of 
stratosphere air mass in the trajectory over 10 days period before the campaign. At the right down, footprint PES over 10days period before the 
campaign. Colors represent the concentration in units of s.kg

-1
 and black cross represents the release point. 



3.3 Origin of pollution detected  over Yakutsk 

 

We have noted that  aircraft pass twice time  over Yakutsk .It seems to be that aircraft across 

the same polluted air mass as it seen on Figure 10 (the two last peaks at 3 000m of altitude). 

Results give interesting information with strong concentration of trace gases (more of 800 ppb 

of CO). Simultaneously, NPF were observed for the two peaks and high measures of BC (1 

µg.m
-3

, 0.04 to 0.05 µg.m
-3

 for the background level) are recorded for the two events. Aircraft 

is approximately at 3000 m altitude and thus the measurements can be impacted by ABL.  But 

the figure 21 shows us a negligible fraction of ABL air mass. The both retro trajectories 

indicate that we are in anticyclone conditions. Air mass stagned on very small  place during 4 

days under 3000m of altitude, allowing a mixing ratio of the air.  This is consistent with the 

previous results. It confirms the presence of very local emission close to Yakutsk.  

 

 

Figure 29: Retro plume of polluted air mass during the Flight 3 (E5). Solid grey line represents the transect of aircraft.  The 
colored solid line represents the meaning trajectory of air mass while the circle represents the cluster position. Their 
sizes are proportional to their importance. Colors give the altitude and the number the day before the releasing point 
(black cross 

The interest of this event is the origins of the sources. On the map Map1 we can see the 

presence of many wildfires at the East of Yakutsk. Yakutsk is also an important industrial 

city. The map of PES footprint give a confirm the very localized character of this event. 

Compared to the previous case studies seen before (part 3.1 and 3.2) we can noted the “small” 

area of PES footprint with a very high values of concentrations (more of 6000 s.kg
-1

). The 

correlations between trace gases are not significant except for the CO-CH4 correlation of the 

first peak.  It indicates the combustion of fuel or/and biomass (confirmed by the results of 

aerosols).   

 



 

Figure 30: Footprint PES of the release point 53 of Flight 3 (E5 event). Colors represent the concentration in units of s.kg
-1

 
over 10 day’s period before campaign. Black cross represent the release point 

ATTENTE DES RESULTATS… 

  



Conclusion 
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Appendix 1: The Tupolev 134 aircraft research platform operated by IAO (A) 
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Appendix 2: Parameters of onboard instruments during Flight 1 
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Appendix 7: F1P1 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 

 
Appendix 8: F1P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 9: F2P1 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 10: F1P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 11: F2P3 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 12: F2P4 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 

Appendix 13: F3P1 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 14: F3P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 15: F3P3 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 16: F3P4 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 17: F4P1 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

  

 
Appendix 18: F4P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 19: F4P3 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 20: F4P4 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 21: F4P5 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 22: F4P6 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 23: F5P1 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 

Appendix 24: F5P2 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 



 
Appendix 25: F5P3 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 

 
Appendix 26: F5P4 vertical profiles of CO2 (black), CO (red), CH4 (green), O3 (dark blue), WBPT (sky blue), micro aerosols 
(maroon) and nano aerosols modes (pink, violet and grey). Measures are represented by points and averages by level of 
100 m are represented by solid lines. 
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Appendix 27: Summer vertical distribution of the aerosol number concentration (-o-) averaged in 1-km bins and model 
profiles (dashed lines). The vertical and horizontal bars show standard deviation of concentrations and altitude in each 
bin. N represents the size range of aerosols and NΣ represents the total number concentration (3-32 000nm). (Arshinov, 
paper in preparation) 


