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ABSTRACT 

Inter-annual and seasonal variations in atmospheric transport to a C02 measuring site in 
western Siberia were studied using three-dimensional trajectories. We identified large 
differences in transport between summer and winter, but also some differences between the 
years. Cluster analysis was applied to the trajectory data to determine to what degree different 
atmospheric flow patterns influence the variability of the atmospheric C02 mixing ratio. The 
observed C02 mixing ratio was also compared to observed C02 surface fluxes to study the 
impact of local sources and sinks. It was found that during July the correlation between 
atmospheric transport from distant source regions and C02 mixing ratios was poor. 
Furthermore the correlation was also weak between the C02 mixing ratio and the local eddy 
flux measurements. We conclude that the short-term variability in atmospheric C02 during 
summer probably is dominated by larger scale (tens up to one hundred kilometers) C02 
surface fluxes and local meteorology. The weaker biogenic C02 fluxes during winter, resulted 
in C02 mixing ratios more clearly influenced by long-range transport of C02. However, the 
highest atmospheric C02 concentrations were not observed in connection with westerly winds 
representing transport of polluted air from Europe, but during periods with stagnant flow 
conditions. It was conjected that these high C02 mixing ratios were due to respired C02 
trapped and accumulated in the lower parts of the planetary boundary layer. The mean 
duration for the identified flow patterns was in the order of two days, with a maximum 
duration of a week. This means that to have a chance to detect variations in C02 mixing ratio 
due to air mass changes the sampling frequency (e.g. flask samples and flight measurements) 
must be at least every other day. Our results show that the atmospheric transport varies with 
season, year and altitude. This, together with the heterogeneity of the source and sink regions 
are in conflict with the idea of a more or less unique footprint (i.e. the area which influences 
the C02 mixing ratio at a location), as the region of influence varies. For Zotino in July, the 
footprint of the air arriving close to the ground was confined to the area within tens to one 
hundred kilometers from the station, depending on the strength of the convective mixing and 
the C02 surface fluxes. In December, the origin of the C02 signal varied with meteorological 
conditions. During periods with stable stratification the observed C02 mixing ratio was 
influenced by regional surface fluxes of biological origin, whereas for other instances the C02 
signal was dominated by synoptic events and more distant C02 sources and sinks. The 
footprint of the air arriving at higher altitudes was poorly defined both in July and in 
December, as the regions where the air was in direct contact with the surface fluxes were 
widely dispersed. 

1 



CONTENTS 

1 . INTRODUCTION ........................................................................................................... 3 

2 . METHODS ...................................................................................................................... 4 
2.1 SITE ................................................................................................................................. 4 
2.2 TRAJEC~ORY MOD EL ........................................................................................................ 4 
2.3 CLUSTER ANALYSIS ......................................................................................................... 4 
2.4 PLANETARY BOUNDARY LAYER HEIGHT ........................................................................... 6 

3 . RESULTS ........................................................................................................................ 6 

3.1 SEASONAL VARIATIONS IN TRANSPoRT ............................................................................ 6 

3.3 CLASSIFICATION OF .................................................................................. 10 
3 . 4  OBSERVED METEOROLOGICAL DATA AND TRANSPoRT ................................................... 10 

3.2 INTER-ANNUAL VARIATIONS IN TRANSPoRT ..................................................................... 9 

3.5 OBSERVED c02 MIXING RATIOS. c02 SURFACEFLUXES AND TRANSPORT ...................... 11 

4 . SUMMARY AND CONCLUSIONS ............................................................................. 13 

ACKNOWLEDGMENTS ................................................................................................. 14 

REFERENCES .................................................................................................................. 15 

. 

2 



1. INTRODUCTION 
There is considerable interest in acquiring quantitative estimates of C02 and fluxes 
between the atmosphere and the surface based on atmospheric measurements. On a global 
basis this has been successfully implemented since the early days of atmospheric monitoring 
(Keeling, 1960). Both scientific development and societal demands through agreements like 
the Kyoto Protocol have moved attention towards the problem of regional flux estimations 
(cf. Tans et al., 1996; Gloor et al., 2001). 

Making regional estimates of C02 fluxes requires methods to deconvolve the various sources 
of concentration anomalies and the atmospheric phenomena that either preserve or expunge 
the anomalies. For C02, CI& and other long-lived gases with natural and anthropogenic 
sources and sinks the problem becomes strenuous. Firstly, with atmospheric turnover times 
that well exceed the interhemispheric mixing time of 1-2 years these gases are challenging for 
the measurement programs with relatively small variations towards a high background 
concentration. Secondly, the data interpretation is difficult since the long turn-over time in 
principal makes it possible for a concentration anomaly observed to have its origin at any 
distance (and thus time) upwind of the observation site. The anomaly can have its origin from 
varied contact times with active surfaces and furthermore, the surfaces most often are 
heterogeneous in source and sink characteristics. 

The extended problem of detecting changes in regional fluxes (both natural and 
anthropogenic) is even more difficult. Deciphering whether a change in concentration during 
a particular period in time compared to another is due to flux differences or meteorological 
circulation differences or both will require detailed knowledge of all processes. 

Various strategies have been adopted to bypass at least some of these complexities. These 
involve sampling strategies for only “background” air (e.g. Conway et al., 1988, 1994; 
Keeling et al., 1989), sampling in areas where the surfaces are assumed to be less 
complicated, only studying interhemispheric concentration differences (e.g. Tans et al., 1989; 
Denning et al., 1995,1999; Conway and Tans, 1999), using the planetary boundary layer as a 
natural compartment with limited mixing with the rest of the atmosphere (e.g. Levy et al., 
1999; Lloyd et al., 2001), flux chamber sampling on the ground (e.g. Zimov et al., 1996; 
Oechel et al., 1997; Winston et al., 1997; Panikov and Dedysh, 2000). These strategies are all 
predestined to be limited in space and/or time based on the assumptions adopted. The 
generality of the results and the ability to extrapolate the results to an entire realm of interest 
is often limited. 

A frequently used approach is utilizing vertical profiles of concentration; either collected at 
one location from tall towers (Bakwin et al., 1995, 1998; Hurst et al., 1997) or from vertical 
sampling or continuous profiling by aircraft (Wofsy et al., 1988; Nakazawa et al., 1991; 
Conway et al., 1993). Many studies have adopted the concept of “footprint” which refers to 
the area of influence that a location and sampliig elevation is influenced by. In a recent 
paper, Gloor et al. (2001) have studied this problem carefully with an evaluation of the 
origins of C2CL concentration variabilities utilizing trajectory analysis. Their study leaves 
some questions that merit M e r  investigation. Notably there is no seasonal consideration 
and the study is limited to one single elevation. The gas in question does not exhibit a high 
global background which is typical for C02 and CI&. The uncertainties of the trajectories are 
not addressed, e.g. the problem that the trajectory concept disintegrates whenever the air has 
visited within the planetary boundary layer. 

In this study a method for systematic trajectoxy analysis with cluster analysis is developed. 
We apply the method to a specific study of data collected within the EUROSIBERIAN 
CARBONFLUX project at a remote site in the interior of Siberia. The methodology is here 
used for a limited special case but has general applications and can be implemented for any 
location and elevation. Some further refinements are discussed and it is suggested to apply 
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the method to create climatologies for observation sites, which could serve as guidance for 
formulating sampling strategies in field campaigns. 

2. METHODS 

2.1 Site 
The measuring site is located near the village &tino in western Siberia (60.5%, 89.4%). The 
region is influenced by Atlantic air masses from Europe and Scandinavia, but also cold polar 
air masses from northeastern Siberia and the high Arctic. =tino is surrounded by flat western 
Siberian lowland extending from the Ural mountains in the west to the Yenisei River in the 
east. The region belongs to the Siberian taiga, and the vegetation consists of a mixture of 
bogland and bored coniferous forest. A detailed description of &he site is given in Schulze et 
al. (2002). 

2.2 Trajectory model 
Trajectories were calculated using the three-dimensional trajectory model of McGrath (1989). 
The trajectory model uses pressum fields and winds from the European Centre for Medium- 
Range Weather Forecasts (ECMWF). The horizontal resolution of the wind fields 
corresponds to 125 kilometers at the equator while the temporal resolution is six hours. 
Lmear interpolation in time to one-hour resolution and biquadratic interpolation in space 
were employed to deduce the wind velocities at each point along the trajectories. The use of 
threedimensional wind fields improves the accuracy of the trajectory calculations, making 
three-dimensional trajectories more accurate than any other type of trajectories, including 
those of the isentropic type (Stohl, 1998). In the present study the region of interest 
comi>rises the planetary boundary layer, where the uncertainties even for three-dimensional 
trajectories are large since the trajectory model does not include atmospheric turbulence. This 
absence of turbulent mixing implies that individual trajectories that have been in contact with 
the planetary boundary layer should be treated with caution. Because of the uncertainties 
associated with trajectory model calculations, the trajectories are best used as indications of 
the general flow rather than the exact pathway of an air parcel. In this study recurring 
transport patterns are found which are believed to show representative regions influencing the 
observed atmospheric COz signal at Zotino. 

Fiveday back-trajectories arriving at Zotino during July and December of 1998 and 1999 at 
three different pressure levels (750, 850 and 950 ma), were calculated. The arbitrary choice 
of a five day trajectory duration is a compromise between the ambition to identify distant 
source and sink regions and to limit the uncertainties in the trajectories. By 750-, 850- and 
950 hPa - trajectories in the following text, we refer to the three-dimensional trajectories 
arriving at %tino at each of these pressure levels, not isobaric trajectories. 

2.3 Cluster analysis 
Cluster analysis denotes a variety of multivariate statistical techniques used to explore the 
structure of datasets (Romesburg, 1984). The specific purpose is to group similar objects 
together, whereby differences between individual elements within a cluster are minimized but 
differences between clusters are maximized . The sorting is performed objectively and is 
governed by a set of decision rules. These are defined by the investigator, who selects the 
clustering algorithms best suited for the data (Schulz and Samson, 1988). 
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Cluster analysis was first applied to atmospheric trajectories by Moody (1986) and Moody 
and Galloway (1988). It has thereafter been used in many trajectory studies, most frequently 
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in order to develop long-range transport climatologies for monitoring stations (cf. Harris and 
Kahl, 1990; Harris, 1992) or to look at pollution events and to investigate air chemistry (cf. 
Moody and Samson, 1989; Dorling et al., 1992). The cluster technique accounts for wind 
speed and direction simultaneously when classifying trajectories. Furthermore, cluster 
analysis does not involve visual inspection, as is the case in the simple procedure of 
categorizing tiajectories by compass sectors. 

There are many methods of cluster analysis. We chose to use Ward’s minimum variance 
technique (Romesburg, 1984), which has been used for cluster analysis of trajectories in 
several other studies with good results (cf. Moody and Galloway; 1988; Moody and Samson, 
1989; Harris and Kahl, 1990; Stunder, 1996). We undertook a number of experiments to 
compare the results obtained using Ward’s method with those obtained applying the centroid 
respectively the average clustering procedures provided in a standard statistical package 
(MATLAB, 2001). The main result from this comparative exercise was that the centroid and 
the average clustering techniques produced more single-trajectory clusters than the Ward’s 
method. Otherwise the three methods resulted in comparable clusters. However the similarity 
between the clusters obtained using the three different methods sometimes depended on the 
choice of number of clusters (Le. when the clustering process was terminated). 

The trajectories arriving at the three different pressure levels were used, resulting in three 
datasets, each containing 248 trajectories (00 UTC and 12 UTC every day). The cluster 
variables were points along the trajectories (given in terms of latitude and longitude) at one- 
hour intervals, representing the wind speed and the wind direction. 121 consecutive latitude 
and longitude pairs were used to represent the transport of air extending five days back in 
time. The spatial variance between two trajectories was quantified as the sum of the squared 
differences. To avoid bias due to meridian convergence the differences were calculated as the 
great-circle distances between two points. The smaller the distance between the points within 
a cluster, the more similar the trajectories. Initially all possible pairs of trajectories were 
compared and the most similar ones were joined in a cluster. Step-by-step the clustering 
routine continued to group trajectories until the spatial variance increased rapidly, indicating 
that the clusters being combined were not very similar. This increase in spatial variance 
suggests where to terminate the clustering (Moody and Galloway, 1988; Stunder, 1996). We 
prepared plots of percentage change in spatial variance versus cluster step number. These 
graphs suggested an optimal number of clusters of either 10 or 11 clusters, depending on 
pressure level. Table 1 shows the number of clusters obtained for trajectories arriving at 950 
hPa and the number of trajectories within them. The numbers of the clusters are solely used 
to distinguish the clusters fiom each other and have no inherent significance. The same 
numbers will be used in the plots to follow. 

Table 1. Number of trajectories in the clusters obtained with Ward’s method, with a cutoff size of 10 
clusters. 5-day back-trajectories arriving at 950 hPa at Zotino (6O.F”, 89.4%) during July and 
December I998 and 1999. 
Cluster July July July Dec Dec Dec Total Percentage Percentage 
number 1998 1999 1998+ 1998 1999 1998+ J ~ Y  Dec 

1999 1999 trajectories t ra~  ‘ectories 
1 4 1 5 7 11 18 23 22 78 
2 0 0 0 6 7 13 13 0 100 
3 24 10 34 2 2 4 38 89 11 
4 11 0 11 0 0 0 11 100 0 
5 2 18 20 0 3 3 23 87 13 
6 6 1 7 8 3 11 18 61 39 
7 1 5 6 6 5 11 17 35 65 
8 0 0 0 9 5 14 14 0 100 . 
9 13 27 40 1 12 13 53 75 25 
10 1 0 1 23 14 37 38 3 97 
SUm 62 62 124 62 62 124 248 
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For each cluster we generated an ensemble plot of all individual trajectories belonging to that 
cluster. These ensembles of “cluster membership” plots can be interpreted in terms of 
different synoptic conditions. Because of the variability of the atmosphere, each cluster 
comprises a variety of trajectory shapes and origins. Likewise it was found from the 
membership plots that the clustering procedure has categorized the trajectories into clusters 
that are different from each other. 

Finally, it should be noted that even though cluster analysis is described as an objective 
method, the selection of algorithm, the specification of the distance measure and the number 
of clusters used are subjective (Stohl, 1998). 

2.4 Planetary boundary layer height 
The planetary boundary-layer height was calculated using the regional dispersion model 
MATCH (Robertson et al., 1999), which in the present setup uses analyzed meteorological 
variables from the ECMWF with a l0xlo degree horizontal resolution at six-hour intervals 
(Kjellstrijm et al., 2002). The model parameterizes planetary boundary layer processes based 
on the large-scale meteorological situation. The planetary boundary layer height is 
determined using different techniques depending on the static stability. For unstable 
conditions the planetary boundary layer height is defined as the height where the bulk 
Richardson number reaches a certain critical value. For stable and neutral conditions a 
recursive formulation is employed which takes into account the combined effects of rotation, 
surface boundary flux and static stability. For details regarding these two approaches, see 
Robertson et al. (1999). 

3. RESULTS 

3.1 Seasonal variations in transport 
Figure 1 shows collected plots of 5-day back-trajectories arriving at Zotino at different 
altitudes, at 12 UTC during July and December 1998, one for each day of the month. These 
trajectories give an overall picture of the origin of the air arriving at Zotino during these 
months. The collection of trajectories indicates a large difference between the transport of air 
to Zotino during winter and summer. In December the transport is dominated by westerly 
winds from eastern Europe, western Siberia and Scandinavia, whereas the transport in the 
summer also has a contribution from the high Arctic and central Siberia. The transport 
patterns do not differ much with altitude, the main difference is the longer trajectories due to 
the increased wind speed with higher altitude. 

When the air is within the planetary boundary layer it is affected by C02 surface fluxes, 
whereas the air is cut off from direct exchange with sources and sinks at the ground when 
transported in the free troposphere. The C02 mixing ratio of an air parcel is thereby mainly 
altered during its residence within the planetary boundary layer. Not only the strength of the 
C02 surface fluxes, but also the time the air is in contact with the surface and the volume of 
air it subsequently is mixed within the free troposphere, will have large impact on the C02 
signal in an air parcel. 

From Figure 1 it is clear that all trajectories arriving near the surface at Zotino in July 1998 at 
12 UTC do so within the planetary boundary layer, and the hquency of trajectories within . 
the planetary boundary layer is also high upwind. This suggests that during the summer the 
observed C02 mixing ratios at the ground are largely dominated by the C02 surface fluxes in 
the vicinity of Zotino. The strong biogenic C02 surface fluxes during July can alter the C02 
mixing ratio in the planetary boundary layer by several ppm within a couple of hours. Table 2 
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shows the change in C02 mixing ratio within the planetary boundary layer due to surface 
fluxes calculated with a simple box-model. The fluxes have the largest influence on the 
atmospheric C02 in the morning hours, when the photosynthesis has getting started but the 
convective mixing is still weak. In the morning the COZ uptake by the vegetation can lower 
the C02 mixing ratio with two ppm in three hours, whereas the same draw down takes about 
six hours in the afternoon due to the more vigorous convection. This corresponds to transport 

s within the planetary boundary layer for tens up to one hundred kilometers at typical wind 
speeds. The more shallow planetary boundary layer during winter (see Table 3) results in that , 
some trajectories are in the free troposphere when arriving at Zotino at 950 hPa; the majority 
is, however, within the planetary boundary layer at, or in the vicinity of the station. In 
contrast to summer conditions the biogenic C02 surface fluxes are small during winter which 
means that the air must spend more time within the planetary boundary layer to change its 
C02 signal. This implies that the influence of the local biogenic C02 surface fluxes at &tino 
is limited during winter, even though the air is directly subjected to the surface fluxes. 
Quantitative estimates of the change in C02 mixing ratio within the planetary boundary layer 
due to ecosystem-atmosphere exchange during winter are presented in Table 4. 

~ 

Table 2. The change in COz mixing ratio per hour, Ac due to surface fluxes calculated by Ac= F D  * 
k, where F is the C02 su ace ux D is the depth of the planetary boundary layer and k is a constant 7 P ' - 3  

I (=3Mx)s *28.97gmot /1225gm ). 
I Local D*(m) F forestb F bogb Acfomt Acbog 

I OO:OO 51 0 1.4 0.5 0.2 0.1 
01 :oo 290 1.4 1.2 0.4 0.4 
02:oo 240 1.4 1.7 0.5 0.6 
03:OO 250 1.6 2.0 0.5 0.7 
04:oo 260 1.7 0.8 0.6 0.3 

I 05:OO 270 1.2 0.7 0.4 0.2 

~ 07:OO 280 -2.2 -1.4 -0.7 -0.4 . 

time (mol  m-' 5.') -01 m-' s-l) (ppm K') (ppm K*) 
I 

~ 06:OO 280 -0.9 0.3 -0.3 0.1 

08:OO 280 -2.5 -2.5 -0.8 -0.8 
09:oo 490 -4.8 -3.0 -0.8 -0.5 
1o:oo 690 -5.4 -3.2 -0.7 -0.4 
11:oo 900 -5.8 -3.3 -0.5 -0.3 
12:oo 1100 -5.9 -3.3 -0.5 -0.3 
13:OO 1300 -5.9 -3.3 -0.4 -0.2 
14:OO 1510 -5.4 -3.0 -0.3 -0.2 
15:OO 1460 -5.0 -3.0 -0.3 -0.2 
16:OO 1420 -4.4 -2.9 -0.3 -0.2 
17:OO 1370 4.0 -2.8 -0.3 -0.2 
18:OO 1320 -2.7 -2.4 -0.2 -0.2 
19:oo 1280 -2.2 -1.9 -0.1 -0.1 
20:oo 1230 -1 .o -1.2 -0.1 -0.1 
21:oo 1230 0.0 -0.3 0.0 0.0 
22:oo 1230 0.9 0.5 0.1 0.0 
23:OO 980 1.4 1.4 0.1 0.1 
Planetary boundary layer depths calculated by MATCH on average during July 1998. 
1-hour averages from eddy correlation measurement in a forest and on a bog respectively, in the 

vicinity of Zotino on average during July 1998 (Ameth et al., 2002, Styles et al., 2002). 

~ 

I 

m 

. Table 3. Monthly mean planetary boundary layer heights at Zotino I998 calculated by MATCH. 
Month PBL depth (m) 
June 830 
J d Y  840 
August 580 
September 510 
October 510 
November 270 
December 3 10 
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Table 4. The change in C02 mixing ratio per hour, Ac due to sulface fluxes calculated for three 
different planetary boundary layer depths (100,200 and 300 m) by Ac= FAD * k where F is the C02 
flux, D is the depth of the planetary boundary layer and k is a constant (= 3600 s * 28.97 g mot' / 
I225 g M - ~ ) .  

Localtime F8 Ac'" AcmQ AcMQ 
' ( p o l  ms2 s-') 

0o:oo 0.1 0 
01 :oo 0.1 3 
0200 0.1 1 
03:OO 0.1 0 
04:oo 0.10 
05:OO 0.09 
06:OO 0.1 3 
07:OO 0.09 
08:OO 0.1 3 
09:oo 0.1 1 
1o:oo 0.1 1 
11:oo 0.1 1 
12:oo 0.1 7 
13:OO 0.1 5 
14:OO 0.1 5 
1500 0.1 8 
16:OO 0.1 9 
17:OO 0.08 
18:OO 0.1 9 
19:oo 0.1 1 
20:oo 0.14 
21 :oo 0.1 3 
22:oo 0.16 

(ppm E') 
0.08 
0.1 1 
0.1 0 
0.09 
0.09 
0.08 
0.1 1 
0.08 
0.1 1 
0.09 
0.09 
0.1 0 
0.15 
0.12 
0.1 3 
0.15 
0.1 6 
0.07 
0.16 
0.1 0 
0.12 
0.1 1 
0.1 3 

(ppm E') @pm E*) 
0.04 0.03 
0.05 
0.05 
0.04 
0.04 
0.04 
0.05 
0.04 
0.06 
0.05 
0.05 
0.05 
0.07 
0.06 
0.06 
0.08 
0.08 
0.04 
0.08 
0.05 
0.06 
0.05 
0.07 

0.04 
0.03 
0.03 
0.03 
0.03 
0.04 
0.03 
0.04 
0.03 
0.03 
0.03 
0.05 
0.04 
0.04 
0.05 
0.05 
0.02 
0.05 
0.03 
0.04 
0.04 
0.04 

23:OO 0.09 0.07 0.04 0.02 
24-hOUS 0.13 0.1 1 0.05 0.04 
averages 

a 1-hour averages from eddy correlation measurement in a forest in the vicinity of Zotino on average 
during December 1999 (Ameth et al., 2002, Styles et al., 2002). 

When air moves higher up in the atmosphere it spends less time within the planetary 
boundary layer and in direct contact with the surface fluxes, and the spots for this contact are 
widely dispersed (see Figure 1). For instance, the air arriving at 750 hPa is imprinted by 
surface fluxes in regions often passed by the air several days prior to arrival at Zotho, in all 
directions and hundreds of kilometers from the observational site. This can be compared to 
the air arriving at 950 hPa in July, which, as discussed above, gets its COZ signal during its 
residence within the planetary boundary layer within tens to one hundred kilometers from the 
measuring site. 

Table 5 shows the calculated distances from Zotino to the last location where the altitude of 
the trajectory was lower than the calculated planetary boundary layer height. The distances 
are larger in December than in July, mainly due to the fact that the planetary boundary layer 
is shallower during winter than during summer. The larger standard deviations for the air 
arriving at higher altitudes are caused by the larger variations in distance for higher altitudes, 
but also by fewer data points since many of these trajectories have not been within the 
planetary boundary layer during the last five days or are outside the model domain of 
MATCH. 
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Table 5. Column 1 shows the arrival pressure level of the trajectories at Zotino. Column 2 shows the 
mean distancefrom Zotino when the trajectory was within the planetary layer the last time. Column 3 
shows the standard deviation of the mean distance. Column 4 shows the number of trajectories that 
were within the boundary layer the last 5 days during the month and within the domain of MATCH. 
Column 5 shows the percentage of the total trajectories. 
Pressure &Pa) Mean distance Standard dev. Number of %I of total 

July 1998 00 UTC 
600 
700 
750 
800 
850 
900 
950 
July 1998 12 UTC 
600 
700 
750 
800 
850 
900 
950 
December 1998 00 UTC 
600 
700 
750 
800 
850 
900 
950 
December 1998 12 UTC 
600 
700 
750 
800 
850 
900 
950 

1520 680 
1460 760 
930 740 
390 390 
220 140 
210 250 
80 100 

1490 410 
1200 870 
900 790 
250 490 
70 250 
10 20 
0 0 

4490 1160 
2980 790 
3390 1350 
2760 1100 
2270 1290 
1520 1300 
240 380 

4190 1660 
3510 1510 
3010 1300 
2220 1270 
2320 1260 
1330 1190 
520 1060 

trajectories 

4 
9 
13 
22 
29 
31 
30 

4 
6 
15 
29 
31 
31 
31 

11 
10 
16 
15 
23 
26 
29 

9 
11 
16 
16 
20 
25 
27 

trajectories 

13 
29 
42 
71 
94 
100 
97 

13 
19 
48 
94 
100 
100 
100 

35 
32 
52 
48 
74 
84 
94 

29 
35 
52 
52 
65 
81 
87 

3.2 Inter-annual variations in transport 
Figure 2 shows 5day back-trajectories arriving at Zotino at 12 UTC on each day of July and 
December 1999. These trajectories can be compared to the collected plots of trajectories in 
Figure 1 to study the inter-annual variation in transport. Due to the fact that the summer high 
pressure over the Arctic Basin does not have the same location in the two years, the transport 
of air from the high Arctic of the type seen during July 1998 does not take place the 
following year, instead the air follows a more northwesterly path. The difference between the 
two winter months is much smaller than the difference between the two summer months. 
However, in December 1998 the trajectories only arrive from the west, whereas during 
December 1999 some trajectories at the lowest levels arrive from the east as a result of the 
strong influence of the continental high pressure in this region. Despite these differences in 
transport between 1998 and 1999, the trajectories in Figures 1 and 2 illustrate that the 
seasonal variations in flow patterns are greater than those seen between these two years. 

Figures 1 and 2 show that the horizontal as well as vertical air transport to &tino is highly 
variable. This do not facilitate the interpretation of observed atmospheric C02, since 
variations in C02 mixing ratios do not have to result from changes of sources and sinks but 
can be due to changes in atmospheric transport. This transport variation also weakens the 
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concept of a more or less unique footprint (cf. Gloor et al., 2001). It is recognized that it may 
be difficult to determine a regional footprint for Zotino as the regions of influence vary with 
season, year and altitude. Particularly the air arriving at higher altitudes does not seem to 
have an uniquely defined footprint. 

33 Classification of trajectories 
The visual inspection of the trajectories in Figures 1 and 2 indicated a variation in 
atmospheric transport to Zotino both within and between the years. To examine this more 
closely, cluster analysis was used to distinguish the different transport patterns from one 
another. The analysis was undertaken for the whole dataset (viz. both months in both years). 
Figures 3 and 4 show ensemble plots of the obtained clusters for air arriving at 950 hPa. Note 
the large variation in the vertical transport within the clusters, in Figure 4. For the 950 hPa 
trajectories, we ended up with one cluster being exclusive for one month and one year (cluster 
4), some clusters being common for all months (clusters 1, 3, 6, 7 and 9), others being 
representative for only winter or summer transport (clusters 2, 4 and 8) and still others 
containing trajectories mostly from one of the years (clusters 5,6,9 and 10). Table 1 shows 
this distribution of trajectories between the clusters for the different months and years, as well 
as, the total numbers of trajectories within the different clusters. By defining clusters that 
consist of more than 75% July trajectories as “summer clusters”, and those containing more 
than 75% December trajectories as “winter clusters”, we obtained four summer clusters 
(number 3,4,5 and 9) and four winter clusters (number 1,2, 8 and 10). The two remaining 
clusters are representative for both summer and winter transport, with summer and winter 
transport beiig dominating for clusters 6 and 7, respectively. The summer clusters describe 
transport from the Arctic Sea and the regions northwest and northeast of Zotino. The clusters 
for December are dominated by high wind speeds and westerly flow conditions, but also 
periods showing slow wind flow from south and southwest are found (clusters 1 and 2). The 
two clusters common for summer and winter describe slow westerly transport and cyclonic 
transport from the northwest. From Table 1, it can also be seen that there is a smaller 
difference between these years regarding the transport during December compared to July. 
Due to the stronger cyclonic activity during December compared to July, the average duration 
of the winter clusters was shorter than for the summer clusters. The average duration of the 
obtained clusters (i.e. different atmospheric flow patterns) was in the order of two days, with 
a maximum duration of a week. 

3.4 Observed meteorological data and transport 
Observed meteorological parameters at Zotino (Kurbatova et al., 2002; Tchebokova et al., 
2002) were compared to the calculated 950 hPa trajectory clusters, in order to analyze how 
well the obtained clusters define periods of meteorological similarity. The measurements 
were made from masts at two locations, one on a bog and the other in a forest, in the vicinity 
of Zotino. Data are available from both locations for all four months of interest with the 
exception of the second half of July 1999 and the end of December 1999. Figures 5 and 6 
show observed meteorological variables at Zotino during July 1998 and December 1999. 

Some correlation between observed meteorological data and the calculated clusters 
representing different synoptic situations can be seen during July. The clusters often define 
different air masses, corresponding to changes in the observed meteorological parameters. 
Generally, periods influenced by Arctic air masses were characterized by cold and dry air 
(clusters 3 and 4). In Figure 5 it can also be seen that the air temperature and the wind speed 
during night often were lower over the bog than in the forest. This indicates that the nocturnal 
surface layer was more stable over the bog compared to the forest. 

During December, both years, low temperatures were observed during periods with high 
pressure and stagnant flow conditions and in connection with transport of Arctic air to Zotino 
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(cf. clusters 1 and 9 in Figure 6). On the other hand, low temperatures were seldom observed 
during periods of high wind speed and westerly transport. As for nighttime conditions in 
July, the air temperature over the bog was lower than in the forest during periods of stable 
stratification. The meteorological data for December 1999 in Figure 6, shows that low 
temperatures were observed at Zotino during 9-10, 14-16 and 19 (only at the bog) December 
1999. All these periods were associated with high pressure situations and slowly moving air 
(i.e. stable stratification). Thus it is recognized that cold winter days with high pressure often 
were associated with a slow transport of air near the surface. 

3.5 Observed COz mixing ratios, C02 surface fluxes and transport 
To study the connection between atmospheric C 0 2  mixing ratios and different transport 
situations, the calculated 950 hPa trajectory clusters were compared with observed COz 
mixing ratios, which in turn also were compared to observed C02 surface fluxes to evaluate 
the influence of local sources and sinks at Zotino. 

Timeseries of C02 surface fluxes and C02 mixing ratios are available from eddy correlation 
measurements fkom masts at the same two locations as used for the meteorological 
measurements. The eddy correlation technique typically integrates fluxes at a scale less than 1 
km2, and thus gives a local estimate of the exchange between the atmosphere and the 
biosphere (JPCC, 2001). How large an area the concentrations measurements are 
representative of depends on the strength of the surface fluxes and the convective mixing. 
Data are available from both stations for July 1998 and 1999 (Arneth et al., 2002, Styles et 
al., 2002). Unfortunately data representing winter C02 mixing ratios and CO2 surface fluxes 
is only available 1-23 December 1999 and only at the forest measurement site. 

Measured C02 mixing ratios and C02 surface fluxes for July 1998 are given in Figure 7. It is 
seen that for some periods there are large differences in C02 mixing ratio between the 
stations, although the distance between the bog and the forest is less than two kilometers. 
This is especially true during night when the very stable conditions over the bog results in 
enhanced C02 mixing ratios in the lower parts of the atmosphere. The highest nocturnal C02 
mixing ratios over the bog were observed during nights with the shallowest planetary 
boundary layers (calculated by MATCH). Also in the daytime there were periods (9-13 and 
28 July) when the local variations in atmospheric C02 mixing ratio were large. 

It is difficult to distinguish any correlation between different transport regimes and the 
observed C02 mixing ratios shown in Figure 7. As already discussed, one reason for this low 
coherence is the large local influence of biogenic C02 surface fluxes during summer. Another 
explanation is that the high diurnal variations may obscure the variations in C02 mixing 
ratios between different air masses. One example, when one indeed observed increased 
atmospheric C02 in connection with a change in flow pattern was between 16 and 17 July 
1998. The increase in C02 concentration was about 10 ppm, viz. the approximate magnitude 
of the largest differences in C02 mixing ratio during December 1999. The lower values of 
C02 mixing ratios were associated with slow air mass transport from the south (i.e. cluster 9), 
influenced by strong uptake of C02 by the continental biosphere. The change to northerly 
flow conditions the 17 July (i.e. cluster 4) resulted in a large increase in C02 mixing ratio at 
zotino. However, overall there is no clear correlation between observed C02 mixing ratios 
and calculated trajectory clusters during July 1998 and 1999. 

The coherence is also poor between the observed C02 mixing ratios and the C02 eddy flux 
measurements. The difference in C02 mixing ratios measured at the beginning and at the end 
of July 1999 (not shown) can possibly be associated with increasing negative C02 surface ' 
fluxes. But there are also periods when changes in C02 mixing ratios were measured without 
simultaneous variations in C02 surface fluxes. For example, during the period 9-13 July 
1998 the observed C02 mixing ratios were lower on the bog compared to the forest, even 
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though the C02 uptake was largest in the forest. However, it cannot be excluded that the 
concentration difference during these days was due to calibration problems. Generally, the 
highest correlation between surface fluxes and mixing ratios was found during the morning 
hours when the turbulent mixing was moderate and the planetary boundary height was less 
than 1500 meters, implying that the local C02 surface fluxes are the most important factor 
determining the atmospheric C02 mixing ratio. During the course of the day the rise of the 
planetary boundary layer height lessen the influence of local C02 surface fluxes (see Table 2). 
As was argued for the influence of horizontal advection on the observed C& mixing ratio, it 
is possible that the large diurnal variations of meteorological conditions during summer can 
mask some of the correlation between C02 mixing ratios and local CO2 surface fluxes. 

These results suggest that the observed C02 concentrations during July are not primarily 
determined by synoptic phenomena but by local meteorological conditions, such as the depth 
of the planetary boundary layer, in combination C02 surface fluxes on scales larger than 
those representative by the eddy flux measurements but smaller than one hundred kilometers. 

Figure 8 shows the observed C02 mixing ratios and surface fluxes at the forest site 1-23 
December 1999. Diurnal variations due to co-evolution of terrestrial biogenic C02 fluxes and 
the planetary boundary layer depth is almost entirely missing in the C02 mixing ratio record. 
Contrary to the summer, the biogenic fluxes are small (with rates that are less than 10% of 
those occurring during summer), resulting in that the strongest C02 signal are seen fiom air 
mass changes (long-range transport) rather than local effects. 

The highest COz mixing ratios were observed during 9-10 and 14-16 December 1999. As 
discussed above, these two periods were distinguished by low temperature, high pressure, 
low wind speed and slow air transport. The stable stratification in the atmosphere, suppresses 
the vertical mixing, resulting in accumulation of respired and anthropogenic C02 in the 
planetary boundary layer. Biogenic C02 fluxes in the order of 0.1-0.2 m o l  m'2 s-*, such as 
those observed at Zotino, could alter the CO2 mixing ratio by several ppm in the lowest one 
hundred meters of the atmosphere within 24-hours (see Table 4). The stable flow conditions 
also lead to long contact time between the air and the C& surface fluxes. In the region passed 
by the trajectories the last five days (within a radius of 300 kilometers from Zotino) the 
anthropogenic C02 emissions are insignificant, which suggests that the enhanced C02 mixing 
ratios in the planetary boundary layer 9-10 and 14-16 December 1999 were of biogenic 
origin. However, the trajectories only extend five days back in time, it is possible that the air 
passed over polluted areas before then, if so the high C02 mixing ratio could also be due to 
long-range transport of anthropogenic C02. 

Other instances with stagnant flow conditions, as representative by clusters 1 and 9, were not 
associated with as high C02 mixing ratios. This can be explained from the vertical transport 
of the trajectories as shown in Figures 9 and 10. The trajectories arriving at Zotino 9-10 and 
14-16 December 1999 were confined to the surface layer of the atmosphere, in marked 
contrast to the trajectories of the other periods. The longer the air spends in contact with the 
surface the more it is affected by anthropogenic and biogenic surface fluxes. Therefore both 
the wind speed and the vertical transport are important when studying C02 mixing ratios 
during winter. 

Measurements by Zimov et al. (1993, 1996) highlighted the importance of C02 emissions 
from snow covered forest soil for the atmospheric C02 mixing ratio. They found that 
observed winter maximum of atmospheric C02 mixing ratio in northeastern Siberia is due to 
biological activity at the bottom of the active soil layer above the permafrost. Also other 
recent studies with direct measurements of C02 fluxes (Oechel et al., 1997; Winston et al., . 
1997; Fahnestock et al., 1999; Panikov and Dedysh, 2000, Lafluer et al., 2001) have pointed 
out that biogenic emissions can have a large influence on the observed C02 mixing ratio in 
high northern latitudes even during winter. Further, in a model study by Brandefelt and 
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Holmen (2001) the biogenic and the anthropogenic C02 emissions were shown to have 
approximately equal influence on Arctic C02 variations during winter. During winter flight 
measurements over Zotino, Lloyd et al. (2002) observed large fluctuations in the atmospheric 
C02 concentration both within and above the planetary boundary layer. For most cases these 
variations were associated with transport of polluted air from Europe. But they also observed 
C02 increases in the planetary boundary layer which were not associated with enhanced CO 
mixing ratios, and hence most likely caused by soil emissions. 

In December, it appears that high C02 mixing ratios are observed during periods with high 
pressure conditions and low temperatures, in conjunction with stagnant flow near the surface 
and low wind speeds. It is conjected that the shallow planetary boundary layer together with 
the long contact time between the air and the surface fluxes could strengthen the weak 
biogenic C02 signal resulting in the high C02 mixing ratios in the lower parts of the 
atmosphere. 

4. SUMMARY AND CONCLUSIONS 
This study has focused attention on the inter-annual and seasonal variations in atmospheric 
transport to a measuring site in western Siberia. By analyzing 5day back-trajectories at three 
different pressure levels in July and December 1998 and 1999, we have identified large 
differences in transport between the seasons and some, but smaller, differences in transport 
between the two years. The planetary boundary layer heights along the trajectories were 
calculated with the means of a transport model. It was shown that most of the trajectories 
arriving at Zotino at 950 hPa were within the planetary boundary layer upon arrival. This 
implies that during July when the local biogenic fluxes are large, the short-term variability in 
C02 is dominated by the atmospherebiosphere exchange within tens to one hundred 
kilometers from the station. Thus, to be able to quantify the exchange between the 
atmosphere and different types of vegetation surfaces on the regional scale a dense 
observational network is required. During winter, as a consequence of the weaker biogenic 
fluxes, the observed COz signal at Zotino can be due to surface fluxes in regions further away 
from the station. This variability in atmospheric transport and heterogeneity in COZ surface 
fluxes disagree with the idea of a more or less unique “footprint” as the regions of influence 
varies. This is especially true for higher altitudes, the regions where the trajectories arriving 
at 750 and 850 hPa were in direct contact with the surface fluxes (i.e. when the C02 mixing 
ratio was altered) were widely dispersed during both seasons. 

To systematically study different transport patterns within months, within years and between 
years cluster analysis was applied to the trajectory data. By including both months for both 
years in the cluster process it was possible to distinguish significant transport patterns for 
different seasons. The mean duration for these identified flow patterns was in the order of two 
days, with a maximum duration of a week. This means that to have a chance to detect 
variations in C02 mixing ratio due to air mass changes the sampling frequency (e.g. flask 
samples and flight measurements) must be at least every other day. The obtained trajectory 
clusters, reflecting different synoptic situations, were compared to observed C02 mixing 
ratios. This was done to analyze the relative importance of long-range transport of air in 
relation to biosphere-atmosphere exchange and planetary boundary layer dynamics in 
determining the atmospheric C02 concentration. The observed variations in C02 mixing ratio 
during July at Zotino showed low correlation with both local C02 flux measurements and 
trajectory clusters. Therefore, the C02 mixing ratios during summer appear to reflect local 
changes in meteorology (e.g. planetary boundary layer height) and variations in C02 surface 
fluxes on a larger scale than 1 km2, as representative by the eddy flux measurements. During . 
December, it was shown that the stratification of the atmosphere and the time spent in contact 
with the C02 surface fluxes (Le. transport within the planetary boundary layer) had a large 
impact on the C02 signal of the air arriving near the surface at Zotino. It was suggested that 
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increases in the observed COz during periods of stagnant flow could be due to biological soil 
emissions, trapped and accumulated in the lowermost part of the planetary boundary layer. 
During other periods the variations in C02 mixing ratio seem to be caused by air mass 
changes and long-range transport of C02. 

It was demonstrated that the cluster analysis technique is a powerful tool useful for establish 
climatologies, which in turn can facilitate the interpretation of atmospheric measurements. 
These climatologies could also be of use for designing sampling campaigns. For instance, in 
combination with calculated forward trajectories, they could be used to position aircraft for 
fight measurements or to select days for flask sampling. Our results underlines the 
importance of the vertical transport when interpreting atmospheric COz concentrations. It is 
not enough to study the horizontal transport (e.g. climatologies based on horizontal 
trajectories), one must also consider where and for how long time the air has been within the 
planetary boundary layer and hence, in direct contact with the surface fluxes. Therefore, it 
would be desirable to, in a future study, develop methods for taking into account the altitude 
of the trajectories in the cluster process. 
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a) July 750 hPa b) December 750 hPa 

c) July 950 hPa d) December 950 hPa 

Figure 1. Five-day back-trajectories arriving at Zotino (60.Y”, 89.4OE) at 12 UTC (a) for July 1998 
at 750 hPa (b) for December 1998 at 750 hPa (c) for July 1998 at 95OhPa (d) for December 1998 at 
95OhPa. The red stars indicate when the altitude of the trajectory is lower than the planetary 
boundary layer height calculated by MATCH. The yellow stars show where the altitude of the 
trajectory is lower than the planetary boundary layer height the last time before arriving at Zotino. 



a) July 750 hPa c) December 750 hPa 

b) July 950 hPa d) December 950 hPa 

Figure 2. Five-day back-trajectories arriving at Zotino (6OS0N, 89.4OE) at I2 UTC (a) for July 1998 
at 750 hPa (b) for December 1998 at 750 hPa (e) for July 1998 at 95OhPa (d) for December 1998 at 
95OhPa. 
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Figure 3. Ensemble plots of trajectories arriving at Zotino (60.5ON, 89.4OE) at 950 hPa. Horizontal 
transport. 
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Figure 4. Ensemble plots of trajectories arriving at Zotino (60.9". 89.4OE) at 950 hPa. Vertical 
transport. 
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Figure 5. Measured specific humid@, temperature and wind speed at Zotino (60.!7”, 89.4OE) during 
July 1998. The black dots and gray circles show observed data in the forest and on the bog 
respectively. The coloredfields denote periods with transport representative of the clusters with the 
same colors as in Figures 3 and 4. 
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Figure 6. Measured pressure, temperature and wind speed at &tino (6O.PN 89.4OE) during 
December 1999. The black dots and gray circles show observed data in the forest and on the bog 
respectively. The colored fields denote periods with transport representative of the clusters with the 
same colors as in Figures 3 and 4. 
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Figure 7. Measured C02 mixing ratios and C02 surfacefluxes at Zotino (60.5"" 89.4OE) during July 
1998. The upper panel shows C02 mixing ratios, the middle panel shows C02 surface f l u e s  and the 
lower panel shows C02 su@acejlues averaged over 24 hours. The black dots and gray circles show 
observed data in the forest and on the bog respectively. The colored fields denote periods with 
transport representative of the clusters with the same colors in Figures 3 and 4. 
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Figure 8. Measured C02 mixing ratios and C02 surfacefluxes at the forest measurement site at 
Zotino (60.9", 89.4OE) during December 1999, The upper panel shows C02 mixing ratios, the 
middle panel shows C02 surface fluxes and the lower panel shows C02 surface fluxes averaged over 
24 hours. The colored fields denote periods with transport representative of the clusters with the 
same colors in Figures 3 and 4. 
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Figure 9. The vertical transport of trajectories in cluster 1 arriving at Zotino (60.5"N, 89.4"E) 14-16 
December 1999 (dashed line) and 20-21 December (solid line). 
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Figure 10. The vertical transpon of trajectories in cluster 9 arriving at Zotino (60.5'". 89.4OE) 9-10 
December 1999 (dashed line) and 17-19 December (solid line). 
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