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An over view of long-term, sys tem atic ob ser va tions of trace gas com po si tion of the at mo sphere over south ern Po land is
given. Three ma jor green house gases (CO2, CH4, N2O) and se lected halocarbons (freons F-11, F-12 and F-113; chlo ro form;
1,1,1-trichloroetane; car bon tet ra chlo ride; sulphur hexafluoride and trifluoromethyl sul phur pentafuoride) were mon i tored.
Mea sure ments were per formed at two lo ca tions of con trast ing char ac ter is tics: (1) the high-moun tain site Kasprowy Wierch,
High Tatras, rep re sent ing at mo spheric con di tions rel a tively free of lo cal in flu ences, and (2) two sites lo cated in the Kraków
ag glom er a tion, rep re sent ing a typ i cal ur ban at mo sphere. The data avail able for Kraków and Kasprowy Wierch were com -
pared with the Mace Head data, rep re sent ing a ma rine re gional back ground. The im pact of con ti nen tal sources for some of
the mea sured gases is clearly seen in the Kraków and Kasprowy Wierch re cords. The mean off set be tween CH4 con cen tra -
tions re corded at Kasprowy Wierch and at Mace Head for the pe riod 1998–2012 is 20.7 ppb and stems from con ti nen tal
emis sions of this gas orig i nat ing mainly from anthropogenic ac tiv i ties (leaks of nat u ral gas dis tri bu tion net works, land fills,
live stock). For N2O, a sim i lar off set of ca. 1 ppb for the pe riod 2009–2012 was ob served. Al though the long-term con cen tra -
tion trends of se lected halogenated com pounds mea sured in Kraków co in cide in gen eral with the re spec tive trends in Mace
Head data, the Kraków re cords con tain nu mer ous spikes and pe ri ods of en hanced con cen tra tions, re flect ing the im pact of lo -
cal sources of these com pounds. The im pact of a leg is la tive frame work en forced in Po land in July 2002, reg u lat ing the trade,
stor age and dis posal of ozone-de plet ing sub stances, is vis i ble in the Kraków re cord of halogenated com pounds.
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INTRODUCTION

The at mo sphere is a key com po nent of the Earth‘s global
eco sys tem. It ful fills sev eral im por tant roles: (1) it con tains
gases es sen tial for pres ent forms of life on the Earth, (2) it
shields the Earth’s sur face from harm ful ra di a tion in the form of
cos mic rays and the UV por tion of the so lar spec trum, (3) it dis -
trib utes the in com ing so lar en ergy be tween low and high lat i -
tudes, smooth ing ther mal con trasts be tween equa to rial and po -
lar re gions, and, (4) through a nat u ral green house ef fect it pro -
vides com fort able tem per a tures for the Earth’s bio sphere. The
pres ent com po si tion of the at mo sphere is a re sult of long-term
evo lu tion en com pass ing the en tire his tory of our planet. The at -

mo spheric res er voir is linked to other ma jor com part ments of
the global eco sys tem via mass and en ergy fluxes, and re -
sponds to ex ter nal and in ter nal forc ing.

Anthropogenic ac tiv i ties mod ify the com po si tion of Earth’s
at mo sphere in dif fer ent ways. For in stance, the con cen tra tions
of nat u ral green house gases such as car bon di ox ide, meth ane
and ni trous ox ide have in creased sub stan tially over the past
150 years lead ing to ad di tional heat ing of the Earth’s sur face.
More over, purely anthropogenic gas eous trace sub stances
pres ent in the at mo sphere, such as freons and SF6, also act as
pow er ful green house gases and some of them ex ert an im por -
tant con trol over the strato spheric ozone layer which plays a vi -
tal role in shield ing Earth’s sur face from harm ful UV ra di a tion
orig i nat ing from the Sun. Fi nally, hu man ac tiv i ties in tro duce a
great va ri ety of other trace sub stances to the at mo sphere, such
as SOx, NOx, CO, dust, VOCs and many oth ers, of ten lead ing to 
sub stan tial de te ri o ra tion of air qual ity with harm ful con se -
quences to hu man health.

It is there fore not sur pris ing that the com po si tion of Earth’s
at mo sphere is be ing watched with in creas ing aware ness on lo -
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cal, re gional and global scales. This is done through re gional
and global mon i tor ing net works such as Global At mo sphere
Watch (www.wmo.int/pages/prog/gaw), the NOAA (Na tional
Oce anic and At mo spheric Ad min is tra tion)  Earth Sys tems Re -
search Lab o ra tory (www.esrl.noaa.gov/gmd/) and the Ad -
vanced Global At mo spheric Gases Ex per i ment
(www.agage.eas.gatech.edu). Also new ini tia tives, such as the
In te grated Car bon Ob ser va tion Sys tem (ww.icos-in fra struc -
ture.eu), are be ing launched. Such net works ful fill sev eral func -
tions. Firstly, they doc u ment the spa tial and tem po ral evo lu tion
of the com po si tion of Earth’s at mo sphere as a re sult of nat u ral
pro cesses and hu man ac tiv i ties. Sec ondly, they help to as sess
the ef fec tive ness of in ter na tional agree ments, such as the
Kyoto Pro to col or Mon treal Pro to col, aimed at re duc ing at mo -
spheric con cen tra tions of key trace sub stances in flu enc ing the
ra di a tive bal ance of Earth such as CO2, CH4, N2O and SF6, or
de plet ing the strato spheric ozone layer (Freons, halogenated
com pounds). Fi nally, they pro vide valu able data for cur rent re -
search on the global car bon cy cle (Global Car bon Pro ject,
2012) and the be hav ior of var i ous trace sub stances in the at -
mo sphere (e.g., Simmonds et al., 1998; Prinn et al., 2000; Fang 
et al., 2012; Maione et al., 2013). In ad di tion to large-scale mon -
i tor ing ac tiv i ties, many lo cal net works are also in op er a tion, pro -
vid ing ground-truth data for man ag ers and pol i ti cians re spon si -
ble for air qual ity is sues in ur ban cen ters.

Here we pres ent an over view of long-term, sys tem atic ob -
ser va tions of the trace gas com po si tion of the at mo sphere over
south ern Po land. Three ma jor green house gases (CO2, CH4,
N2O) and se lected halocarbons [freons F-11 (CFCl3), F-12
(CF2Cl2) and F-113 (CCl2FCClF2); chlo ro form (CHCl3);
1,1,1-trichloroetane (CH3CCl3); car bon tet ra chlo ride (CCl4), sul -
phur hexafluoride (SF6) and  trifluoromethyl sul phur
pentafuoride (SF5CF3)] were mon i tored. Mea sure ments were
per formed at two lo ca tions of con trast ing char ac ter is tics: (1) the 
high-moun tain site Kasprowy Wierch, High Tatras, rep re sent -
ing at mo spheric con di tions rel a tively free of lo cal in flu ences,
and (2) two sites lo cated in the Kraków ag glom er a tion, rep re -
sent ing a typ i cal ur ban at mo sphere (Fig. 1). The ob ser va tions
of CO2 and CH4 at mo spheric mix ing ra tios at Kasprowy Wierch
go back to 1994 while N2O has been reg u larly mea sured there

since 2009. Reg u lar mea sure ments of halogenated com -
pounds in the Kraków at mo sphere started in 1997. The trace
gas com po si tion and trends in the at mo sphere over south ern
Po land is dis cussed in the con text of lo cal emis sions of these
gases and is re lated to re gional base line data.

DESCRIPTION OF THE MONITORING SITES

The Kasprowy Wierch sta tion (49°14’N, 19°59’E,
1989 m a.s.l., 300 m above the tree line) is sit u ated on top of the 
Kasprowy Wierch peak in the Tatra Moun tains, at the in ter sec -
tion of three main val leys at the bor der be tween Po land and
Slovakia. The cli mate of the area is typ i cal of a con ti nen tal
moun tain lo ca tion, with large di ur nal and sea sonal vari a tions of
tem per a ture, high pre cip i ta tion rates, fre quent changes of at -
mo spheric pres sure, and strong winds. Lo cal sur face winds are
con trolled by the mor phol ogy of the sur round ing area. West erly
winds are the dom i nant cir cu la tion fea ture in the lower tro po -
sphere. Since Kasprowy Wierch is sit u ated within the tran si tion
zone be tween the free tro po sphere and the plan e tary bound ary
layer (PBL) and is rel a tively free of lo cal in flu ences, this site is
con sid ered a re gional ref er ence sta tion for trace gas mea sure -
ments in the lower at mo sphere over Cen tral and East ern Eu -
rope. Since 1994, reg u lar ob ser va tions of at mo spheric mix ing
ra tios of CO2 and CH4 have been per formed at this site (Necki
et al., 2003; Chmura et al., 2008; Nêcki et al., 2013). From Sep -
tem ber 1994 till June 1996 weekly com pos ite sam ples of air
were col lected and the CO2 and CH4 con cen tra tion was mea -
sured at the In sti tute of En vi ron men tal Phys ics, Uni ver sity of
Hei del berg, Ger many. From July 1996 on wards, quasi-con tin u -
ous mea sure ments us ing an au to matic gas chromatograph
were con ducted at this site. In the fol low ing, only quasi-con tin u -
ous mea sure ments at this site are de scribed and dis cussed.

Kraków be longs among the four larg est cit ies in Po land. It is
lo cated ap prox i mately 100 km north of the Tatra Moun tains.
With about one mil lion in hab it ants, rap idly grow ing car traf fic
and sig nif i cant in dus trial ac tiv i ties, the Kraków ag glom er a tion
rep re sents a typ i cal ur ban en vi ron ment in east ern Eu rope. The
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Fig. 1. Locations of long-term monitoring sites for trace gas composition of the atmosphere over southern Poland 
the high-mountain station Kasprowy Wierch (KW), located in the Tatra Mountains, and station A (AGH University campus) 

and station B (Institute of Nuclear Physics), both located in the Kraków agglomeration (KR)



city is lo cated in the Vistula River val ley which is ori ented in this
re gion along an east-west axis. To the south, the city bor ders
hilly ter rain, while to the north it opens to wards a flat up land
area. In ad di tion, with pre vail ing west erly cir cu la tion, the
Kraków re gion is un der sub stan tial in flu ence of a large coal
min ing and in dus trial dis trict (Up per Silesia) lo cated ap prox i -
mately 60 km west of the city. Char ac ter is tic fea tures of the lo -
cal cli mate are gen er ally weak winds (an nual av er age around
2.7 m s-1) and fre quent in ver sions, ex tend ing some times over
sev eral days, par tic u larly dur ing win ter sea sons. These fac tors
fa vour ac cu mu la tion of gases orig i nat ing from sur face emis -
sions in the at mo sphere of the city.

The mon i tor ing site A (Fig. 1; 50°04’N, 19°55’E, 220 m a.s.l.)
is sit u ated on the Uni ver sity cam pus lo cated in the west ern part
of the city, bor der ing rec re ation and sports grounds. The air in -
take is placed on the roof of the Fac ulty build ing, ap prox i mately
20 metres above the lo cal ground. In ad di tion to mea sure ments
of at mo spheric CO2 and CH4 mix ing ra tios, seven halogenated
com pounds (CFCl3, CF2Cl2, CCl2FCClF2, CHCl3, CH3CCl3, CCl4,
SF6) were also mea sured at this site be tween July 1997 and May 
2005. Start ing from No vem ber 2005 these gases have been
mon i tored at site B (50°05’N, 19°53’E, 233 m a.s.l.) lo cated on
the cam pus of the In sti tute of Nu clear Re search, Pol ish Acad -
emy of Sci ence, ap prox i mately 3.5 km north-west of site A
(Fig. 1). In ad di tion, sev eral mea sure ment cam paigns aimed at
quan ti fi ca tion of at mo spheric mix ing ra tios of SF5CF3 have been
con ducted at site A be tween 2001 and 2012.

METHODS

Reg u lar mea sure ments of the trace gas com po si tion of the
at mo sphere over south ern Po land were per formed with the aid
of gas chro ma tog ra phy tech niques. At mo spheric mix ing ra tios
of car bon di ox ide and meth ane are mea sured at Kasprowy
Wierch and in Kraków us ing au to matic gas chromatographs
(Hewlet Packard 5890 and Agilent 6890N, re spec tively)
equipped with a flame ion iza tion de tec tor (FID), a 3 m col umn
(Porapak QS) and nickel cat a lyst con vert ing car bon di ox ide to
meth ane (Necki et al., 2003). Ni trous ox ide is mea sured at
Kasprowy Wierch us ing an elec tron cap ture de tec tor (ECD)
and dou ble-col umn sys tem con fig ured in a back-flush mode
(2 m pre-col umn Hysep Q 80/100 and 4 m an a lyt i cal col umn
Hysep Q 80/100). This an a lyt i cal set-up al lows the mea sure -
ment of car bon di ox ide, meth ane and ni trous ox ide in a
quasi-con tin u ous mode, with con sec u tive mea sure ments per -
formed ev ery 15–30 min utes. The mea sure ments are con -
ducted in a se quence stan dard–sam ple–stan dard. Each work -
ing stan dard is cal i brated against two ref er ence gases cer ti fied
by NOAA Earth Sys tems Re search Lab o ra tory, which pro vide a 
di rect con nec tion to the in ter na tion ally rec om mended scales for 
all three mea sured gases. The fol low ing scales are used: WMO 
(World Me te o ro log i cal Or ga ni za tion) X2007 for CO2, NOAA
2004 for CH4 and NOAA 2006A for N2O. In ad di tion, both sites
have been par tic i pat ing in the Cu cum bers intercomparison pro -
gram (www.cu cum bers.uea.ac.uk) in which cal i brated gas
stan dards of near-at mo spheric con cen tra tions are pe ri od i cally
mea sured by re search groups through out Eu rope in or der to
en sure ad e quate mea sure ment intercomparability.

Mea sure ments of halogenated com pounds were con -
ducted us ing a two-chan nel gas chromatograph (GC Fisons,
type 8000), equipped with elec tron cap ture de tec tors (ECD)
work ing in a con stant cur rent mode (Lasa and Sliwka, 2001). In
each chan nel, two col umns work ing in a back-flush mode are
used. In the first chan nel equipped with two stain less steel col -
umns (fill ing: 10% SP 2100, 80/100 mesh, length 0.6 and 3 m,

re spec tively) F-11, F-113, CHCl3, CH3CCl3 and CCl4 are
analysed, while the sec ond chan nel (stain less steel col umns;
fill ing: mo lec u lar sieve 5A, 80/100 mesh; length 1 and 3 m, re -
spec tively) is de voted to anal y sis of SF6 and freon F-12. The
work ing tem per a ture of the col umns is 55°C and the tem per a -
ture of the de tec tors in both chan nels is 300°C. The mea sure -
ments are per formed in the se quence: standard–sam -
ple–standard. The con cen tra tions of the com pounds mea sured
are cal cu lated us ing the five-point Lagrange in ter po la tion
method (Œliwka and Lasa, 2002). The mea sure ments are cal i -
brated against a pri mary stan dard pre pared in 1996 at the
Scripps Ocean og ra phy In sti tute, San Diego, USA. The pri mary
stan dard was recalibrated in Jan u ary 2013 and the mea sured
con cen tra tions of the trace gases of in ter est were trans ferred to
the SIO 2005 scale.

Mea sure ments of at mo spheric SF5CF3 mix ing ra tios were
per formed by gas chro ma tog ra phy cou pled with cus tom-built
cryo genic pre-con cen tra tion unit. For ev ery anal y sis, 200 ml of
air passed through a trap cooled down to –110°C, on which the
com pounds with boil ing points higher than the tem per a ture of
the trap are ad sorbed. Agilent 6890N with 8m At-1000 on
Carbograph and 1m Molsieve 5A col umn at 65°C in back-flush
mode is used to sep a rate SF5CF3 from other com pounds. A
stan dard m-ECD de tec tor heated to 350°C and work ing in con -
stant cur rent mode is ap plied to de ter mine the mix ing ra tios of
the mea sured gas. In jec tion of the ad sorbed gases to the GC
sys tem is done through im pos ing a high cur rent on the
cryo-trap, thus lead ing to a sharp in crease in the tem per a ture of
the unit and re lease of the ad sorbed gases. The anal y ses of
SF5CF3 mix ing ra tios were per formed on flask sam ples col -
lected in Kraków, typ i cally at noon hours, when ver ti cal mix ing
of the lo cal at mo sphere is the most in tense, while at Kasprowy
Wierch the flasks were col lected dur ing night hours, when the
sta tion was sam pling free tro po sphere. The mea sure ments
were cal i brated against three pri mary stan dards which have
been inter-cal i brated by two lab o ra to ries which cur rently per -
form this type of mea sure ments: USGS, Reston, USA and the
Uni ver sity of East Anglia, Norwich, UK.

Ta ble 1 sum ma rizes two key pa ram e ters char ac ter iz ing the
qual ity of the an a lyt i cal sys tems used to mea sure at mo spheric
mix ing ra tios of the trace con stit u ents of the lo cal at mo sphere.
The Limit of De tec tion (LOD) was quan ti fied for each the ana -
lysed com pounds as a dou ble am pli tude of the noise of the an a -
lyt i cal sys tem in use, while the Ex ter nal Reproducibility (ER)
was quan ti fied as a stan dard de vi a tion of a sin gle mea sure ment 
for re peated anal y ses of work ing stan dards con tain ing am bi ent
con cen tra tions of the trace gases ana lysed.

RESULTS AND DISCUSSION

CHANGES IN TRACE GAS COMPOSITION OF THE ATMOSPHERE
 OVER SOUTHERN POLAND

The re gion of south ern Po land where the mon i tor ing sites
are lo cated is char ac ter ized by a rel a tively high de gree of ur -
ban iza tion. Al though the Kasprowy Wierch site was se lected to
min i mize the im pact of lo cal sources of green house gases,  it
has been dem on strated that anthropogenic CO2 emis sions
from Zakopane town can be traced in the re cord of at mo spheric
mix ing ra tios of this gas avail able for the site (Nêcki et al., 2013). 
Also, the im pact of the Up per Silesia re gion, with its heavy in -
dus try, 19 in ter con nected cit ies with ap prox i mately 3.5 mil lion
in hab it ants and 29 ac tive coal mines, can be traced in the
Kasprowy Wierch re cord.
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In the fol low ing, the at mo spheric trace gas con cen tra tions
mea sured at Kasprowy Wierch and in Kraków are de scribed
and com pared with the data avail able for the Mace Head sta tion 
lo cated in west ern Ire land (53°20’N, 9°54’W). The Mace Head
re cord is con sid ered a ma rine back ground ref er ence for the Eu -
ro pean con ti nent. Se lec tion of two mon i tor ing sites with con -
trast ing char ac ter is tics (ur ban ver sus re mote, rel a tively clean
en vi ron ment) al lows dem on stra tion of the im pact of ur ban ized
ar eas on the trace gas com po si tion of the lo cal at mo sphere.

CARBON DIOXIDE

Fig ure 2 shows the at mo spheric CO2 mix ing ra tio re cord
avail able for the Kasprowy Wierch sta tion. Shown are daily
means of the mea sured mix ing ra tios, cal cu lated af ter ap pro pri -
ate data se lec tion pro ce dure. A three-step pro ce dure was ap -

plied to se lect the data rep re sent ing back ground con di tions at
the sta tion (Necki et al., 2003). Daily mean val ues were fur ther
smoothed us ing the rou tine rec om mended by NOAA (CCGvu
4.40; Thoning et al., 1989). For com par i son, the CO2 trend
curve rep re sent ing the re gional ma rine back ground (Mace
Head) is also shown (http://www.esrl.noaa.gov/gmd/;
GLOBALVIEW-CO2, 2013). The an nual means, sea sonal am -
pli tudes and growth rates of the CO2 mix ing ra tios mea sured at
Kasprowy Wierch are sum ma rized in Ta ble 2. The an nual
means are arith me tic av er ages of the daily mean val ues. The
am pli tudes of sea sonal vari a tions were cal cu lated us ing the
CCGvu 4.40 rou tine (Thoning et al., 1989) which uses the
smoothed CO2 re cord. The an nual growth rates were cal cu -
lated through der i va tion of the trend curve shown in Fig ure 2.

The con cen tra tion of car bon di ox ide at Kasprowy Wierch
has in creased by 9%, from 361.4 ppm in 1997 to 394.0 ppm in
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Com pound LODa ERa

Car bon di ox ide (CO2) 0.05 ± 0.03 ppm 0.1 ppm

Meth ane (CH4) 6.3 ± 0.5 ppb 2.0 ppb

Ni trous ox ide (N2O) 1.3 ± 0.3 ppb 0.4 ppb

Freon F-11 (CFCl3) 1.2 ± 0.7 ppt  4.8 ppt 

Freon F-12 (CF2Cl2) 5.7 ± 2.6 ppt  6.4 ppt 

Freon F-113 (CCl2FCClF2) 6.2 ± 0.9 ppt  1.8 ppt 

Chlo ro form (CHCl3) 16.2 ± 2.7 ppt   1.7 ppt 

1,1,1-trichloroetane (CH3CCl3) 6.7 ± 0.9 ppt  1.5 ppt 

Car bon terafuoride (CCl4)  2.9 ± 0.6 ppt   1.0 ppt 

Sul phur hexafuoride (SF6) 0.15 ± 0.08 ppt  0.2 ppt 

Trifluoromethyl sul phur pentafuoride (SF5CF3)  2.1 ± 0.7 ppq  2.5 ppq

a – see text for def i ni tion

T a  b l e  1

Limit of Detection (LOD) and External Reproducibility (ER) of the
analytical systems in use to measure ambient concentrations of the

selected trace gases in the atmosphere of southern Poland

Fig. 2. The re cord of CO2 mix ing ra tios avail able for the Kasprowy Wierch sta tion

Shown are daily means cal cu lated on the ba sis of in di vid ual gas chro mato graphic mea sure ments, af ter ap -
pro pri ate data se lec tion pro ce dure; the trend curves for Kasprowy Wierch (KW) and Mace Head (MHD)
data are also shown; the trend curve for Mace Head has been cal cu lated n the ba sis of monthly mean CO2

mix ing ra tios at this sta tion (http://www.esrl.noaa.gov/gmd/; GLOBALVIEW-CO2, 2013)



2012 (Ta ble 2). A dis tinct sea sonal cy cle of CO2 con cen tra tions
is clearly seen in Fig ure 2, with high val ues in win ter and low val -
ues in sum mer. This cy cle is driven by the sea sonal char ac ter
of photosynthetic ac tiv ity of the bio sphere. The peak-to-peak

am pli tude of the sea sonal fluc tu a tions of CO2 mix ing ra tios var -
ied in the pe riod dis cussed be tween 12.6 ppm (2003) and
20.8 ppm (2001). The low am pli tude re corded in 2003 can be
at trib uted to a very hot sum mer in this par tic u lar year in Eu rope,
re duc ing photosynthetic ac tiv ity of the re gional bio sphere (Ciais 
et al., 2005). There has also been a re duc tion of the CO2 am pli -
tude in the re cent years (2010–2012). The growth rate of CO2

con cen tra tion var ied sig nif i cantly over the pe riod dis cussed: the 
max i mum (5.6 ppm year–1) was ob served in 2002 while the min -
i mum (0.5 ppm year–1) was re corded in 1999. The trend curves
for the Kasprowy Wierch and Mace Head data are very sim i lar,
par tic u larly for the last de cade.

METHANE

Fig ure 3 shows the at mo spheric CH4 re cord avail able for
the Kasprowy Wierch sta tion. As for CO2 (Fig. 2), shown are
daily means of the mea sured mix ing ra tios, cal cu lated af ter data 
se lec tion anal o gous to that ap plied to the CO2 data. The daily
mean val ues were fur ther smoothed us ing the rou tine rec om -
mended by NOAA (CCGvu 4.40; Thoning et al., 1989). For
com par i son, the CH4 trend curve rep re sent ing the re gional ma -
rine back ground (Mace Head) is also shown
(http://www.esrl.noaa.gov/gmd/; GLOBALVIEW-CH4, 2009).
The an nual means and an nual growth rates of CH4 mix ing ra -
tios re corded at Kasprowy Wierch, as well as the mean an nual
off sets be tween the Kasprowy Wierch and Mace Head sta tions, 
cal cu lated for the pe riod 1997–2012, are shown in Ta ble 3.

The con cen tra tion of meth ane at Kasprowy Wierch has in -
creased from 1843 ppb in 1997 to 1889 ppb in 2012. By con -
trast to CO2, sea sonal cy cle is not pres ent in the data. The
long-term trend in the data is gen er ally more vari able than is
case with CO2; the an nual growth rates vary from –32.9 ppb
year–1  in 2003 to +15.1 ppb year–1  in 2007. The or i gin of an oma -
lously high CH4 con cen tra tions re corded at Kaspowy Wierch in
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Year

Car bon di ox ide

An nual av er age

[ppm]

Am pli tude

[ppm]

Growth rate

[ppm y–1] a

1997 361.4 19.1 1.7

1998 364.9 15.6 4.7

1999 369.4 19.1 0.5

2000 367.0 19.5 1.6

2001 370.0 20.8 0.9

2002 373.7 18.4 5.6

2003 376.3 12.6 1.3

2004 377.7 16.4 1.7

2005 381.1 16.4 3.4

2006 382.6 17.9 1.6

2007 386.0 18.6 2.8

2008 387.2 15.1 1.4

2009 388.7 18.3 0.9

2010 390.4 13.4 1.9

2011 391.2 15.1 1.1

2012 394.0 13.1 3.8

a – cal cu lated on the ba sis of the trend curve shown in
Fig ure 2 (see text)

T a  b l e  2

Ba sic char ac ter is tics of  the CO2 re cord avail able
for the Kasprowy Wierch sta tion

Fig. 3. The re cord of CH4 mix ing ra tios avail able for the Kasprowy Wierch sta tion

Shown are daily means cal cu lated on the ba sis of in di vid ual gas chro mato graphic mea sure ments, af ter ap -
pro pri ate data se lec tion pro ce dure; the trend curves for Kasprowy Wierch (KW) and Mace Head (MHD)
data are also shown; the trend curve for Mace Head has been cal cu lated on the ba sis of flask data rep re -
sent ing the ma rine sec tor only (http://www.esrl.noaa.gov/gmd/; GLOBALVIEW-CH4, 2009)



2002 is un clear and needs to be fur ther in ves ti gated. Such an
in crease of CH4 con cen tra tion was not ob served at other CH4

mon i tor ing sta tions across Eu rope.
It is clear from Fig ure 3 that con cen tra tions of CH4 re corded

at Kasprowy Wierch are shifted to wards higher lev els with re -
spect to the Mace Head data. The off set var ies be tween 7.5 ppb 
in 2011 to 44.9 ppb in 2002. Both CH4 trend curves run roughly
par al lel, al though an ap par ent re duc tion of the KW–MHD off set
is vis i ble in re cent years (cf. Ta ble 3). Af ter stag na tion dur ing
the pe riod 2001–2007, the at mo spheric con cen tra tions of CH4

have be gun to in crease again. This is a world-wide phe nom e -
non, at trib uted to an in crease in sur face emis sions of meth ane,
mainly by wetlands in trop i cal south Amer ica and in bo real Eur -
asia (Bousquet et al., 2011). Higher con cen tra tions of CH4 re -
corded at Kasprowy Wierch when com pared to the Mace Head
data are due to con ti nen tal emis sions of meth ane and grad ual
load ing of the air masses with CH4 on their way from the At lan tic 
coast to wards the cen tre of the con ti nent.

NITROUS OXIDE

Reg u lar mea sure ments of at mo spheric N2O con cen tra tions 
be gan at the Kasprowy Wierch sta tion in Jan u ary 2009. The
N2O re cord avail able to date is shown in Fig ure 4 and com pared 
with the Mace Head re gional ma rine ref er ence re cord
(http://agage.eas.gatech.edu; Prinn et al., 1990). Daily mean
val ues of N2O con cen tra tion are shown for both sites. It is ap -
par ent from Fig ure 4 that, as in case of CH4, the con ti nen tal
emis sions of this gas re sult in an ap par ent off set of Kasprowy
Wierch N2O data with re spect to the Mace Head data. The dif -
fer ence is of the or der of 1 ppb. Sea sonal vari a tions of N2O mix -
ing ra tios, with N2O max ima in win ter and early spring and min -
ima dur ing sum mer and early au tumn, are clearly seen in the
Mace Head re cord. It has been sug gested that the sea son al ity
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Fig. 4. The re cord of N2O mix ing ra tios avail able for the Kasprowy Wierch sta tion

Shown are daily means (or ange) cal cu lated on the ba sis of in di vid ual gas chro mato graphic mea sure -
ments af ter ap pro pri ate data se lec tion pro ce dure; the blue squares rep re sent daily means of N2O mix ing
ra tios mea sured at Mace Head (http://agage.eas.gatech.edu/; Prinn et al., 1990); the trend curves for
Kasprowy Wierch (KW) and Mace Head (MHD) data are also shown

Year

Meth ane

An nual av er age

[ppb]

Growth ratea

[ppb y–1]

Off set KW–MHDb

[ppb]

1997 1842.9 0.3 23.9

1998 1852.7 8.1 26.5

1999 1864.2 10.8  21.2

2000 1869.9 9.0 28.0

2001 1866.1 –0.7  28.8

2002 1894.0 13.7  44.9

2003 1862.9 –32.9    16.9

2004 1865.7 8.8   9.6

2005 1859.0 –2.1  19.5

2006 1859.9 –2.5  15.7

2007 1868.8 15.1  21.7

2008 1878.1 9.3 24.1

2009 1882.6 0.1 20.0

2010 1886.3 –2.4  14.4

2011 1879.5 1.1   7.5

2012 1889.0 11.0    8.5

a – cal cu lated on the ba sis of the trend curve shown in Fig ure 3; b –
off set be tween the CH4 trend curves for the Kasprowy Wierch (KW)
and Mace Head (MHD) sta tions (cf. Fig. 3)

T a  b l e  3

Ba sic char ac ter is tics of the CH4 re cord avail able for the
Kasprowy Wierch sta tion



of N2O con cen tra tion seen at Mace Head might be at trib uted to
the sea sonal im pact of the strato sphere (Levin et al. 2002;
Jiang et al., 2007). Al though this sea son al ity is not well-pro -
nounced in the Kasprowy Wierch re cord, it can be noted that
the min ima of N2O con cen tra tions re corded at this sta tion
closely fol low the sea son al ity of N2O sig nal seen in the Mace
Head re cord.

HALOCARBONS

Fig ure 5 sum ma rizes the mea sure ments of se lected
halogenated com pounds in the at mo sphere over south ern Po -
land, car ried out dur ing the pe riod 1997–2012. Daily mean val -
ues of CFCl3, CF2Cl2, CCl2FCClF2, CHCl3, CH3CCl3, CCl4  and
SF6 are shown in Fig ure 5A–G. They were cal cu lated as arith -
me tic av er ages of in di vid ual mea sure ments. Shown also are
trend curves (red) de rived from daily means of these com -
pounds mea sured at the Mace Head sta tion rep re sent ing the
re gional ma rine back ground (http://agage.eas.gatech.edu; Fra -
ser et al., 1996; Cunnold et al., 1997; Simmonds et al., 1998;
Prinn et al., 2000; O’Doherty et al., 2001; Reimann et al., 2005), 
cal cu lated us ing the CCGvu 4.40 rou tine (Thoning et al., 1989).
Fig ure 5H shows the at mo spheric con cen tra tions of SF5CF3

mea sured in flask sam ples col lected in Kraków and at
Kasprowy Wierch. The trend curve shown in Fig ure 5H rep re -
sents a poly no mial fit of the data shown in Fig ure 5H, in clud ing
also all other at mo spheric SF5CF3 data pub lished up to now
(Sturges et al., 2000, 2012; Rosiek et al., 2007; Busenberg and
Plummer, 2008; Erboy and Smethie, 2012). An nual means of
the daily mean val ues of  CFCl3, CF2Cl2, CCl2FCClF2, CHCl3,

CH3CCl3, CCl4  and SF6 mea sured in Kraków dur ing the pe riod
1998–2012 are sum ma rized in Ta ble 4.

It is ap par ent from Fig ure 5A–G that the mea sured trace
com pounds gen er ally fol low a de creas ing trend which is par tic -
u larly pro nounced for CH3CCl3 (Œliwka et al., 2010). The only
ex cep tion is sul phur hexafluoride which re veals a lin ear in -
crease, in ac cor dance with the in creas ing con cen tra tions of this 
gas ob served in other parts of the world (Levin et al., 2010). Al -
though the mea sured mix ing ra tios of the com pounds ana lysed
gen er ally fol low the long-term trends in ma rine at mo sphere rep -
re sented by the Mace Head data, nu mer ous spikes and pe ri ods 
of el e vated con cen tra tions of these com pounds are ev i dent in
the Kraków re cord. For in stance, an oma lously high con cen tra -
tions of CCl4, CHCl3 and F-113 were ob served in Kraków dur ing 
2000 and 2001. Also, iso lated spikes ex ceed ing the back -
ground val ues by a fac tor of ten or higher oc curred fre quently,
the most prom i nent ex am ple be ing the con cen tra tion of
1836 ppt of CHCl3 re corded on Sep tem ber the 3th, 1998, to be
com pared with typ i cal con cen tra tions of this gas in the Kraków
at mo sphere around that time of the or der of 100 ppt. As CHCl3
and CCl4 are used as sol vents in dry clean ing fa cil i ties, the im -
pact of near-by sources is quite prob a ble. Other prom i nent
spikes are pres ent also in the re cords of F-12 and CCl4.

It is also ap par ent from Fig ure 5 that for ma jor ity of the
halocarbons ana lysed, the at mo spheric mix ing ra tios mea -
sured be came less noisy af ter 2002. This is par tic u larly the
case with CHCl3, CCl4 and CH3CCl3. The re duc tion of
short-term vari abil ity co in cides with en forc ing in Po land of the
law reg u lat ing the trade, stor age and dis posal of ozone-de plet -
ing sub stances, fol low ing the Mon treal Pro to col, which took
place in July 2002. The sub stances mea sured, ex cept SF6 and
SF5CF5, be long to this group.

Daily vari a tions of trace at mo spheric con stit u ents mea -
sured close to the ground are con trolled by two main fac tors: (1) 

in ten sity of ver ti cal mix ing of the lower at mo sphere, and (2) the
strength of the lo cal sources of these con stit u ents. Ver ti cal mix -
ing of the lower at mo sphere is of ten mod u lated on a daily time
scale by night-time in ver sions sup press ing ver ti cal mix ing dur -
ing night hours. In con trast, most in tense ver ti cal mix ing oc curs
typ i cally around noon and the early af ter noon hours. If the sur -
face emis sions of the trace con stit u ents mea sured are roughly
con stant on a daily time scale, their con cen tra tions in the
near-ground at mo sphere will be largely con trolled by chang ing
mix ing con di tions of the lower at mo sphere (see next sec tion).
The emis sions of halogenated com pounds mea sured in the
frame work of this study typ i cally have far more com plex tem po -
ral char ac ter is tics than, for in stance, CO2 or CH4. Con se quently 
the con cen tra tions of these com pounds mea sured in the
near-ground at mo sphere usu ally do not re veal dis tinct daily
vari a tions.

To quan tify the av er age load of the lo cal at mo sphere in
Kraków with re spect to the halocarbons mea sured, the re cords
of their daily mean val ues shown in Fig ure 5A–G have been
smoothed us ing the CCGvu 4.40 rou tine (Thoning et al., 1989)
and off sets be tween the cal cu lated trend curves for Kraków and 
Mace Head sta tion were cal cu lated. The an nual mean off sets
for the halocarbons mea sured are sum ma rized in Ta ble 5.

IMPACT OF URBAN ENVIRONMENT ON THE LOCAL ATMOSPHERE

Nu mer ous sources of trace gas emis sions are pres ent in ur -
ban ized ar eas. For in stance, lo cal trans port and heat ing sys -
tems re lease sig nif i cant amounts of CO2 re lated to the burn ing
of fos sil fu els. Glob ally, the emis sions of car bon di ox ide from
fos sil-fuel burn ing and ce ment pro duc tion have in creased by
about 54%, from 6.2 PgC in 1990 to 9.5 PgC in 2011 (Quéré et
al., 2013). Ur ban ized re gions are also sig nif i cant emit ters of
meth ane which leaks from gas dis tri bu tion net works and lo cal
land fills.

Fig ure 6 shows an ex am ple of daily vari a tions in CO2 and
CH4 mix ing ra tios mea sured at Kasprowy Wierch and in Kraków 
dur ing May 2004. Dis tinct daily vari a tions of the mea sured con -
cen tra tions are seen in the Kraków re cord, with in crease in CO2

and CH4 con cen tra tions dur ing night hours and re duc tion dur ing 
day time. As in di cated above, ver ti cal mix ing of the lower at mo -
sphere is of ten sig nif i cantly re duced dur ing night by build-up of
an in ver sion layer, thus lead ing to ac cu mu la tion of trace com -
pounds emit ted from the sur face. As seen in Fig ure 6, lo cal en -
hance ments of CO2 and CH4 in the Kraków at mo sphere dur ing
night hours can be sub stan tial; in the re cord shown, con cen tra -
tions ex ceed ing the base line level by ca. 60% were re corded. At 
Kasprowy Wierch such daily fluc tu a tions are much weaker and
are shifted in-phase, with the min ima dur ing night-time and the
max ima dur ing early af ter noon (Necki et al., 2003).

Fig ure 7 shows a com par i son of SF6 mix ing ra tios mea -
sured at Kasprowy Wierch and in Kraków dur ing the pe riod
2011–2012. The data points rep re sent flask sam ples col lected
at both sites. At Kasprowy Wierch site the sam ples were col -
lected dur ing night hours (2–4 a.m.) when the free tro po sphere
is sam pled by the sta tion and the data rep re sent re gional back -
ground con di tions (Necki et al., 2003). In Kraków, sam pling was 
typ i cally done dur ing mid day when ver ti cal mix ing of the lo cal
at mo sphere is the most in tense. It is clear from Fig ure 7 that the
larger vari abil ity and en hanced SF6 lev els re corded in Kraków
have their or i gin in lo cal sources of this gas as so ci ated ei ther
with the Kraków ag glom er a tion or with the in dus tri al ized re gion
of Up per Silesia.
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Fig. 5. The re cords of daily mean at mo spheric mix ing ra tios of se lected halocarbons mea sured in Kraków dur ing
 the pe riod 1997–2012

A–G – blue line, com pared with the trend curve (red line) rep re sent ing daily mean Mace Head data (http://agage.eas.gatech.edu; 
Fra ser et al., 1996; Cunnold et al., 1997; Simmonds et al., 1998; Prinn et al., 2000; O’Doherty et al., 2001; Reimann et al., 2005);
H – SF5CF3 mix ing ra tios mea sured at Kasprowy Wierch (green points) and in Kraków (blue points); the trend curve (red line) rep -
re sents a poly no mial fit of the data shown in Fig ure 5H, in clud ing also all other at mo spheric SF5CF3 data pub lished up to now
(Sturges et al., 2000, 2012; Rosiek et al., 2007; Busenberg and Plummer, 2008; Erboy and Smethie, 2012)



CONCLUSIONS

Long-term, sys tem atic ob ser va tions of three ma jor green -
house gases (CO2, CH4, N2O) and se lected halogenated com -
pounds ( F-11, F-12, F-113, CHCl3, CH3CCl3, CCl4 and SF6) in
the at mo sphere over south ern Po land al lowed a deeper in sight
into the pro cesses con trol ling the lev els of these gases in the
con ti nen tal at mo sphere at dif fer ent time scales. Com par i son of
the trace gas com po si tion of ma rine air masses en ter ing the
Eu ro pean con ti nent, rep re sented by the Mace Head data, with
the at mo spheric mix ing ra tios of these gases mea sured in the
cen tre of the con ti nent, some 1600 km from the At lan tic coast,
helps to quan tify the im pact of con ti nen tal sources of these

gases on the com po si tion of the near-ground at mo sphere in
Cen tral and East ern Eu rope.

While the im print of con ti nen tal emis sions on the mea sured
val ues of the CO2 mix ing ra tio is clearly vis i ble on a sea sonal
time scale (the av er age peak-to-peak am pli tude of sea sonal
fluc tu a tions of CO2 con cen tra tion is ca. 14.9 ppm for Mace
Head, and in creases to ca. 16.8 ppm for the Kasprowy Wierch
site) re flect ing the im pact of sea sonal ac tiv ity of the con ti nen tal
bio sphere, the long-term CO2 trends for those two sta tions al -
most co in cide. A dif fer ent sit u a tion is ob served for meth ane and 
ni trous ox ide. The weak sea son al ity of CH4 and N2O re cords
ob served at Mace Head is barely seen in the cen tre of the con ti -
nent. At the same time, a dis tinct off set be tween long-term
trends of CH4 con cen tra tions mea sured at Mace Head and
Kasprowy Wierch can be ob served. The mean value of CH4 off -
set for the pe riod 1998–2012 is 20.7 ppb and orig i nates from
con ti nen tal emis sions of this gas re sult ing mainly from
anthropogenic ac tiv i ties (leaks of nat u ral gas dis tri bu tion net -
works, land fills, live stock). For N2O a sim i lar off set in the or der
of 1 ppb for the pe riod 2009–2012 is ob served.

Com par i son of quasi-con tin u ous mea sure ments of CO2 and 
CH4 mix ing ra tios per formed in the ur ban at mo sphere of
Kraków and at the high-moun tain site Kasprowy Wierch, lo -
cated ap prox i mately 100 km apart,  al lows a deeper in sight into
the mech a nisms con trol ling daily vari a tions of at mo spheric con -
cen tra tions of these gases at both sites. De vel op ment of a noc -
tur nal in ver sion layer in the at mo sphere above the city leads to
lo cal en hance ments of CO2 and CH4 con cen tra tions in the
Kraków at mo sphere dur ing night hours, sig nif i cantly ex ceed ing
the base line level. This con cerns all gases which have sur face
emis sion sources op er at ing all the time within the foot print of
the given mea sure ment site. Daily fluc tu a tions of CO2 and CH4

mix ing ra tios re corded at Kasprowy Wierch are shifted in-phase 
(daily max ima and noc tur nal min ima) and are much weaker
than in Kraków. They are re lated to lo cal cir cu la tion of the at mo -
sphere, bring ing air from the sur round ing val leys to the sta tion
dur ing day time. Dur ing the night, the sta tion is of ten sit u ated
above the noc tur nal in ver sion layer.
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 Year
Con cen tra tion [ppt]

F-11 F-113 CHCl3 CH3CCl3 CCl4 SF6 F-12

1998 274.7   84.6 106.6 78.6 116.5 – –

1999 274.8   85.7   65.4 63.1 112.0 4.42 572.5

2000 279.6 105.2 136.2 49.5 175.0 4.77 554.7

2001 283.8 122.8 173.9 39.5 188.2 5.11 588.8

2002 265.2   90.7   39.1 32.8 106.6 5.31 556.1

2003 263.8   89.5   50.5 25.0 104.5 5.68 554.2

2004 257.9   91.6   47.5 20.6 104.0 5.93 549.0

2006 255.9   93.8   42.8 14.4 104.9 6.91 551.5

2007 262.8   87.4   34.1 12.0 102.2 7.29 558.5

2008 272.2   86.9   23.9 10.5   98.2 7.70 539.4

2009 269.4   98.6   18.6   8.2   93.6 7.91 529.2

2010 274.7 115.1   30.6   7.8     9.7 8.15 524.8

2011 283.6 110.7   26.8   7.4 104.8 9.07 542.5

2012 260.7   83.1   32.8   5.6   87.9 8.72 536.7

T a  b l e  4

The annual mean concentrations of the selected halogenated
compounds measured in Kraków during the period 1998–2012

Year
Con cen tra tion dif fer ence (ppt)

F-11 F-113 CHCl3 CH3CCl3 CCl4 SF6 F-12

1998 10.7   1.2   83.0 12.4 15.5 – –

1999 14.4   3.5   62.0   7.8 16.0 – 20.9

2000 19.7 22.8 128.3   3.1 82.0 –   9.7

2001 22.5 37.9 150.5    0.9 88.1 – 35.7

2002 10.7 13.9   34.8   0.6   9.6 – 16.2

2003   8.5   8.7   35.6 –2.3 10.3 0.2   6.1

2004   4.9 12.8   36.6 –1.9 11.2 0.4   4.9

2006   8.1 15.9   33.2 –1.3 12.8 0.8   8.7

2007 16.4 10.1   23.8 –1.2 12.0 0.9 16.7

2008 27.9   8.4   12.2 –0.6   9.5 1.1   0.8

2009 25.6 23.3     8.7 –1.0   5.2 1.1 –8.6

2010 35.9 42.1   17.8   0.0 12.4 1.1 –6.3

2011 41.8 28.8   18.2   0.8 16.1 1.5 12.2

2012 23.0   6.5   18.7 –0.3   2.5 1.1   9.6

T a  b l e  5

The annual mean offsets between smoothed concentration
records of selected halocarbons measured in Kraków and at

Mace Head station (KR–MHD)
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Fig. 6. Daily vari a tions of CO2 and CH4 mix ing ra tios, ob served in Kraków (blue)
and Kasprowy Wierch (red) dur ing May 2004

Fig. 7. Com par i son of at mo spheric SF6 mix ing ra tios mea sured in flask sam ples
col lected in Kraków (green di a monds) and at Kasprowy Wierch (blue cir cles)

 The line is the best fit line of the Kasprowy Wierch data



Al though the long-term trends in con cen tra tions of
halocarbons mea sured in Kraków co in cide in gen eral with the
re spec tive trends seen in the Mace Head data, the Kraków re -
cords are char ac ter ized by nu mer ous spikes and pe ri ods of en -
hanced con cen tra tions, re flect ing the im pact of var i ous lo cal
and/or re gional sources of these com pounds. As in the case of
meth ane and ni trous ox ide, this im pact is re flected in the ap par -
ent off set be tween the con cen tra tions of these com pounds
mea sured in Kraków and at Mace Head. In ter est ingly, the con -
cen tra tion re cords for the group of halocarbons which be long to
ozone-de plet ing sub stances, re flects also the im pact of leg is la -
tive frame work en forced in Po land in July 2002, aimed at reg u -
lat ing trade, stor age and dis posal of those sub stances, fol low -
ing the Mon treal Pro to col. The re spec tive re cords be came less
noisy af ter that date.
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