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A B S T R A C T 

4-year records of gas chromatographic carbon dioxide and methane observations f rom the 
continental mounta in station Schauinsland in the Black Forest (Germany ) are presented. These 
data are supplemented by cont inuous atmospheric 2 2 2 Radon observations. T h e raw data of 
C 0 2 concentrat ion show a large seasonal cycle of about 16 p p m with month l y mean wintertime 
enhancements u p to 10 p p m higher and summer m i n i m a up to 5 p p m lower than the mari t ime 
background level in this latitude. These offsets are caused by regional and continental scale 
CO2 sources and sinks. T h e mean C H 4 concentrat ion at Schauinsland is 31 p p b higher than 
over the Atlant ic ocean, due to the European continent acting as a net source of atmospheric 
C H 4 throughout the year. N o significant seasonal cycle of methane has been observed. T h e 
l ong term C 0 2 and C H 4 increase rates at Schauinsland are f ound to be similar to background 
stations in the northern hemisphere, namely 1.5 p p m C 0 2 y r " 1 and 8 ppb C H 4 y r - 1 . O n the 
t ime scale of hours and days, the wintertime concentrations of all three trace gases are highly 
correlated, the mean ratio of C H 4 / C 0 2 is 7.8 + 1 . 0 ppb /ppm. T h e wintertime monthly mean 
concentrat ion offsets relative to the mari t ime background level show a C H 4 / C 0 2 ratio of 
6.5 + 1.1 ppb /ppm, thus, not significantly different f rom the short term ratio. Using the win 
tertime regressions of C 0 2 and 2 2 2 Radon respectively C H 4 and 2 2 2 Radon we estimate winter 
t ime C 0 2 flux densities of 10.4 + 4.3 m m o l C 0 2 m - 2 h - 1 ( f rom month l y mean offsets) and 
6.4 + 2.5 m m o l C 0 2 m ~ 2 h " 1 ( f rom short term f luctuations) and winter t ime methane f lux 
densities of 0.066 + 0 . 0 3 4 m m o l C H 4 m ~ 2 h " 1 ( f rom month l y mean offsets) and 
0.057 + 0.022 m m o l e C H 4 m ~ 2 h " 1 ( f rom short term fluctuations). These flux estimates are in 
close agreement to C 0 2 respectively C H 4 emission inventories reported for G e r m a n y f rom 
statistical data. 

1. Introduction 

T h e i n t e r p r e t a t i o n a n d a s s e s s m e n t o f g r e e n 
h o u s e g a s o b s e r v a t i o n s s u c h as C 0 2 a n d C H 4 

c o n c e n t r a t i o n s a t c o n t i n e n t a l sites suf fers f r o m t h e 
l a r g e v a r i a b i l i t y o b s e r v e d t h e r e o n t i m e sca les o f 
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h o u r s a n d d a y s ( C i a t t a g l i a et al. , 1987; L e v i n , 
1987; B a k w i n et al. , 1995; L e v i n et al. , 1995) . 
H o w e v e r t h i s v a r i a b i l i t y , a l t h o u g h l a r g e l y c a u s e d 
b y d i u r n a l c h a n g e s o f t h e a t m o s p h e r i c t r a n s p o r t 
c o n d i t i o n s i n t h e c o n t i n e n t a l b o u n d a r y l a y e r ( ve r 
t i ca l t e m p e r a t u r e p r o f i l e ) a l s o c o n t a i n s t h e s i g n a l s 
f r o m t h e c o n t i n e n t a l s o u r c e s w h i c h h a v e t o b e 
i n v e s t i g a t e d i f w e w a n t t o be t te r q u a n t i f y t h e 
g l o b a l a t m o s p h e r i c b u d g e t s o f these g r e e n h o u s e 
gases . I n t h e case o f c a r b o n d i o x i d e , t h e 
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source/sink situation is most complex as natural 
and anthropogenic sources are active at the same 
time as the assimilation sink. Concerning methane, 
the source/sink characteristics are much simpler 
as (1) the predominant sink by O H oxidation in 
the atmosphere can largely be neglected when 
dealing with time scales of hours or days. (2) The 
emissions f rom the ground level sources, which, in 
Western Europe are nearly 100% anthropogenic, 
namely releases from ruminants, waste deposits, 
natural gas leakages or coal mining (Thorn et al., 
1993), can be assumed as constant with time on 
the diurnal as well as on the seasonal time scale. 
D u e to these different source/sink characteristics 
the combined interpretation of continuous parallel 
observations of C 0 2 and C H 4 together with meas
urements of 2 2 2 Radon can be of considerable help 
to elucidate the causes of the observed variations. 

In this study we present 4.5 years of continuous 
C 0 2 and C H 4 observations from the German 
monitor ing station Schauinsland in the Black 
Forest (48°N, 8°E, 1205 m a.s.l.). These measure
ments are supplemented by parallel observations 
of 2 2 2 Radon decay products performed at the 
same site. A cl imatology of all three gases is 
presented and C H 4 / C 0 2 ratios, characteristic for 
western European air masses, are calculated. This 
information may be very useful when interpreting 
trace gas records at background monitoring 
stations such as Izana, Tenerife (Schmitt et al., 
1988) or Alert, northern Canada (Worthy 
et al., 1994). In addition, an attempt is made to 
estimate C 0 2 and C H 4 flux densities for the 
catchment area of the observation site, by using 
the parallel 2 2 2 Radon daughter activity measure
ments as a semi-quantitative transport tracer. 
Considering diurnal concentration variations, this 
catchment area is represented by the regional 
environment of up to several ten kilometers 
distance. W h e n interpreting large scale air mass 
changes, the catchment area is probably as large 
as southwest Europe (or an area of several 
hundred kilometers diameter). 

2. Sampling and analytical methods 

2.1. Sampling site 

The Schauinsland observatory is located in the 
Black Forest in southwest Germany at 47°55'N, 
7°55'E (1205 m a.s.l.). This G A W (Globa l 

Atmosphere Watch) station is part of the 
Umweltbundesamt ( U B A , Federal Environment 
Agency) monitoring network of the Federal 
Republic of Germany (Fig. 1). O n the mountain 
ridge of the Schauinsland at an elevation of 
approximately 1000 m above the Rhine valley the 
station is housed isolated from local anthropo
genic sources and surrounded by meadows and 
woods. In winter the area around the station is 
often covered with snow. Dur ing night, the 
Schauinsland is usually above the boundary layer 
inversion of the Rhine valley. Dur ing day time, 
and particularly in summer, it mostly lies within 
the boundary layer (Levin et al., 1995). 

A t the Schauinsland site, atmospheric C 0 2 con
centration is continuously measured by non-
dispersive infrared analysis ( N D I R ) since 1972 
(Levin, 1987; Levin et al., 1995). In 1991 a new 
gas chromatographic system was built up for 
quasi-continuous measurement of C 0 2 , C H 4 (and 
N 2 0 ) . 2 2 2Radon daughter measurements are made 
at the same location about 160 m apart from the 
U B A station at the measurement site of the 
Bundesamt fur Strahlenschutz (BfS, Federal 
Radiat ion Protection Agency). 

2.2. C02 and CH4 measurement technique 

Methane, carbon dioxide as well as nitrous 
oxide are measured simultaneously using an 
automated gas chromatograph (Sichromat 1-4 , 
Siemens, Germany) . Fig. 2 shows schematically 
the configuration of the G C system. It is equipped 
with a flame ionisation detector ( F I D ) , a N i 
catalyst for conversion of carbon dioxide to 
methane and an electron capture detector ( E C D ) 
to determine N 2 0 . The system for N 2 0 separa
tion and detection is being reconstructed at the 
moment , technical details and measurement 
results will be discussed elsewhere. The major 
features with emphasis on routine ambient air 
measurements of C 0 2 and C H 4 are discussed 
here, for greater details see Schmidt (1992). The 
analytical system can be divided into three parts 
(see Fig. 2): (1) the air intake with a drying unit 
and an 8-port-sampling valve, (2) the chromato
graphic system and (3) the data acquisition and 
integration unit. 

(1) Outside air is continuously flushed through 
a 5 m high glass inlet stack located about 2 m 
above the roof of the station and approx. 5 m 
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Fig. / . M a p of Europe and N o r t h Afr ica with the locat ion of the Schauinsland station in the Back Forest about 
1000 m above the Rh ine valley. T h e locat ions of the two background sites M a c e Head ( Ire land) and Izana (Tenerife, 
Canary Islands) are also shown. 

above local ground. The flushing rate of the air 
intake is 42.5 m 3 h - 1 , the glass tube is thermo-
stated at about 1.5°C above ambient air temper
ature to prevent water vapor condensation. From 
this main air intake the sample air is collected 
with a membrane pump (Miniport N06 K N 1 8 , 
Neuberger, Germany) . Before entering the 8-port 
sampling valve V I the air is passed through a 
drying unit. The automated sampling valve ( V I ) 
alternates between ambient air and standard gas. 
T o prevent contamination, the p u m p is located at 
the end of the line, sucking the sample through 
the sample loops at the 10-port injection valve V 2 
and the solenoid S4. In contrast to the air sample, 
which is flushed through the sample loops at 
under-pressure, the standard gas flushes through 
the sample loops at over-pressure ( V I , V2, solenoid 
S4 and S8). In both cases the sample loops are 

adjusted to atmospheric pressure by switching S4 
and S7, and opening S8 (sample) respectively by 
switching V I and S7 (standard, S8 already open 
during flushing). 

(2) The chromatographic system consists of the 
10-port injection valve (V2 ) with two sample 
loops, one for C 0 2 / C H 4 (3 m l ) and one for N 2 0 
( 5 m l ) . The chromatographic columns as well as 
the sample loops are thermostated in the G C oven 
at a temperature of 40 + 0.1°C. A stainless steel 
column (1.2 m m inner diameter, 1 1 m long, packed 
with HaySep S) is applied for separation of C H 4 

and C 0 2 . Ultra pure nitrogen (> 99.999%) at a 
flow rate of 2.2 L h _ 1 is used as carrier gas; the 
retention times are 4.5 min for C H 4 and 8.7 min 
for C 0 2 , respectively. T o convert carbon dioxide 
to methane for detection at the F I D we use a N i 
catalyst which is directly mounted in the glass 
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Fig. 2. Schematics of the gas chromatograph ic system. T h e components located in the thermostated G C oven are 
framed by dashed lines. T h e measurement system for all three components , C 0 2 , C H 4 and N 2 0 is shown for 
completeness. 

tube of the F I D jet, support gases for the F I D are 
ultra pure H 2 (>99.999%) and purified air ( T J 36, 
J . U . M . Engineering). 

(3) D a t a acquisition and integration unit: Valve 
switching and thermostating of the oven and the 
detectors are performed by the controlling system 
steering gear of the G C . The F I D and E C D signals 
are recorded and integrated by a personal com
puter (PC) . Concentrations of standard gas and 
ambient air are calculated from the peak areas of 
the chromatogram. O n e measurement cycle with 
one standard gas and one ambient air injection is 
repeated every half hour providing 48 ambient air 
measurements per day. 

Methane concentrations are referenced to stand
ard gases calibrated by N O A A / C M D L in 1995. 
The CO2 data are reported in the W M O 1987 
mole fraction scale, calibrated by Scripps 
Institution of Oceanography in 1989. As men
tioned above, at the Schauinsland site C 0 2 con

centration is continuously measured also by N D I R 
(Levin et al., 1995). Hence the comparison of the 
different methods applied ( G C and N D I R ) provide 
a good opportunity to identify possible systematic 
errors as will be discussed in the following 
paragraph. 

2.3. Comparison of C02 measurements by NDIR 
and GC 

W h e n comparing the C 0 2 concentration meas
urements made by G C with the long established 
measurement by N D I R we have to keep in mind 
that the N D I R system provides real half hourly 
mean values whereas with the G C system only 
one single spot measurement of ambient C 0 2 

concentration is made every half hour. Especially 
during periods with quickly changing atmospheric 
C 0 2 concentrations we, therefore, should expect 
large deviations between the two systems for single 
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data points. In the long term average the difference 
should, however, be zero. In the period of June 
1992 to February 1995 we observed systematic 
offsets between the continuous N D I R and the gas 
chromatographic C 0 2 measurements which finally 
turned out to be caused by (1) ineffective drying 
of the air sample and (2) uncomplete adjustment 
of the sample loops to barometric pressure. Both 
gases, C 0 2 as well as C H 4 are effected by these 
errors. 

(1) Since installation of the G C system in 1991 
three different procedures have been applied to 
dry the sample gas before passing the chromato
graphic columns. From June 91 to M a y 93, the 
sample gas was dried with Mg(C10 4 ) 2 . In the 
following period, until M a y 94, no drying has 
been applied, and the data were corrected on the 
basis of air humidity and temperature measure
ments. Since June 94 we used a cryogenic trap to 
dry the sample air before injection. Incomplete 
drying of the air sample with Mg(C10 4 ) 2 in the 
period from June 1992 until M a y 1993 was identi
fied through a systematic difference between G C 
and N D I R C 0 2 concentrations, which was 
strongly dependent on absolute humidity. We 
were, thus, in principle able to correct our data 
on the basis of the monthly mean C 0 2 deviations 
from the N D I R measurement. For the final correc
tion applied here we did, however, only use two 
different correction factors F, as individual 
monthly corrections would not have improved the 
data quality, respectively, the sigma of the concen
tration difference between the two systems after 
correction: for summer, June to September, F — 
1.0072 + 0.0012, and for the rest of the year, F = 
1.0017 + 0.0004 (cf Table 1). 

(2) The cause of the uncomplete pressure equilib
ration in the sample loops was replacement of the 
10 port injection valve ( V 2 ) in August 1992. A t 
that time also the 2-way solenoid S7 had errone
ously been removed. S8 was always closed during 
pressure equilibration of the sample, and adjust
ment to barometric pressure was not fast enough, 
and only towards the intake stack which is at a 
small permanent under-pressure. D u e to this error, 
the G C measurements showed 0.39 ±0.02 % lower 
C 0 2 concentrations than the N D I R measure
ments, respectively. In March 1995 the G C system 
was repaired and from there on the offset between 
G C and N D I R is negligible (<0.03 %). 

For the total 4.5-year period of Ju ly 1991 to 
December 1995. Table 1 summarises the correction 
factors applied, as well as the mean standard 
deviation (1) of the difference between G C and 
N D I R C 0 2 measurement after correction. This 
standard deviation is the max imum measurement 
error for C 0 2 (and C H 4 ) analysis with the G C 
system in the different periods. It includes also the 
precision of the N D I R measurement (see below). 
The reproducibility of the C 0 2 measurement of a 
standard gas with the G C system is + 0 . 6 p p m 
(ler). For methane, the reproducibility is ± 4 p p b 
(lcr). The relatively large standard deviation of the 
C 0 2 difference between G C and N D I R in the 
period of June 1991 to September 1992 is also 
caused by unstable N D I R measurements with the 
Ultramat 3 instrument (Siemens, Germany). The 
Ultramat 3 has been replaced by an U R A S 3E 
(Hartmann & Braun, Germany) instrument on 
21 September, 1992. Since March 1995, the mean 
standard deviation of the difference between G C 
and N D I R C 0 2 measurement of + 1 . 0 p p m is 

Table 1. Correction factors applied to the GC C02 and CH4 concentrations and standard deviation of the 
difference between NDIR and GC C02 concentration after correction 

Dryer Pressure 1 o of A C 0 2 

Begin E n d correction correction (ppm) 

J u n e 1991 February 1992 2.1 
M a r c h 1992 M a y 1992 no data 
J u n e 1992 Ju l y 1992 1.0072 ±0.0012 2.3 
August 1992 September 1992 1.0072 ±0.0012 1.0039 ±0.0002 2.3 
October 1992 M a y 1993 1.0017 ± 0.0004 1.0039 ±0.0002 1.8 
June 1993 February 1995 1.0039 ±0.0002 1.6 
M a r c h 1995 December 1995 1.0 
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nearly a factor of two larger than the measurement 
precision, and is also partly caused by the fact 
that the G C measurement is only a spot analysis 
of ambient concentration whereas the N D I R 
values represent real half hourly means. 

The additional uncertainty of our measurements 
through the water vapor and pressure adjustment 
corrections, respectively the standard deviations 
between G C and N D I R for the corrected C 0 2 

concentrations, are still small if compared to the 
observed variabilities at the measurement site. 
They have, thus, no significant effect on any 
quantitative estimate deduced f rom the C 0 2 and 
C H 4 records. 

2.4. Measurement technique for the atmospheric 
222Radon daughter activity 

Under most meteorological conditions, the 
short-lived 2 2 2 Radon daughters are in secular 
radioactive equilibrium with atmospheric 
2 2 2Radon, hence the atmospheric 2 2 2 Radon (gas) 
activity can be determined via its short-lived aero
sol-attached daughter activity. A t the 
Schauinsland (BfS) station, 2 2 2 Radon is, therefore, 
measured with the so-called filter method: Outside 
air is continuously pumped through a filter, where 
the 2 2 2 Radon daughters which are attached to 
aerosols, are quantitatively collected. The a-decay 
of the 2 2 2 Radon daughters 2 1 8 Po (aE = 6 . 0 M e V ) 
and 2 1 4 Po (aE = 7.7 M e V ) is measured in situ, and 
the atmospheric 2 2 2 Radon (gas) activity is then 
calculated from the 2 2 2 Radon daughter activity 
assuming radioactive equilibrium. The m a x i m u m 
time resolution of 2 2 2 Radon measurements with 
the filter method is 0.5 to 1 hour, due to the time 
lag of the radon daughter activity on the filter to 
2 2 2 Radon changes in ambient air activity. The 
measurement technique is described in detail by 
Stockburger and Sittkus (1966). 

3. Results and discussion 

3.1. Typical concentration records observed at the 
Schauinsland station 

A n example of the complex information hidden 
in the raw data obtained at Schauinsland m o u n 
tain station is shown in Figs. 3, 4. A typical winter 
situation is represented by the week from 

9 - 1 6 February, 1994. Dur ing the first half of this 
period winds are coming from westerly directions 
with trace gas concentrations close to maritime 
background levels. For comparison, the maritime 
concentration records of C 0 2 and C H 4 as 
represented by measurements obtained 
by N O A A / C M D L (Conway et al., 1994; 
D lugokencky et al., 1994) for Mace Head and 
Izafia (Tenerife) station (see Subsection 3.2.) are 
given as dashed lines in Figure 3 a, c. The 2 2 2Radon 
level of 1 - 2 Bq m - 3 points to a residence time of 
the air mass over the continent well below two 
days. O n 11 February, winds change from west 
over north to easterly directions, with longer 
transport times of the air over the continent. W i n d 
speeds are persistently high; however, the increas
ing large scale continental source influence leads 
to slowly rising C 0 2 and C H 4 concentrations, as 
well as rising 2 2 2Radon activity. O n 15 February, 
the wind slows down and the Schauinsland station 
is now influenced by a local wind regime with 
frequently changing directions. This leads to a fast 
increase of all three trace gases to max imum 
concentrations on February 13-14. It is interesting 
to note that C 0 2 and C H 4 show a very clear 
parallel behaviour whereas 2 2 2Radon, although 
roughly in phase, also shows unique singularities, 
for example, a very high peak around noon on 
February 14 (see also Subsection 3.3.). 

A typical summer, respectively autumn, situ
ation is represented by the week of September 
19-25, 1994 (Figure 4). C H 4 and 2 2 2Radon vary 
strictly in parallel as is the case during winter 
whereas C 0 2 concentrations are rather anticorrel-
ated. For all three gases large diurnal variations 
are observed, particulary in the second half of the 
week. Dur ing night, methane and C 0 2 concentra
tions are often close to maritime background 
values: downslope winds transport clean air from 
higher atmospheric levels to the sampling site. 
Dur ing the day, max ima of C H 4 and 2 2 2Radon 
are observed, which are caused by transport of 
(night time) soil -born emissions from the Rhine 
valley to the mounta in station. These max ima are 
associated to C 0 2 min ima caused by net plant 
assimilation during daytime, when upslope winds 
bring air to the sampling station, which has been 
in close contact with ground level vegetation on 
the slopes of the mountain. C 0 2 concentration 
during day then often falls below the maritime 
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Fig. 3. T i m e series of half hour ly measurements of C H 4 (a) and C 0 2 (c) concentration, 2 2 2 Radon activity (b), w ind 
velocity (d) and w ind direction (e) at Schauinsland f rom 9 - 1 6 February, 1994. T h e dashed lines represent mari t ime 
background concentrations derived f rom the N O A A / C M D L network (see text and Fig. 5). In this typical week in 
winter, all three trace gas concentrations are strikingly correlated. 

background level. This diurnal circulation pattern 
with upslope winds during the day and downslope 
winds during night is typical for mountain stations 
during summer (Levin, 1987; Schmitt et al., 1988; 

Levin et al., 1995). The correlations between meth
ane, 2 2 2Radon and carbon dioxide will be used to 
estimate C 0 2 and C H 4 fluxes for the catchment 
area of the sampling site (see Subsection 3.4.). 
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3.2. Long-term trend and seasonal cycles of C02, 
CH4 and 222Radon 

The long-term features as well as the character
istics of the seasonal and diurnal C 0 2 concentra
tion variations at Schauinsland station have been 
investigated by Levin et al. (1995). In the present 
study, we want to examine the combined records 
of C 0 2 and C H 4 in terms of local and regional 
natural and anthropogenic sources and sinks of 
these gases. In order to estimate the source influ
ence over the European continent, we first have 
to determine the marit ime background concentra
tion of the air before it reaches the continent. 

Wi th in the cooperative network of 
N O A A / C M D L (Conway et a l , 1994; 
D lugokencky et a l , 1994) weekly flask samples 
are collected f rom the Atlantic stations Mace 
Head (Ireland, 53°N, 10°W, 25 m a.s.l.) and Izana 
(Tenerife, Canary Islands, 28°N, 16°W, 2367 m 
a.s.l.) and analysed for C 0 2 and C H 4 . W e used 
these data and calculated latitude weighted 
month ly means for 48°N from Izana and Mace 
Head observations by weighing the Mace Head 
surface data four times, and the high altitude 
Izana data only once (for the locations of these 
background sites, see Fig. 1). This weighing pro
cedure is arbitrary, however, including Izana in 
the maritime background concentration for 
Schauinsland also accounts for the decrease of 
amplitude with height. F rom the N O A A / C M D L 
network, month ly data have been published for 
C H 4 and C 0 2 until the end of 1993. T o extrapolate 
the maritime background curve until end of 1995 
for C 0 2 the mean seasonality from 1991 to 1993 
was used and an increasing trend of 1.5 ppm y r _ 1 

which corresponds to the mean long-term trend 
of C 0 2 in the northern hemisphere (Conway et a l , 
1994). A n equivalent procedure was used to derive 
C H 4 background values for 1994-1995, here we 
used an increase rate of 8 ppb y r - 1 which is the 
mean increase at Schauinsland during our obser
vations and agrees well with other recent northern 
hemispheric records (D lugokencky et a l , 1994). 

Fig. 5a shows the month ly mean methane con
centration at Schauinsland in comparison to this 
marit ime background. W i t h one exception 
(November 1992), as expected, methane is always 
higher at Schauinsland station than over the 
Atlantic ocean. The mean offset f rom Ju ly 1991-
December 1995 is 31 ppb (Fig. 5d) with a month 

to month variability (la) of ±18 ppb. Al though 
the methane concentration itself does not show a 
seasonal cycle at Schauinsland, in some years, the 
continental C H 4 offset seems to be lower during 
the winter months (1992-93 and 1994-95) if com
pared to the rest of the year. The almost solely 
anthropogenic methane sources like ruminants, 
leakages from natural gas supply, coal mining and 
waste deposits (Thorn et a l , 1993), responsible for 
this offset, are, however, not likely to vary with 
season. O n the other hand, also 2 2 2Radon shows 
significantly lower values during the winter 
months November -February than during the rest 
of the year. A lso the 2 2 2Radon emanation rate, at 
least from the sandy soils in the Rhine valley, is 
more or less constant over the year. Seasonal 
variations of the 2 2 2Radon flux from western 
European soils have only been observed from 
loamy and clay soils (Dor r and Miinnich, 1990; 
SchuBler, 1996). Here an about 2 5 % lower flux is 
observed in winter than in summer time, which is 
most probably caused by higher soil humidity in 
winter, and, thus, a smaller diffusion coefficient of 
2 2 2Radon from the soil air into the atmosphere. 
But, the lower 2 2 2Radon concentrations at 
Schauinsland in winter can also be caused by 
reduced vertical mixing in the continental bound
ary layer: Dur ing mid winter, solar irradiation is 
lowest and vertical convection in the lower tropo
sphere is very weak. The Schauinsland station at 
about 1000 m above the Rhine valley is often 
decoupled from the ground level (pollutant) 
sources. As a consequence, the influence of 
2 2 2Radon and, likewise, methane emissions from 
the valley at the mountain site is lower during 
winter than during summer when source methane 
and 2 2 2 Radon are effectively transported to higher 
atmospheric levels by convective processes (com
pare Fig. 4). 

Atmospheric C 0 2 shows a large seasonal cycle 
with a peak-to-peak amplitude of about 16 ppm 
and m a x i m u m values during late winter. The 
winter monthly mean values are up to 10 ppm 
higher than observed at the maritime sites which 
is due to the continents acting as a net source of 
natural (soil and root respiration) and anthropo
genic (fossil fuel) C 0 2 . There is a significant phase 
shift in the spring and early summer draw down 
of C 0 2 concentration between the continental 
record and the maritime background, with 
Schauinsland decreasing earlier. The monthly 
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19-Sep-94 21-Sep-94 23-Sep-94 
Date 

25-Sep-94 

Fig. 4. Same as Fig. 3 but for a typical week in summer /autumn. D u r i n g this t ime of the year, on ly C H 4 and 
2 2 2 Radon , hav ing a net continental source, are correlated whereas C 0 2 , dur ing dayt ime and l ow winds, shows strong 
depletions be low background concentrat ion due to plant C 0 2 uptake. 

mean offset between Schauinsland and the mari 
time background is given in Fig. 5e. A significant 
negative offset due to C 0 2 uptake by local or 
large scale vegetation is observed during the 
summer months. 

Levin et al. (1995) proposed a selection proced
ure for the Schauinsland C 0 2 concentrations to 
remove locally influenced data from the large scale 
features and to obtain a record representative for 
a larger area over the European continent. They 
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Fig. 5. M o n t h l y mean concentrat ions of C H 4 (a) and C 0 2 (b) as well as 2 2 2 Radon (c) measured f rom Ju l y 1991 to 
December 1995 (solid lines). T h e long dashed lines in (a) and (b) represent the maritime background concentrations 
derived f rom the N O A A / C M D L network (see text). T h e selected continental background concentrat ions for C 0 2 

are given as short dashed line in (b). T h e methane concentrat ion at Schauinsland does not show a seasonal cycle 
but a mean offset of 31 p p b compared to mar i t ime background levels (d). A tmospher ic C 0 2 shows a large seasonal 
concentrat ion cycle. T h e offset to mar i t ime and continental background concentrat ions is posit ive during winter 
a n d negative dur ing summer (e). 

u s e d l o c a l w i n d s p e e d a n d a c c e p t e d o n l y h a l f 
h o u r l y C 0 2 c o n c e n t r a t i o n v a l u e s a s r e p r e s e n t a t i v e 
w h e n t h e w i n d s p e e d w a s h i g h e r t h a n 2.5 m s e c - 1 

i n s u m m e r a n d h i g h e r t h a n 3.5 m s e c - 1 i n w i n t e r . 

M o n t h l y m e a n c o n c e n t r a t i o n v a l u e s se lec ted i n 
t h e s a m e w a y , b u t , i n a d d i t i o n , a c c e p t i n g o n l y 
n i g h t - t i m e v a l u e s , a r e g i v e n i n F i g . 5 b f o r c o m p a r 
i s o n . T h e o f fset o f t h i s continental b a c k g r o u n d t o 
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the maritime background concentrations is shown 
in Fig. 5e as dashed line. The seasonality of the 
C 0 2 offset—positive in winter and negative in 
summer—is still observed and must be interpreted 
as the large scale effect of C 0 2 sources and sinks 
in Europe. It is interesting to note that this large 
scale continental offset is not symmetrical: the 
yearly mean offset is positive. This is partly due 
to the European continent acting as a net source 
of C 0 2 (anthropogenic emissions) but partly also 
due to an asymmetrical effect of the winter time 
C 0 2 pile up in the shallow planetary boundary 
layer leading to enhanced winter concentrations, 
particularly over the continents (compare Denning 
et al., 1995). 

From Fig. 5d, e it seems as if in the winter half 
year (November to February) at least the peak 
values of the C 0 2 and C H 4 offsets are correlated 
(Fig. 6a). However, there exists no clear source-
related causality of this correlation—we rather 
interprete it as caused by the meteorological trans

port parameters influencing atmospheric concen
trations of all soil-borne trace gases in a common 
way. This is underlined by the significant correla
tion in winter of 2 2 2Radon with C 0 2 and C H 4 

(Fig. 6b, c). In summer, the monthly mean contin
ental C H 4 offset is, however, not correlated with 
2 2 2Radon (Fig. 6d), although on the shorter time 
scale of hours and days, C H 4 and 2 2 2Radon con
centration changes are often also highly correlated 
in summer (see Table 2). 

3.3. Diurnal cycles of COj, CH4 and 222Radon 

Fig. 7 shows the mean diurnal cycles at 
Schauinsland for winter (January), spring (April) , 
summer (July), and autumn (October) over the 
three year period of Ju ly 1992 to June 1995 where 
consecutive data of all three components C 0 2 , 
C H 4 , and 2 2 2Radon exist. Smallest diurnal vari
ations are observed in winter when atmospheric 
convection is low. Little convection is probably 
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Fig. 6. Scatter p lot o f the winter mon th l y mean C H 4 and C 0 2 offset (a), the winter mon th l y mean C 0 2 offset and 
the mon th l y mean 2 2 2 Radon activity (b) as well as the month l y mean C H 4 offset and the 2 2 2 Radon activity in winter 
(c) and in summer (d). T h e straight lines are linear regression fits with slopes of: (a) 6.5 + 1.1 ( p p b C H 4 ) / ( p p m C 0 2 ) , 
R 2 = 0.7; (b) 4.8 + 0.6 ( p p m C 0 2 ) / ( B q m ~ 3 2 2 2Rn), R 2 = 0.8; (c) 27 .9±7 .2 ( p p b C H 4 ) / ( B q m " 3 2 2 2Rn), R 2 = 0.5. M o n t h l y 
mean C H 4 offset and 2 2 2 Radon activity d o not show a significant correlation f rom M a r c h to October. 
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Table 2. Monthly mean slopes of the regression lines from the correlation of half hourly values 

91/92 92/93 93/94 94/95 M e a n 

C H 4 / C 0 2 R 2 C H 4 / C 0 2 R 2 C H 4 / C 0 2 R 2 C H 4 / C 0 2 R 2 R 2 > 0 . 2 5 
( p p b / p p m ) ( p p b / p p m ) ( p p b / p p m ) 

\ r r / r r 1 
( p p b / p p m ) 

N o v 7.1 0.88 6.6 0.50 7.0 0.95 4.8 0.62 6 .4+ 1.1 
D e c 7.5 0.74 8.4 0.92 7.4 0.81 8.6 0.92 8.0 + 0.6 
J a n 8.0 0.91 8.7 0.74 8.0 0.82 7.1 0.83 8.0 + 0.7 
Feb 9.9 0.88 7.9 0.69 8.8 0.91 8.7 0.65 8.8 + 0.8 

C 0 2 / 2 2 2 R n R 2 C 0 2 / 2 2 2 R n R 2 C 0 2 / 2 2 2 R n R 2 C 0 2 / 2 2 2 R n R 2 R 2 > 0 . 2 5 
( p p m / ( p o m / ( p p m / ( p p m / 

B q m " 3 ) B q m ~ 3 ) B q m ~ 3 ) B q m ~ 3 ) 
N o v (2.2 0.16) 2.4 0.41 3.5 0.40 3.1 0.30 3.0 + 0.6 
D e c (1 8 0.19) (1 0 0.12) 2.5 0.82 2.4 0.57 2.5 + 0.1 
J a n 3.4 0.55 (1 3 0.19) 1.9 0.38 3.2 0.49 2.8 + 0.8 
Feb 1.8 0.43 2.5 0.39 3.5 0.37 (1 2 0.14) 2.6 + 0.9 

C H 4 / 2 2 2 R n R 2 C H 4 / 2 2 2 R n R 2 C H 4 / 2 2 2 R n R 2 C H 4 / 2 2 2 R n R 2 R 2 > 0 . 2 5 
( P P W ( P P W ( P P W (ppb / 

B q m ~ 3 ) B q m - 3 ) B q m " 3 ) B q m " 3 ) 
A u g 15.6 0.26 (0.9 0.02) 16.5 0.33 (7.5 0.11) 16.1+0.6 
Sep 12.1 0.26 11.0 0.41 (13.2 0.16) 25.3 0.61 16.1 + 8.0 
Oc t 17.1 0.54 22.3 0.56 (21.7 0.23) (5.0 0.03) 19.7 + 3.7 
N o v (18.5 0.20) (10.7 0.12) 26.4 0.41 (14.8 0.19) 26.4 
D e c (14.4 0.19) 20.8 0.38 22.4 0.73 21.9 0.60 21.7 + 0.8 
J a n 28.3 0.54 (10.2 0.13) 17.9 0.46 19.5 0.28 21.9 + 5.6 
Feb 21.7 0.49 (10.6 0.20) 30.6 0.38 (14.7 0.19) 26.2 + 6.3 
M a r 24.3 0.50 (13.2 0.17) 25.6 0.5 25.0 + 0.9 
A p r (6.8 0.05) 25.3 0.40 4.5 0.28 24.9 + 0.6 
M a y 15.2 0.35 23.7 0.33 (6.5 0.01) (7.9 0.06) 19.5 + 6.0 
J u n (5.2 0.01) (9.9 0.02) 15.8 0.37 ( - 4 . 8 0.01) 15.8 
J u l (3.2 0.01) (10.6 0.18) 22.4 0.27 (14.3 0.24) 22.4 

M e a n slopes have been calculated on ly f rom those months where the correlation coefficient R 2 was larger than 0.25. 

also mainly responsible for the very low mean 
2 2 2 Radon level of only 1 Bq m " 3 at Schauinsland 
in January. A small concentration b u m p occurs 
in all three components even in high winter in the 
late afternoon as a result of upward mixing of 
ground level pollutants from the Rhine valley 
sources. This general diurnal behaviour with a 
concentration increase between 10:00 and 
14 :00 hrs, namely around noon is a general feature 
in the C H 4 and 2 2 2 Radon diurnal cycles through
out the year. The concentration increases are 
earliest and largest in Ju ly when vertical convec
tion processes during the day are very strong and, 
correspondingly, also night time inversions in the 
valley are strong with large concentration pile-ups 
under the inversion layer (Levin, 1987). 

For C 0 2 concentration at the Schauinsland, the 
situation is different due to the assimilation sink 

depleting C 0 2 concentrations during the day in 
the northern hemispheric growing season (April 
to October). The day time concentration draw 
down is largest in Ju ly where a steep concentration 
decrease occurs early in the morning after sunrise. 
A lso in C 0 2 in Ju ly we observe a small concentra
tion b u m p around noon, coincident with the C H 4 

and 2 2 2Radon bumps which is a remnant of the 
night time concentration pile-up in the valley. 

In Subsection 3.2. and Fig. 6 monthly mean 
concentration offsets have been correlated with 
2 2 2Radon, and the mean A C H 4 / A C 0 2 ratio has 
been calculated for the winter months (November 
to February) when the C 0 2 assimilation sink is 
neglibible. These offsets are generated by emissions 
from regional sources (e.g., from the near-by Rhine 
valley), but also contain contributions from more 
distant sources active on the transport way of the 
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Fig. 7. M e a n d iu rna l cycles for winter , spr ing, s u m m e r a n d a u t u m n o f C 0 2 a n d C H 4 c oncen t ra t i on a n d o f 2 2 2 R a d o n 
act iv i ty for the years 1992 to 1995. C H 4 a n d 2 2 2 R a d o n s h o w peak concen t ra t i on va lues a r o u n d loca l n o o n ( 1 0 : 0 0 
t o 1 4 : 0 0 hours ) caused b y convec t i ve t ranspor t o f R h i n e va l ley air t o the m o u n t a i n site. C 0 2 c oncen t ra t i on in 
s u m m e r is in f luenced b y p lan t ass imi la t ion dur ing day t ime . 

respective air parcel from the coast to the observa
tional site (several hundred km). The diurnal vari
ability of the trace gas concentrations is larger by 
a factor of 2 to 3 if compared to the seasonal 
variability of the respective offsets and is mainly 
caused by diurnal changes of the vertical diffusion 
coefficient in the boundary layer. The correlation 
of half hourly values, thus, provides information 

mainly on the regional source mix and flux densi
ties (see Subsection 3.4.) of the Rhine valley 
sources. 

Fig. 8 shows the correlation of C H 4 and C 0 2 

(a-d), C 0 2 and 2 2 2Radon (e-h) as well as C H 4 and 
2 2 2Radon (i-1) for the winter months November 
1994 to February 1995. The slopes of the regres
sion lines for all four winter periods of observa-
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Fig. 8. Scatter p lo t o f all ha l f hour l y concentrat ion values of C H 4 and C 0 2 ( a - d ) , C 0 2 and 2 2 2 R a d o n ( e - h ) as well 
as C H 4 a n d 2 2 2 R a d o n (i-1) dur ing winter 1994/95. T h e straight lines are l inear regression fits through all data. T h e 
slopes a n d their s tandard dev iat ions a n d the correlat ion coefficients are summar i zed in Tab le 2. Whereas C H 4 and 
C 0 2 dur ing December to February fall o n t o a single line, C H 4 respectively C 0 2 a n d 2 2 2 R a d o n m o r e often show 
b i m o d a l correlations. 

tions are given in Table 2 together with the 
regression coefficients. Mean values are calculated 
from those months where significant correlations 
have been found (R 2>0.25) . In all four years there 
exists an excellent correlation between C 0 2 and 
C H 4 concentrations (K 2 >0.5) . Obvious ly , the dis
tributions of anthropogenic C 0 2 and C H 4 sources 
in the Rhine valley which is the main source 

region for the short-term increases observed at 
Schauinsland, are very similar and probably tied 
to the distribution of human population. There is 
a tendency of an increase of the mean C H 4 / C 0 2 

slopes from November to February (Table 2). A t 
the same time, the C 0 2 / 2 2 2 R a d o n slopes seem to 
be higher in November than during the subsequent 
months (December to February). The changing 
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slope, therefore, can be attributed to a change of 
the C 0 2 flux density. In fact, soil respiration C 0 2 

fluxes change from November (about 5 m m o l 
CO2 m - 2 h _ 1 ) to February (about 2 m m o l C 0 2 

m _ 2 h _ 1 ) b y more than a factor of two (Dorr and 
Munnich, 1987), whereas the fossil fuel C 0 2 flux 
changes not significantly throughout the winter 
months (Levin et al., 1995, Fig. 9). 

As the C H 4 sources in western Europe are 
more than 9 5 % anthropogenic (Thorn et al., 1993) 
there is no reason to assume that the C H 4 emis
sions show a significant seasonality. However, we 
seem to observe significantly different slopes for 
C H 4 / 2 2 2 R n in the summer half year (18.3 + 2.6 
(ppb C H 4 ) / ( B q m~3 222Rn), mean R 2 = 0.40) than 
during the winter half year (24.4 + 2.1 (ppb 
C H 4 ) / ( B q m~3 222Rn), mean R 2 = 0.46) (Table 2). 
This difference of about 2 5 % could either point 
to a larger methane source density in winter than 
in the summer months if we assume constant 
2 2 2Radon flux throughout the year, or be caused 
by smaller 2 2 2Radon emanations in the winter 
months where we have some evidence for (Dorr 
and MUnnich, 1990; SchuBler, 1996). As is also 
obvious from Table 2, summer months with 
unique C H 4 / 2 2 2 R a d o n correlations over the whole 
month are rather sparse, and there is a tendency 
of smaller slopes being associated to smaller cor
relation coefficients. Look ing at individual days, 
however, gives excellent correlation but the slopes 
of the individual regression lines vary from day to 
day. This is possibly the reason why we see no 
correlation in the monthly mean C H 4 offsets in 
summer (compare A C H 4 / 2 2 2 R n scatter plot, 
Fig. 6d). The causes for these variable slopes 
are not yet fully understood. The generally good 
correlation between C 0 2 and C H 4 throughout the 
winter (Figure 8 and Table 2) with only slightly 
variable slopes points to some poorly understood 
features in the 2 2 2Radon concentrations. These 
may, however, also be associated to the fact that 
the measurements for C 0 2 and C H 4 ( U B A ) have 
been made at a slightly different location than the 
measurements of 2 2 2Radon (BfS). 

The mean winter time slopes of CH 4 / 2 2 2 Radon 
and C 0 2 / 2 2 2 R a d o n derived from half hourly 
values are 2 0 - 4 0 % lower than the slopes derived 
from the monthly mean winter time offsets in 
section 3.2. (Fig. 6). This may point either to a 
smaller C H 4 and C 0 2 source strength in the 
regional catchment area of the Schauinsland (e.g., 

the Rhine valley) or to slightly higher 2 2 2Radon 
emissions in the regional surroundings of the 
Schauinsland. The slopes of the correlation 
between continental C 0 2 and C H 4 offsets 
(6.5 + 1.1 (ppb CH 4 ) / ( ppm C 0 2 ) , R 2 = 0.7) respect
ively diurnal variations (7.8 +1.0 (ppb CH 4 ) / ( ppm 
C 0 2 ) , R2=0.8) in winter are the same within their 
uncertainty range, but significantly different from 
the slope Worthy et al. (1994) observed for pol 
luted air masses arriving at Alert, Canada. The 
slopes these authors observe during episodes with 
air mass transports from Siberia during winter are 
between 9 and 16 (ppb CH 4 ) / ( ppm C 0 2 ) which 
corresponds to an about 5 0 % higher C H 4 contri
bution from these areas with large natural gas 
emissions. Even larger slopes are observed by 
Conway and Steele (1989) at Point Barrow, Alaska 
(21 (ppb CH 4 ) / ( ppm C 0 2 ) ) , and in air from the 
higher Arctic troposphere (17.5 (ppb CH 4 ) / ( ppm 
C 0 2 ) ) in spring 1986. However, the same authors 
observe a slope of 7.6 + 0.7 (ppb CH 4 ) / ( ppm C 0 2 ) 
at Boulder, Colorado, during December 1985 
which is close to what we measure for 
Schauinsland and the Rhine valley at Heidelberg 
(4.4 to 6.3 (ppb CH 4 ) / ( ppm C 0 2 ) ) , unpublished 
results from winter 1995-1996). A single diurnal 
cycle of C H 4 and C 0 2 measured at the 
Jungfraujoch (47°N, 8°E, 3454m a.s.l.) high alti
tude background station in the Swiss Alps in 
December 1988 was 5.3 ±0.9 (ppb C H 4 ) / ( p p m 
C 0 2 ) , R 2 = 0.67, giving some idea about the ranges 
to be expected for the large scale European 
source mix. 

3.4. Estimate of mean C02 and CH4flux densities 

The regressions of mean 2 2 2Radon activities 
with C 0 2 and C H 4 offsets can be used to estimate 
mean flux densities of these two trace gases: W e 
make the simplified assumption that the emana
tion rate of 2 2 2Radon from soils is homogeneous 
in the catchment area of the Schauinsland station 
and constant with time, and we assume that the 
2 2 2Radon flux from ocean surfaces is negligible 
(Dor r and Munnich, 1990). If we, further, neglect 
radioactive decay of 2 2 2Radon, the 2 2 2Radon con
centration of an air mass is almost proportional 
to its residence time over the continent (Levin 
et al., 1995). Neglecting radioactive decay of 
2 2 2Radon leads to underestimates of the residence 
time in the order of 2 0 - 3 0 % (Thorn et al., 1993). 
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Assuming that the sources of C 0 2 and C H 4 are 
similarly homogeneously distributed like the 
2 2 2 Radon sources then allows to estimate the C 0 2 

and C H 4 flux density (/CO2,CH4) fr°m respective 
concentration correlations, provided that the 
mean 2 2 2 Radon emanation rate from the soils is 
k n o w n ( ;R n = ( 5 3 ± 2 0 ) B q m " 2 h _ 1 ; (Dor r and 
Munnich , 1990)) 

Jc02,CH4 — jRn ACC02,CH4/CRn. 

W i t h the slopes (AcCo2,cH4/cRn) given in Figs 6b, c 
(AcCO2/cRn = 4.8±0.6 (ppm C 0 2 ) / ( B q m " 3 222Rn), 
R2 = 0 .8 ; A c c n / C t o = 2 7 . 9 ± 7 . 2 ( p p b C H 4 ) / ( B q m " 3 

222Rn), R2 = 0.5) we estimate a winter time 
flux density of j C O a = 10.4 + 4.3 m m o l m~ 2 h - 1 

and a methane flux density of jcaA = 
0.066 ±0.034 m m o l m~ 2 h _ 1 . The C 0 2 flux den
sity of 10.4 m m o l m - 2 h _ 1 is about 5 0 % larger 
than the mean flux density of anthropogenic C 0 2 

of about 7 m m o l C 0 2 m~ 2 h _ 1 estimated from 
statistical data for western Germany (Mar land 
et al., 1994). The difference to the ^ R a d o n -
derived flux density can be explained by biogenic 
emissions — mainly soil respiration during this 
time of the year. In fact, D o r r and Munn ich (1987) 
reported direct flux densities for Germany from 
natural soils of about 3 m m o l m - 2 h _ 1 for the 
winter months (November to February). The mean 
winter time 2 2 2Radon-derived methane flux density 
of 0.066 m m o l C H 4 m~ 2 h " 1 is also in very good 
agreement with statistical emission inventories, 
namely about 0.07 m m o l C H 4 m - 2 h - 1 (Thorn 
et al., 1993). These comparisons give us confidence 
in the method to derive mean trace gas emission 
rates from C 0 2 and C H 4 concentration offsets 
and parallel 2 2 2 Radon observations. 

The slopes from the regressions of diurnal con
centration variations (Table 2) can be used in a 
equivalent way to estimate C 0 2 and C H 4 flux 
densities in the regional catchment area of the 
Schauinsland station. The change in the winter 
time slopes of C 0 2 / 2 2 2 R a d o n respectively 
A C 0 2 / 2 2 2 R a d o n have already been discussed. The 
significantly different C H 4 / 2 2 2 R a d o n slopes for 
summer and winter point to the possibility that 
indeed our assumption of a constant 2 2 2Radon 
emanation rate all over the year may be uncorrect. 
It is well possible that the 2 2 2 Radon flux density 
from soils in the catchment area of the 
Schauinsland is smaller during winter due to 
higher soil humidity at that time of the year. It is, 

therefore, not totally clear if the smaller slopes 
during summer than during winter really indicate 
a smaller methane source in summer or if the 
2 2 2Radon approach is here on its quantitative 
limits. These variations have, however, to be 
investigated more thoroughly. 

4. Conclusions 

The combined interpretation of continuous 
C 0 2 , C H 4 and 2 2 2Radon records provided insight 
into the causes of trace gas concentration vari
ations at the continental mounta in station 
Schauinsland. The large variations observed on 
the diurnal time scale for C H 4 and 2 2 2Radon are 
due to convective transport of air to the mountain 
station which has been in close contact with 
regional ground level sources and sinks. Dur ing 
winter, all three gases are highly correlated, with 
the ratio of C H 4 / C 0 2 being very similar to values 
observed in other populated areas (Conway and 
Steele, 1989). 

Using a mean value of the 2 2 2Radon flux density 
from European soils, it was possible to estimate 
mean flux densities of C 0 2 and C H 4 f rom the 
ratios of C 0 2 respectively C H 4 and 2 2 2Radon. 
These flux estimates were close to statistical estim
ates of mean emission inventories of anthropo
genic sources and direct flux measurements for 
soil C 0 2 emissions. It should be emphasized, 
however, that the uncertainty ranges of the 
2 2 2Radon-derived emission estimates have been 
calculated from averaging individual monthly 
results derived at one observational site only, and 
that the spatial variability of fluxes in Europe may 
be considerably larger. For methane, significantly 
different ratios to 2 2 2Radon were observed in 
summer and winter which may possibly be due to 
a 2 5 % lower 2 2 2Radon emanation rate in the 
winter if compared to the summer half year. 
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