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INTRODUCTION 

Carbon dioxide, although occupying very small part in atmospheric air, plays 
very important role in energy exchange system within the geographical environ-
ment. It participates in photosynthesis processes, which produces biomass incre-
ment, it is also a greenhouse gas, which impact on air temperature increase on 
Earth is widely discussed at the present time. Emission of this gas should be 
monitored, but from papers published so far it is evident that the intensity of CO2 
emission between surface and atmosphere is strictly connected with degree of 
anthropogenic modification of surface. Availability of sensors enabling the appli-
cation of modern measurement techniques, like eddy covariance method, causes 
that measurements of turbulent carbon dioxide flux are carried out in many coun-
tries (Lee et al. 1996, Moncrieff et al. 1997, Baldocchi et al. 2000, Schmid et al. 
2000, Grimmond et al. 2002, Coutts et al. 2007). Unfortunately, there are still not 
many on urban terrain, where carbon dioxide circulation is completely different in 
comparison with areas covered by plants, both natural and agricultural (Nemitz et 
al. 2002, Moriwaki and Kanda 2004, Vellasco et al. 2005, Vogt et al. 2006, Pata-
ki et al. 2009).  

The aim of this work is presentation of preliminary results of vertical turbulent 
carbon dioxide net flux measurements carried out in Łódź in the period July 2006- 
July 2009. The first measurements of energy balance components and CO2 flux 
were carried out in Łódź in the period 2000-2004 (Offerle et al. 2003, Offerle et al. 
2005, Offerle et al. 2006a, Offerle et al. 2006b, Fortuniak 2009) at the dense built-
up city center and at post-industrial and residential areas, but these experiments 
were short timed lasted in one case a few months, but mostly the time coverage was 
restricted to few days. Such experiments couldn’t answer the questions concerning 
characteristics of seasonal or annual variability of carbon dioxide net flux above 
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urban terrain. Measurement described in this paper started in July 2006 and they are 
still being carried out. Presented data set is probably the first longtime (three years) 
data series of CO2 flux registered in Poland above the urban terrain.  

MEASUREMENT SITE DESCRIPTION 
 
Measurement site is located at the west part of Łódź center (Fig. 1, right). 

Surroundings of measurement point, as it shows Figure 3, can be characterized by 
dense building development. Artificial surfaces (streets, buildings, pavements, 
parking lots, etc.) cover ~50-70% and approximately 30% are roofs of buildings 
(Kłysik 1998). Surfaces with vegetation (trees and lawn interspersed with build-
ings) cover about 40% of the area but trees which are mostly deciduous cover 
only 10% (Kłysik, 1998). Trees are deciduous, 8-15 m tall high but mainly below 
building height. There are also two green parks in the neighborhood of measure-
ment site (Fig. 3) which are situated ~900 m on the south (Park Poniatowskiego) 
and approximately 1700 m on the west (Park “Zdrowie”).  
 

METHOD, INSTRUMENTATION AND DATA PROCESSING 
 
Measurement system is installed at the 20 m tower mounted on the roof of 17 

m tall building at Lipowa 81 Street (Fig. 1, left). Height of this building is similar 
to surrounded building development, which confirm the values of roughness 
length determined for close to the neutral stratification from the logarithmic equa-

 
 

 

Fig. 1. Measurement tower at Lipowa Street (left) and location of measurement point in Łódź 
(right) 
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tion of wind (Grimmond et al. 1998). Mean z0m equals 2.5 m. Figure 2 (observa-
tions of z0m by wind direction) shows the increase of z0m to the west where new 
residential block of flats, exceeded the height of other building by ~10 m, was 
built. Mean height of surrounding buildings was estimated at 10.6 m, so mea-
surement height 37 m above the ground layer is probably close to roughness sub-
layer (Grimmond and Oke 1999). 

 

 
 

Fig. 2. Roughness length for momentum z0m by wind direction (grey dots). Black line indicates 10 
degrees mean of z0m  

 
Aerial photo at the Figure 3 shows the net of streets in the surroundings of the 

measurement point. High elevation of sensors results in large source area. Total 
source areas at level P = 90%, 75% and 50% evaluated for the analyzed period, 
for hours 10-14 during unstable conditions (all good data) with the aid of FSAM 
model (Schmid, 1994) surround measurement point with the circles with diameter 
up to 1 km. For neutral and stable conditions a source areas are probably larger 
and cover parks placed on the west and south. Source area of radiation sensors is 
much smaller and can be evaluated as a circle with approximately 250 m diameter 
(for P = 90%). 

Eddy-covariance measurement set is mounted 1 m below top of the tower on 
its east side, approximately 1 m from the tower axis. Tower diameter is rather 
small (~0.15 m) so its influence on the turbulence can be neglected. Fluctuations 
of carbon dioxide ρCO2’ are measured with Li 7500 H2O/CO2 Infra Red Gas Ana-
lyzer (Li-cor, USA). Fluctuations of horizontal and vertical wind speed compo-
nents u’, v’, w’ and air temperature T’ are measured with sonic anemometer 
RMYoung 81000 (RMYoung, USA). Both sensors are connected to 21X datalogger 
(Campbell Scientific, USA). These sensors, according to eddy covariance theoreti-
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cal background, register data with high frequency (in this case 10 Hz) and store in 
15 minutes block of data. Shortwave and longwave components of ingoing and 

 

 
 

Fig. 3. West part of Łódź city center with location of measurement point (LS – Lipowa station) 
and urban parks located in nearest neighbourhood (PZ – city park “Zdrowie”, PP – city park 
“Poniatowskiego”). Solid  lines surrounding measurement point indicate source areas at P = 
50%, 75% and 90% calculated for turbulent fluxes measured at 10-14  at Lipowa Station for 
unstable stratification (all available data in the period July 2006 – July 2009) 
Aerial photo source: Municipal Center of Geodesics and Cartographic Documentation of Łódź 

 
outgoing radiation are measured every 1 minute by CNR1 net radiometer 
(Kipp&Zonen, Holland). Next,  radiation balance Q* is calculated as an algebraic 
sum of measured components. Moreover, basic meteorological parameters like air 
temperature and humidity, atmospheric pressure, wind speed and direction are 
registered every 10 minutes with additional sensors. Turbulent carbon dioxide net 
flux FCO2 is calculated as a covariance of vertical wind speed fluctuation w’ and 
carbon dioxide density fluctuation ρCO2’: 

'' 22 COwFCO ρ=  (1) 
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Before flux calculation adequate procedures of data pre-processing are applied, 
which allows the elimination of errors from the data. First of all, data registered 
during rainfall or atmospheric deposits and when friction velocity u* was lower 
than 0.1 were removed. As a next step, maximization of covariance between w’ 
and ρCO2’ during the time interval +/– 2 seconds is carried out, which allows 
minimizing of the influence of the spatial separations of sensors. Spike detection 
procedure (Vickers and Mahrt 1997) is used to eliminate unrealistic values of 
data. Because the  air flow above the urban terrain is not normally parallel to the 
surface and sonic anemometer, which causes non-zero values of mean vertical 
wind speed (0.1 of mean w’ and ~1.5 deg of rotation angle corresponds to 0.1 ms-
1 of mean vertical wind speed), double system coordinates rotation is added 
(Kaimal and Finnigan 1994, Finnigan 2004).Third rotation was omitted because 
of possibility of unrealistic results. After these procedures FCO2 data is combined 
with radiation data. Moreover, adequate corrections are added, like sensible heat 
flux correction for sonic anemometer temperature (Schotanus et al. 1983) and 
WPL corrections for non-zero mean vertical wind speed caused by air density 
fluctuations (Web et al. 1980, Lee et al. 2004). The last step is the selection of 
data averaging period. Because of 15 minutes averaging period could be too short 
and spectral losses for low frequency are possible. In this case 30 minutes averag-
ing period is used to calculate carbon dioxide net flux. Positive value of FCO2 
indicates upward vertical turbulent transport of carbon dioxide (emission from 
surface to the atmosphere) and negative FCO2 indicates vertical transport to the 
surface, that is absorption of CO2. 

RESULTS 

Figure 4 shows all correct values of radiation balance Q*, carbon dioxide 
density ρCO2 and turbulent vertical net flux FCO2 registered in the center of Łódź 
in the period July 2006-July 2009. There is a clearly visible significant prevalence 
of positive over negative values of carbon dioxide net flux, which means that 
center of Łódź in the surroundings of measurement point was a source of carbon 
dioxide during whole analyzed period. Another feature which should be empha-
size is an annual course of FCO2 with maximum in wintertime and minimum in 
summertime. Maximum turbulent transport of CO2, which in some cases reached 
~70 µmol m-2 s-1 in cold season is related to strong emission of anthropogenic 
carbon dioxide which is an effect of fossil fuel combustion during houses heating 
and public transport (Kłysik 1996, Offerle et al. 2005). Summertime minimum 
with values mainly doesn’t exceeded 15 µmol m-2 s-1 can be explained by decrease 
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of anthropogenic CO2 emission (no house heating, less intensive car traffic be-
cause of holidays) and absorption of CO2 by plants.  

 

 
 

Fig. 4. 30-minutes means of radiation balance Q*, carbon dioxide density ρCO2, and turbulent 
flux FCO2 recorded in the center of Łódź in the period July 2006-July 2009 

 
As a next step, two simple procedures of data gaps filling were applied. The first 
procedure which assumed obtaining missing data through interpolation, was used 
in case of small gaps which did not exceed 3 hours. Longer gaps were filled by 
the data from mean diurnal pattern of FCO2 calculated for adequate month. Mean 
amount of missing data doesn’t exceed 20%. On the basis of obtained data, ap-
proximate monthly turbulent net fluxes of carbon dioxide were calculated. Be-
cause of many factors determines carbon dioxide turbulent exchange above urban 
terrain, precise calculation of monthly FCO2 is very difficult and exceeds frame-
work of this paper. Figure 5 shows the results of those calculations in comparison 
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with the variability of mean monthly air temperature in the analysis period. There 
is a clear but not so strong negative correlation between mean monthly air tem-
perature and intensity of carbon dioxide turbulent exchange in the centre of Łódź., 
which is confirmed by the determination coefficient R2 = 0.73. Monthly net flux 
values were also a basis to obtain turbulent exchange of carbon dioxide during all 
year long. It can be estimated at ~10.2 kg m-2 year-1 in 2007 and ~9.9 kg m-2 year-1 
in 2008. It means that analyzed part of Łódź city center is a significant source of 
CO2 for the lower troposphere. 

 

 
 

Fig. 5. Mean monthly net CO2 exchange and mean monthly air temperature (down) and linear fit 
between mean monthly air temperature and mean monthly net CO2 exchange (up) in the period 
July 2006-July 2009 

 
Mean diurnal courses of carbon dioxide net flux calculated for months (Fig. 6) 

confirm annual pattern of its variability. What is particularly important, independ-
ently from time of the day and season, mean FCO2 flux is always positive, which 
indicates the prevalence of carbon dioxide emission over absorption above ana-
lyzed part of the center of Łódź in the period July 2006-July 2009. Minimum 
intensity of CO2

 exchange, of the order of ~2  µmol m-2 s-1 is observed always 
during nigh time mainly because of weak turbulence. After sunrise FCO2 in-
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creases because of, firstly, turbulent transport of carbon dioxide cumulated within 
the urban canyons during night, and secondly due to an increase of anthropogenic 
CO2 emitted by public transport. This phenomenon is clearly observed during 
cold season, when FCO2 reaches values higher than 12 µmol m-2 s-1 and variabil-
ity of CO2 density is determined only by anthropogenic sources and biological 
processes are insignificant. Mean FCO2 reaches maximum value always during 
the day, which is also connected with public transport intensity. 

 

 
 

Fig. 6. Mean diurnal courses of carbon dioxide density ρCO2, (grey dotted line) and turbulent flux 
FCO2  (black solid line) calculated for months in the period July 2006 – July 2009 based on 30-
minutes data 

 
Mean diurnal course of FCO2 was also calculated for whole analysis period 

(Fig. 7, solid line on upper graph). Known from the literature mean diurnal of 
FCO2 course with two maxima represent morning and afternoon peak of car 
transport intensity (Coutts et al. 2007) is not observed in this case. Mean diurnal 
courses were also calculated for working days of week (from Monday to Friday, 
Fig. 7, intermittent line on upper graph) and for weekends (Saturday to Sunday, 
Fig. 7, grey lines on upper graph). In both cases FCO2 flux was positive, but for 
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weekends its values were significant lower and two maxima of CO2 turbulent ex-
change can be observed in case of weekdays. This situation is caused by much less 
intensity of car traffic during weekends, and as a result mean maximum FCO2 is low-
er during weekends by about 4 µmol m-2 s-1. Mean diurnal courses of FCO2 for sea-
sons were also calculated (Fig. 7, lower graphs). Similar differences between mean 
diurnal variability of FCO2 calculated for working days and weekends can be ob-
served, with the exception of winter, when intensive emission of anthropogenic car-
bon dioxide related to car traffic and strong house heating dominates. In summer, 
minimum value of mean seasonal FCO2 flux occurs during the day of weekend, 
which can be explained by low carbon dioxide emission generated by car traffic (re-
lated to summer holidays) and absorption by plants during the day.  

 

 
Emission of carbon dioxide from urban surface is not spatially homogeneous, so 

mean carbon dioxide net flux was also calculated in relation with wind direction for 
the analysis period. Results of this calculation for 10 degree intervals of wind direc-
tion are presented in Figure 8 (middle graph). Asymmetry of FCO2 is clearly visible 
with prevalence of eastern sector of wind. Air flow from the center of the city causes 
significantly more intensive FCO2 of the order of 10-11 µmol m-2 s-1

 at average. Car-
bon dioxide exchange is much less intensive in the case of air flow from the west 
sector, which is probably caused by not so dense building development (lower 

 
 

Fig. 7. Mean diurnal courses of turbulent flux FCO2, in the period July 2006-July 2009 calculated 
for week (black line), working days (black dotted line) and weekends (grey line) and smoothed by 
3-elements running average 
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emission of CO2 during house heating in winter) and by plants which during 
warm season have been absorbing CO2. This disproportion determines diurnal 
courses of FCO2 calculated for east and west wind sectors (fig. 8, right graph). In both 
cases mean FCO2 is always positive, but in case of east air flow FCO2 is much higher, 
especially at the afternoon when the difference reaches ~9 µmol m-2 s-1 in comparison 
with diurnal course calculated for air flow from the west part of city. 

 
Fig. 8. Mean wind direction frequency by wind direction, turbulent flux FCO2 by wind direction 
(both 10 degree intervals) and mean daily courses of FCO2 calculated for airflow from east and 
west sectors 

SUMMARY AND CONCLUSIONS 

Presented results of  measurement carried out in Łódź reveal that above dense 
built-up city center emission of carbon dioxide prevails over absorption and this is 
not season dependent. Intensity of CO2 exchange above the urban terrain is de-
termined by anthropogenic sources of this gas (house heating, public transport, 
etc.). Exception to the rule is summer season, when the lowest anthropogenic 
emission of CO2 during the year with absorption of this gas during photosynthesis 
process determines the lowest values of carbon dioxide net flux during year. 
Moreover, predominance of anthropogenic CO2 sources over natural ones results 
in more intensive CO2 exchange during weekdays, so specific, not observed in 
case of natural or agricultural surfaces, weekly variability of FCO2 occurs. 
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