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Abstract 

The eddy-covariance energy balance components and carbon dioxide turbulent flux measurements have been 
worked in Łódź since July 2006. Measurement system is located in the west part of the dense built-up city center 
and installed on the high tower above roof level. The aim of this work is analysis of diurnal and annual variability 
of carbon dioxide flux. Preliminary results calculated for the period of analysis (July 2006 - August 2008) show 
characteristic features in diurnal and annual courses. First of all, the average monthly flux is always positive, 
which means that emission of CO2 in the surroundings of measurement point prevails over absorption. Secondly, 
apart from season, maximum of flux occurred during the day and minimum during the second part of night. Win-
tertime monthly averaged fluxes were much higher than summertime ones.   
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1. INTRODUCTION 

Researches concerning quantitative determining of carbon dioxide emission are very important especially during 
present days, when role of this gas in global warming is widely discussed. During last years the number of papers 
describing characteristics of CO2 exchange between active surface and troposphere considerably increased, but 
they concern on natural surfaces covered by vegetation (Lee et al., 1996; Moncrieff et al., 1997; Baldocchi et al., 
2000; Schmid et al., 2000). Measurements of vertical turbulent carbon dioxide flux are still relatively rare, whereas 
urban terrains are meaningful sources of troposheric carbon dioxide (public transport, mineral fuel combustion, 
industry, etc.; Grimmond et al., 2002; Nemitz et al., 2002; Vellasco et al., 2005; Vogt et al., 2006; Coutts et al., 
2007). Measurements of turbulent fluxes (energy balance components) were provided in Łódź since November 
2000 up to August 2003 as an effect of cooperation between Department of Meteorology and Climatology and 
Indiana University (Prof. S. Grimmond and Dr B. Offerle). The measurement point was located at Lipowa Street 
(west part of city center) and equipped with sensors register full components of energy balance (Offerle at al., 
2003, Offerle at al., 2005, Offerle at al., 2006a). A few short-time (few days to few months) experiments were also 
carried out in other parts of Łódź, e.g. residential, industrial and suburban areas (Offerle, 2003). During these 
experiments sensor to measure CO2 flux was applied for the first time in Łódź. After two years break, at June 
2005, new energy balance components measurement site has started at Narutowicza Street (east part of city 
center). One year later (July 2006) measurement point at Lipowa Street was established again but this time en-
ergy balance measurement system was equipped with CO2 fluctuations sensor which enables investigating car-
bon dioxide exchange over urban terrain. Presented in this paper data series of CO2 flux is the first longtime 
(more than two years) data series registered above urban terrain in Poland.  

2. STUDY AREA, MEASUREMENT SITE LOCATION AND INSTRUMENTATION 

Łódź (51o47'N, 19o28'E) is the third Polish largest city (after Warsaw and Cracow) with population ~750 000. Until 
XIX century city was rather small but after 1900 it grew rapidly and population rose from less than one thousand 
in 1820 to 605,000 in 1931. This growth was a result of rapid development of textile industry. The city center, 
where measurement point at Lipowa Street is placed (fig. 1), was build mainly in this period and can be character-
ize as extensive, rather homogenous and compact settlement of great density with buildings reach mainly 15-20 
m height. The surroundings of the old city center are industrial areas, residential areas with one or two storey 
development and new districts of bocks of flats. Łódź is placed in the center of Poland, on relatively flat (altitudes 
range from 180 m to 235 m a.s.l.) terrain. Because of lack of water reservoirs, lakes, rivers and orographic barri-
ers in the city surroundings, local climate of Łódź can be treat as urban climate without interference.   
Eddy covariance measurement point is located at Lipowa Street in the west part of the dense built-up city center 
(51°45’45’’N, 19°26’43’’E, 204 m a.s.l.). Artificial  surfaces (buildings, roads, pavements, etc.) in this part of a city 
cover ~50-70% of surface and ~30% of all surfaces are roofs. Buildings are mainly constructed of concrete or 
bricks with flat roofs covered by black tar. The roads and pavements are covered by asphalt and concrete, re-
spectively. Average vegetation cover within site surroundings is ~38%, but trees cover only ~10% of surface. 
There are two parks in nearest neighborhood in south and west directions within a distance ~900m and ~1.7 km 
respectively. Additional vegetation consists of many trees and lawns interspersed with buildings. Trees are de-
ciduous, 8-15 m tall but generally below building height.  
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The measurement system is installed on a 20 m tower mounted on the roof of 17 m high building. Height of this 
building is rather similar to the buildings in the surroundings, except west direction, where new residential build-
ing, placed 180m from measurement point, exceeds canopy layer ~10 meters. Average height of the roughness 
elements was estimated as zH~10.6 m, so the measurement height zs = 37 m above ground level, is close to the 
roughness sub-layer height (Grimmond and Oke,1999). Displacement height zd  and roughness length for momen-
tum z0m were evaluated as ~7.7m and 1.1m, respectively. For presented values of zs and zd mean value of rough-
ness length determined for close to neutral stratification from the equation (Grimmond et al. 1998): 
z0m = (zs-zd)·exp(-k·U/u∗) is close to 2.5 m. Figure 3 (observations of z0m by wind direction) shows increase of z0m
for directions characterized by taller buildings especially on west direction. 

Eddy-covariance measurement set is mounted ~1m below the top of tower on its east side ~1m from the tower 
axis. It may influence on turbulence but the tower diameter is rather small (0.15 m), and it enables make an as-
sumption that this influence can be neglected. Fluctuations of vertical wind speed w, air temperature Tp, moisture 
q and carbon dioxide density ρCO2 are measured with frequency 10 Hz with using of RM81000 sonic anemome-
ter and Li-cor 7500 CO2/H2O open path Infra Red Gas Analyzer connected to a 21X data-logger (Campbell Scien-
tific, Inc.). Data are stored in 15 minutes long files. Radiation balance incoming and outgoing (shortwave K↓, K↑
and longwave L↓, L↑) components are measured with CNR1 radiometer (Kipp&Zonen), and registered with 
CR10X datalogger (Campbell Scientific, Inc.). Radiation balance Q* is next calculated as algebraic sum of meas-
ured components. The first step includes fluxes calculations for 15 minutes intervals (with consideration of maxi-
mal covariance between w, Tp , q and ρCO2 during the time interval +/- 2s) and combining results with radiation 
data. 

3. RESULTS 

Preliminary analysis of results showed necessity of recalculation of the raw data. First of all coordinate system 
rotation was needed, because of no-zero values of mean vertical wind speed for different wind direction (fig. 3). 
Regarding this problem the double rotation method was applied (Kaimal and Finnigan, 1994). The third rotation 
was omitted because of possibility of unrealistic results. Dependence between second (vertical) rotation on wind 
direction is very similar like in case of mean w, and 0.1 and ∼1.5 deg of rotation angle corresponds to 0.1 m·s-1 of 
mean vertical wind speed.  

The next step was verifying of averag-
ing period of the raw data, because of 
15 minutes period could be too short 
and spectral losses (for low frequency) 
are possible. Regarding this problem, 
turbulent fluxes were calculated two 
times, firstly for 1 hour period block-
averages, and secondly by averaging 4 
consecutive 15 minutes period. In 
average differences between fluxes 
calculated by two methods are small: 
FCO2,1hr - FCO2,4x15mi n = ~0.25·m-2·s-1, 
but comparison of results (fig. 4) shows 
that fluxes calculated by second 
method are ~5% underestimated. For 
that reason, the method based on 1 
hour block averages was used to fur-
ther analysis. Moreover, fluxes were 

calculated with adequate corrections of the sonic temperature for humidity and WPL corrections for density fluc-
tuation (Webb at al., 1980; Lee et al., 2004). 

Fig. 1. Measurement site location in Łódź.(red 
color indicates buildings). 

Fig. 2. Roughness length for momentum z0m [m] by 
wind direction (15 minutes data). 

Fig. 3. Mean 15 min vertical wind 
speed by wind direction (before rota-

tion). 

Fig. 4. Comparison of car-
bon dioxide turbulent flux 

calculated for 1 hour and 15 
minutes averaging period. 
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Fig. 5 shows temporal changes of 1 hour 
averages of basic meteorological elements 
i.e. radiation balance Q* or air temperature Tp
with 1 hour average of carbon density ρCO2
and 1 hour block average of turbulent flux of 
this gas FCO2. It is clearly visible that net tur-
bulent exchange in the analyzed period FCO2
flux is characterized by annual course, with 
maximum and minimum in winter and sum-
mertime, respectively. The highest fluxes 
values occurrence in wintertime is connected, 
first of all, with much more intensive carbon 
dioxide emission in cold season because of 
significant domestic heating increase. Sum-
mertime minima can be explained with de-
crease of anthropogenic CO2 emission, but 
also with absorption by vegetation. The sec-
ond reason seems to be much less important 
because of vegetation covers measurement 
site surroundings in small amount, but role of 
two green parks on the west and south de-
mands further much more detailed analysis. 
Another characteristic of FCO2 variability 
which should be emphasize is significant 
prevalence of positive over negative values of 
flux and it means that analyzed urban area is 
a source of carbon dioxide all year long.  

Fig. 6. Mean monthly diurnal courses of carbon dioxide density ρCO2 and turbulent flux FCO2 in the period July 
2006 - August 2008 based on 1 hour values. 

Diurnal patterns of carbon dioxide turbulent flux calculated for months confirms annual course of FCO2 and other 
characteristics described above (fig. 6). What is a particularly important, mean diurnal course shows that CO2
turbulent net exchange in surroundings of Lipowa Street is positive all day long, apart from month. Mean diurnal 
FCO2 patterns are irregular but diurnal course with maximum in the day time and minimum at the end of the night 
can be identify in all months. Minimum values occurrence during the night because of weak turbulence and after 
sunrise rapid grow of FCO2 is observed because CO2, nocturnally accumulated in the urban canyons, is available 
and turbulence becomes stronger. FCO2 increasing during forenoon hours can be explained also with rush hour. 
Known from number of papers characteristic diurnal FCO2 course with two maxima before and after noon con-
nected to morning and afternoon rush hours (Vogt et al., 2006; Coutts et al., 2007) doesn’t occur in case of diur-
nal courses in Łódź. 

Fig. 5. 1-hour means radiation balance Q*, air temperature Tp, 
carbon dioxide density ρCO2 and turbulent flux FCO2 registered 

in the center of Łódź in the period 07/2006 – 08/2008. 
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It can be explained with site location in the district 
without intensive car traffic - the distances to nearest 
main roads are 600 and 1000 meters to the south 
and west, respectively. As it was marked above 
annual course of FCO2 in analyzed part of Łódź
seems be strongly connected with air temperature 
variability. Determination coefficient R2 shows high 
correlation between mean monthly FCO2 flux and air 
temperature. Coefficient calculated for whole 26 
months (July 2006 - August 2008, fig. 7, left graph) 
reaches lower value than for 12 mean monthly val-
ues (fig. 7, right graph), because of variability of 
mean monthly FCO2 fluxes in following years.  

4. CONCLUSIONS 

Presented results of carbon dioxide turbulent flux measurements shows that west part of Łódź center is a CO2
source independently from season. Analysis of annual course and daily means speaks well for this source is 
characterized by seasonal rhythm of the intensity. Although influence of seasonal weather conditions on FCO2 flux 
can be easily described (e.g. correlation with air temperature in seasons), determining of local CO2 sources (car 
traffic, mineral fuel combustion) and sinks (city vegetation) impact encounter difficulties and demand further, more 
detailed analysis.  
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Fig. 7. Linear fit between mean monthly air temperature 
and CO2 fluxes in the period July 2006 - August 2006. 
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