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Summary 

Measurements of turbulent fluxes of momentum, mass and energy were initiated Łódź, central Poland, in the fall of 
2000. Until now, with break in the year 2004, continuous eddy covariance measurements of radiation balance and heat 
fluxes has been conducting in the city center but short measurement campaigns were also carried out in other city 
districts (residential and post-industrial areas) and in suburban area (Łódź airport, agricultural terrain). Since 2006 
one of the measurement points in the city center is equipped with infra-red gas analyzer which has enabled conducting 
continuous measurements of turbulent flux of carbon dioxide. These measurements allowed us to know the variability of 
turbulent exchange of mass and energy between the urban surface and the lower troposphere. Both fluxes of sensible 
and latent heat, and carbon dioxide flux are characterized by a distinct annual and diurnal cycles observed in other 
cities as well. Turbulent energy exchange is the most intense in the warm season, when, in average, city emits more 
than 6 MJ·m-2·day-1 heat by sensible heat and about 4 MJ·m-2·day-1 by latent heat. In winter, these values decrease in 
both cases, up to about 1 MJ·m-2·day-1. The CO2 flux is most intense in winter, when the city emits, in average, about 
40 gCO2·m-2·day-1. In the summer, the emission is much less intense, in average 15 to 20 gCO2·m-2·day-1. The center 
of Łódź emits, in average, 10 kg of CO2·m-2·year-1. In autumn of 2011 another eddy covariance measurement set has 
been established on the agricultural terrain. Thus, we can analyze differences between mass and energy exchange on 
urban and rural area.  
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INTRODUCTION  

One of the characteristic feature of urban climate is specific, in comparison with non-urbanized areas, turbulent 
exchange of mass, energy and momentum between atmosphere and active surface. Although research on climate 
separateness of urban areas are carried out for centuries, the issue of turbulent mass and energy transport is intensively 
undertaken in decades (Aubinte et la., 2012). The theoretical basis of the problem were formulated many years ago, but 
the appearance of relevant instruments in the last 20-30 years allowed to take extensive research. The specificity of the 
urban area and the methodological problems associated with measuring of turbulent fluxes causes that such 
measurements are still not very common. This applies especially to the continuous measurements, which means that a 
longtime series, covering at least a few years of turbulent fluxes sensible and latent heat measurements, and the above 
all fluxes of carbon dioxide, are still rare.  

Measurements of turbulent fluxes of momentum, mass and energy were initiated Łódź, central Poland, in the fall of 
2000 (Offerle, 2003). The first research experiments (measurements of sensible and latent heat fluxes) were carried out 
in collaboration between Department of Meteorology and Climatology, University of Łódź and prof. S. Grimmond 
(then Indiana University, USA, now King’s College, London) and Dr B. Offerle. Measurement point was located in a 
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densely built-up western part of the city center, and the eddy covariance measurements set was placed on a high tower, 
37 m above the ground. These measurements were carried out continuously until the summer of 2003 (Offerle et al., 
2005; Offerle, et al., 2006a, 2006b; Fortuniak, 2003). At the same time short measurement campaigns were carried out 
in the districts outside of the city center (residential and post-industrial areas) and in suburban (Lodz airport) (Offerle, 
2003; Pawlak et al. 2007). In 2005, measurements were resumed and conducted independently by Department of 
Meteorology and Climatology to this day. Firstly, the new measurements has been started on a new point located in the 
eastern part of the city center on Narutowicza street (Fortuniak, 2010). Moreover, measurement site on Lipowa street 
has been equipped with infra-red gas analyzer which allowed conducting continuous measurements of turbulent flux of 
carbon dioxide (Pawlak et al., 2011). These measurements allowed us to know the variability of turbulent exchange of 
mass and energy between the urban surface and the lower troposphere. In autumn 2011 we decided to install additional 
measurement set on rural, agricultural terrain, which enables comparison of mass and energy exchange on urban and 
rural areas.  

The aim of this paper is short presentation of results of turbulent mass and energy exchange obtained in Łódź since 
2000. The paper presents an analysis of the results of continuous measurements carried out in the city center in 
comparison with the rural station, excluding short-term measurements conducted outside of the center.  

 

MEASUREMENT SITES  

Łódź is the third most populous city in Poland (~725 000). City buildings can be regarded as typical of European cities - 
a densely built-up city center is surrounded by industrial districts, residential areas, green areas, etc. (Kłysik, 1996). City 
is placed on a relatively flat terrain, and what is especially important from the urban climate research point of view, 
there is no river, lakes and orographic obstacles which cloud affect the local climate of a city.  

Since 2000, measurements of turbulent exchange of mass and energy were conducted at six sites, located in districts 
with different characteristics of the active surface. The main two measurement points located in the west (Lipowa 
Street, fig. 1, middle, fig. 2) and eastern (Narutowicza Street, fig. 1, left, fig. 2) of the city center. Measurements of 
sensi ble and latent heat fluxes are performed here since 2000 (Lipowa, with a break in the years 2004-2005) and 
since 2005 (Narutowicza). Since July 2006, the measurement set at Lipowa is equipped with gas analyzer to measure 
carbon dioxide flux. In the neighborhood of the points dense building development prevails, with an average height of 
11 and 16 m (tab. 1) (Kłysik, 1998). At a distance of less than 500 meters from the measurement points, the percentage 
of artificial surfaces (buildings, streets, pavements, squares, etc.) reaches 38% (Lipowa) and 40% (Narutowicza), other 
surfaces are green areas, with trees covering only 10% (Kłysik, 1998; Fortuniak, 2010, Pawlak, 2011). Since November 
2011 rural station also operates, established in agriculture in village Annosław, 60 km east of Łódź (fig. 1, right). 
Surroundings of this point it's almost a 100% green areas (fields, tab. 1).  

 

Table 1. Basic characteristics of measurements sites (zH – measurement height, zc – mean canopy height, zd – 
displacement height , z0m, ). 

 zH zc zd z0m artificial 
surfaces 

 [m] [m] [m] [m] [%] 

Urban – Lipowa 42.0 11.0 7.7 2.0 62 

Urban – Narutowicza 37.0 16.0 11.2 1.9 60 

Reference – 
agricultural 

3.3 0.5 0.35 0.04 1 
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Figure 1: Measurement sites of energy and carbon dioxide turbulent fluxes: Narutowicza street (left), Lipowa street 
(middle) and reference site on agricultural terrain (right). 

 

 

MEASUREMENT METHOD  

The exchange of mass and energy between the atmosphere and the active surface is a result of turbulent transport, so 
eddy covariance method to measure fluxes was used. In this method, the heat flux (sensible QH or latent QE) or mass 
(carbon dioxide FCO2) is calculated directly from the definition as a covariance of the fluctuations of vertical wind 
speed w 'and temperature T', humidity q ' and carbon dioxide concentration ρCO2' (Lee et al., 2004; Foken, 2008; 
Fortuniak, 2010; Aubinet, 2012): 

 

The advantage of this method is its high accuracy, resulting in the possibility of calculating fluxes directly from the 
definition, without taking into account empirical coefficients during calculations. Moreover, the method allows to 
determine not only the value of the stream over a period of time, but also his direction. Negative value of the flux 
indicates that uptake of heat or mass prevail over emission and net flux is directed downwards (from the atmosphere to 
the active surface). Positive value of the flux indicates net transport is in the opposite direction, that is, the emission 
from the active surface to the atmosphere. Systems has been installed on high towers poles at a height of 37 (Lipowa) 
and 42 meters (Narutowicza) that is at least two times higher than the urban canopy layer in the surroundings of sites 
(tab. 1). Therefore, according to the methodology it was possible to assume that the fluxes were measured above the 
roughness sub-layer and were representative to a surface, rather than a single building (Grimmond and Oke, 1999).  
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Table 2. Instrumentation installed at measurement sites. 

 w’, T’ q’ ρCO2’ 

Urban – Lipowa street Sonic anemometer 
RMYoung 810001 

Li7500 IRGA2 Li7500 IRGA2 

Urban – Narutowicza 
street 

Sonic anemometer 
RMYoung 810001 

Krypton hygrometer 
KH2O3 

- 

Reference – agricultural 
terrain 

Sonic anemometer 
RMYoung 810001 

Li7500A IRGA2 Li7500A IRGA2 

1 RMYoung (USA)  
2 Li-cor Biosciences (USA)  
3 Campbell Scientific (USA) 
 
Furthermore, source areas for unstable conditions were calculated at all sites with use of Schmid model (Schmid, 1994; 
Fortuniak, 2010). The results of calculations (fig. 2) confirm that the calculated fluxes relate to the parts of the urban 
surface with a diameter of ~1000 m. In the case of rural station source area was smaller, because the sensors were 
installed lower, at a height of 3.3 m. For measurements standard set of measurement sensors has been used: ultrasonic 
anemometer, krypton hygrometer or infrared gas analyzer (tab. 2).  
Instruments recorded the fluctuations with the frequency of 10 Hz and fluxes were calculated with 1 hour averaging 
period. Before calculating of the final fluxes value appropriate corrections and the analysis of data quality were added. 
Therefore, all the data registered during the occurrence of rainfall or atmospheric deposits were rejected, spike 
detection, maximization of covariance due to distance between sensors, and wind coordinates double rotations 
procedures were added (Lee et al., 2004; Foken, 2008; Fortuniak, 2010; Aubinet, 2012). Corrections for sonic 
temperature and WPL were also added (Webb et al. 1980). 

Figure 2: Aerial photos of measurement sites surroundings (top left – Lipowa street, bottom left – Narutowicza street, 
bottom right – reference station, top right – map of Łódź with sites localisation) and turbulent fluxes source areas at p 
=25, 50, 75 and 90% calculated for unstable stratification (all available data in the period 2005 – 2012). Dotted lines 

indicate distances 250, 500, 750 and 1000 m from sites. Photos source: Municipal Centre of Geodesis and Cartographic 
Documentation of Łódź. 
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RESULTS  

The relatively long term nature of mass and energy fluxes measurements held in Lodz allows for detailed analysis and 
selected results are presented here. First of all, as it is observed in other mid-latitude cities, relatively large portion of 
energy partitioning devoted sensible heat flux QH. In the summer at both urban stations sensible heat flux QH reaches 
average values of 150 W·m-2 (fig. 1). The latent heat flux QE is significantly lower, and reaches about 80-100 W·m-2 
(fig. 1). For comparison, at the rural station sensible heat flux QH values are similar but latent heat flux QE is much 
higher and reaches a value similar to the QH. This difference is due to the limited ability of urban surface to evaporation 
because of less green areas in the surroundings of measurement sites and the drainage of rainfall water into the sewage 
system. An interesting feature of the sensible heat flux QH diurnal variability is its positive value when radiation 
balance becomes negative. This phenomena can be attributed to the heat release from the city, and associated with the 
altered thermal properties of a city, e.g. the large heat storage capacity. In winter, when the radiation balance is positive 
only for a few hours a day, variability of fluxes in- and outside the city is similar. Fluxes are small or oscillate around 
the zero. Days with negative values of sensible heat flux QH appear in the city relatively rare, unlike the rural area 
where the winter advection of relatively warm air for a few days cause a negative value of this flux even in a few days 
in a row. Moreover, latent heat flux QE is always positive in a city center and cases with negative values of QE are 
extremely rare. As it was reported in other cities heat fluxes are characterized by clear diurnal and annual rhythm (fig. 3, 
tab. 3).  

Figure 3: Mean diurnal courses of radiation balance Q*, sensible (QH) and latent (QE) heat fluxes (W·m-2) on urban 
and rural sites in January and July. 
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Table 3. Mean diurnal radiation balance Q*, sensible (QH) and latent (QE) heat fluxes (MJ·m-2·day-1) on urban and 
rural sites in 2012. 

 J F M A M J J A S O N D year 

Lipowa  Q*  -1.1  0.1  3.3  7.0  11.8  12.3  11.5  9.2  4.5  1.3  -1.0  -1.7  4.8  

Narutowicza  Q*  -1.0  1.0  3.6  7.0  10.6  12.5  11.7  8.8  5.6  1.5  -0.4  -1.0  4.9  

agr. terrain  Q*  -1.0  -0.1  4.6  7.8  10.8  11.0  11.8  8.7  5.5  2.4  0.2  -0.9  5.1  

Lipowa  QH  1.2  1.6  3.0  4.7  6.2  6.5  5.4  5.0  2.9  1.3  0.9  1.7  3.4  

Narutowicza  QH  0.1  1.6  2.6  4.4  4.9  5.6  5.6  3.6  2.9  1.2  0.7  0.5  2.8  

agr. terrain  QH  -1.2  -0.6  -0.1  1.3  2.3  1.9  3.7  2.3  1.5  0.2  -0.5  -0.7  0.8  

Lipowa  QE  0.7  0.7  2.2  2.0  3.2  4.0  3.9  3.1  2.5  1.9  1.2  1.2  2.2  

Narutowicza  QE  1.5  1.6  2.2  2.2  3.4  4.2  3.6  3.7  2.9  1.9  1.5  1.4  2.5  

agr. terrain  QE 1.3 0.9 3.2 4.9 6.8 7.3 5.4 4.6 3.2 2.2 0.9 0.5 3.4 

Source: own elaboration 

Carbon dioxide flux is characterized by similar clear diurnal and annual variability (fig. 4, tab. 4). The annual rhythm is 
opposite to air temperature annual variability - maximum values are observed in winter, when the total monthly flux 
reaches 1000 g CO2·m-2, or even higher. Such high values of FCO2 flux are the result of emissions of anthropogenic 
carbon dioxide, forced by combustion of fossil fuels (cars traffic, house heating, cooking, etc.). In a rural area carbon 
dioxide exchange in the winter is close to 0. Another characteristic feature of carbon dioxide exchange in a city is the 
occurrence of two peaks in a day. The first maximum is the effect of morning peak of car traffic (hours 6 to 9), while 
the second, generally higher is caused by the afternoon/evening peak of car traffic and human house activities (heating, 
cooking, etc.). In the summer CO2 exchange in the city is much less intense. Both sources of anthropogenic carbon 
dioxide are significantly reduced, and some amount of CO2 is absorbed by the plants (fig. 4, tab. 4). Nevertheless, even 
in the summer Łodź center is a net source of this gas - total monthly flux reaches 350 - 600 g CO2·m-2. At the same 
time, in an agricultural area where the anthropogenic emission is negligible, strong uptake of carbon dioxide is 
observed. Another interesting feature of FCO2 variability in urban area is clear weekly rhythm. On weekends, carbon 
dioxide emissions in the city center is less than on the working day, while in rural areas this phenomenon does not 
occur.  
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Figure 4: Mean diurnal courses of carbon dioxide fluxes FCO2 in Łódź center and on rural sites. 

 

Table 4. Monthly and annual carbon dioxide flux on urban and rural sites in 2012. 

FCO2 (kgCO2·m-2·month-1) 

 J F M A M J J A S O N D 2012 

Urban – 
Lipowa 

0.98 0.96 0.96 0.85 0.64 0.35 0.43 0.57 0.53 1.04 0.94 1.12 9.37 

Reference – 
agricultural 

0.03 -
0.01 

0.00 0.03 -
0.34 

-0.40 -
0.20 

-0.01 -0.15 -
0.06 

0.02 0.01 -1.08 

 

CO2 throughout the year. In 2012 the annual exchange of CO2 was 9.37 kg CO2·m-2, but in years with very cold 
winter annual total can reach nearly 12 kg CO2·m-2. Agricultural terrain uptakes carbon dioxide during the warm 
season, in cold season exchange in near zero.  

 

CONCLUSIONS  

12 years of fluxes measurements allow for detailed analysis of turbulent exchange of mass and energy between the 
urban surface and the atmosphere, but this study includes only a small part of it. The results confirm the mechanisms of 
turbulent exchange of heat and carbon dioxide in the mid-latitude city, known from the literature. In the near future we 
are going to expand our research and start with methane flux measurements on Lipowa Street station. We also plan the 
comparison of the obtained results with another measurement site, running since the November 2012 and measuring 
energy and greenhouse gases exchange (carbon dioxide and methane) in the wetland (Biebrza National Park).  
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