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Abstract 
 
The new point of eddy-covariance energy balance measurements have been worked in Łódź since June 2005.  
As previous system (worked in years 2000-2003) this point is located in the edge of urban core on the tower high 
above roof level (measurement height 42m). Similar vegetation cover and urban structure cause that the 
observations show consistent diurnal patterns of energy partitioning between two points. Dry autumn 2005 
resulted significant increase of Bowen ratio from ~2 in the summer to ~7 in the end of October. 
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1. INTRODUCTION  
 
The energy balance of any place determines local climate of its nearest surrounding. Recently the number of 
measurements of the components of the urban energy balance significantly increased. Still, there is a lack of the 
data which can be used to built and/or test parameterizations of the turbulent (and other ) fluxes for the urbanized 
areas. Measurements of energy balance components started in Łódź in November 2000 on initiative of Prof. 
Grimmond and Dr Offerle. The measurements point (Lipowa str.) located in west part of old core of Łodź provided 
full components of the energy balance up to August 2003 (Offerle at al., 2003, Offerle at al., 2005, Offerle at al., 
2006a). Moreover a few days experiments provided in August 2002 gave additional information on surface heat 
fluxes in different Łodź districts – postindustrial, residential and rural (Offerle at al., 2006b). A purpose of this 
paper is to present a new measurement point of the energy balance components set in Łódź in June 2005. Data 
gathered at this point are referred to the previous measurements.   
 
2. STUDY AREA 
 
Łódź (51o46'N, 19o27'E) is a second Polish largest city with population of approximately 750000. The city got 
municipal right in 1423, but it grew rapidly in 19 century. The population raised from less than one thousand  in 
1820 to 314,000 in 1897 and next to 605,000 in 1931. This rapid expansion was a result of good natural 
conditions and law regulations favorable for textile industry development. In the old centre of the city buildings 
constructed in this period are mainly 15-20 m high and make up an extensive, fairly homogenous and compact 
settlement of great density. The old centre is surrounded by new districts of blocks of flats, industrial and 
residential areas. Łodź is situated on the relatively flat, and only slightly inclined to the south-east (altitudes range 
from 180 m to 235 m a.s.l.). The absence of significant topographical features, such as lakes, rivers, valleys, 
mountains, or the sea allows urban effects to be discerned without interference.  
 
3. SITE LOCATION AND INSTRUMENTATION 
 
A new measurement point (88 Narutowicza str., 51o46'25"N, 19o28'50"E, 221 m a.s.l.) is located in a distance 
~2.8 km east from the previous one. It is still the central part of Łódź, but with slightly less compact settlement. 
There are two small parks in nearest neighborhood in west and east directions within a distance ~200m and 
~250m respectively. Moreover a relatively large green area starts in a distance of ~500m in south-east direction. 
Additional vegetation consist of many trees and lawns interspersed with buildings. Average trees cover within a 
0.5 km distance is ~22.5%, whereas total vegetation cover is ~35%. Trees are deciduous, 8–15 m tall but 
generally below building height. In the south-west sector dominate post-industrial sites with considerably less 
vegetation than in other sectors.  In the vicinity of tower most buildings are constructed of concrete with roofs of 
sheet metal or tar. The roads are paved with asphalt, concrete, or tiles.    
The measurement system is located on a 26 m tower mounted on the Institute of Physical Geography (IPG) 
building of the University of Łódź. The building (16m in height) is slightly lower than the surrounding ones: 
buildings from south, west and north sectors are approximately 1.5-2 m higher; building on the east is ~3 m higher 
and the other University building in NE direction is ~5 m higher. There are also some lower buildings in the 
nearest neighborhood of the measurement point. Estimating average height of the roughness elements as 
zH~17 m, the measurement height zs=42 m above ground level, is close to the roughness sub-layer height 
(Grimmond and Oke,1999). The simple rule of thumb: zd=fd·zH (Grimmond and Oke 1999) allows to evaluate a 
displacement height as zd~12 m (for fd~0.70) and roughness length for momentum as z0m~1.7 m (z0m=f0·zH, 
f0~0.1). For these values of zs and zd the overall mean of z0m determined for close to neutral stratification from the 
logarithmic wind profile (Grimmond et al. 1998): z0m = (zs-zd)·exp(-k·U/u∗) is close to 2.1 m. Observations of z0m by 
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wind direction (Fig. 1) show increase of z0m for directions characterized by taller upwind buildings and low values 
of z0m for south direction where flow is not disturbed by tall obstacles.  
The turbulent flux instruments are mounted above the top of the tower which minimize the influence of turbulence 
generated by wind blowing around the tower. Turbulent fluxes are measured with the eddy-covariance method 
using RM81000 sonic anemometer and KH20 krypton hygrometer connected to a 21X data-logger (Campbell 
Scientific Inc.). Data are stored in 15-min long files. For preliminary analysis turbulent fluxes are calculated for 
15 min intervals (with the time lag between the vertical velocity and KH20  signal based on the maximal 
covariance from the range ±2s) and combined with radiation data. The block-averages are used to compute the 
instantaneous fluctuations. Radiation components are measured by CNR1 radiometer (Kipp & Zonen) monitored 
with CR10X (Campbell Scientific Inc.) datalogger. The radiometer is made up of two pyranometers (CM3) 
measuring incoming and reflected solar radiation, and two pyrgeometers (CG3) measuring far infrared radiation 
from the sky and from the ground. Thus all components of Q* are estimated independently. Moisture and snow/ice 
accumulation on the sensors preclude measurements in bad weather. The extremely snowy winter 2005/2006 
caused that the valid data were gathered only in a few days in this season especially in January and February 
2006. Because of this the monthly ensembles are representative only for year 2005 characterized by much better 
data coverage.  
 

 
Fig. 1: Roughness length for momentum z0m [m] by wind direction 

 
 
4. RESULTS 
 
In the present work raw data stored in 15-min files are recalculated to improve results. The preliminary analysis of 
the online results shows a need of the coordinate system rotation – mean vertical wind speed is clearly non-zero 
for different wind direction (Fig. 2). In the post-processing the double rotation method (Kaimal and Finnigan, 1994) 
is applied. The method nullifies the vertical wind velocity for each averaging period. Third rotation is skipped as it 
can create unrealistic results (Mauder and Foken, 2004). The angle of vertical (second) rotation shows very 
similar dependence on the wind direction as w and 0.1m·s-1 of mean wind speed corresponds to rotation angle 
approximately about 2deg.  
 

 
Fig. 2: Mean (15 min) vertical wind 
speed by wind direction (before 
rotation). 

  
Fig. 3: Fluxes QH and QE calculated by averaging 4 
consecutive 15-min periods versus ones calculated as 
block-averages for 1 hr periods. 

 
Spectral analysis of the data (not shown) suggests that the minimum of spectral gap in the analyzed site falls for 
frequencies ∼1 hr-1 or even lower. The 15-minutes averaging period could be to short to cover low frequency 
variability. To verify this choice of the averaging period turbulent fluxes calculated by averaging 4 consecutive 15-
minutes periods are compared with results of block-averages for 1 hr period (Fig. 3). In average differences 
between fluxes calculated by two methods are very small: QH,4x15min – QH,1hr = –2.3 W·m-2 and  QE,4x15min – QE,1hr = 
–0.6 W·m-2. Their standard deviations are much more significant: 14.7 W·m-2 and 28.6 W·m-2 respectively. Thus, 
results depend on the choice of averaging period but the error is not only a simple bias expected due to a spectral 
loss. An averages errors ∼4% for QH and ∼7% for QE estimated by the regressions (Fig. 3) are in general lower 
than standard deviations. The method basing on 15-minutes block-averages gives much stable results than block-
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averages for 1 hr periods. Because of this it is used in further analysis. Fluxes are calculated using covariance 
with corrections: correction of the sonic temperature for humidity (Schotanus at al., 1983), oxygen cross sensitivity 
correction for krypton hygrometer (van Dijk at al., 2002), WPL correction for density fluctuation (Webb at al., 1980) 
and correction for spatial separation between the sonic and krypton hygrometer (Horst, 2003). 
 

 
Fig. 4: Five-day moving average of the energy balance components 

 
Temporal changes of the mean energy balance components measured at the new point (Fig. 4) are very similar  
to the annual pattern the components measured at the point at Lipowa str. in years 2001 and 2002 (Offerle at al., 
2006a). Five-day averaged turbulent sensible heat flux decreases from the maxim ∼80 W·m-2 in the summer to 
∼10 W·m-2 in the middle of October. In the same time, QE  changes from the ∼50 W·m-2 to ∼10 W·m-2. In contrast 
to QH, which closely follow the radiation balance in summer, the latent heat flux dose not increase in the periods 
of fine weather because of limited water sources. The increase of QH and QE in the winter attributed to the 
anthropogenic forcing is also consistent with measurements at Lipowa str., but winter results must be interpreted 
with caution because of low data coverage in this period. 
 
 

     

    
Fig. 5: Monthly ensemble diurnal energy balance fluxes for the period June 2005 – February 2006 calculated only 

for days possessing valid observations for QH and QE. 
 
Ensemble diurnal patterns in fluxes and daytime partitioning for each month show that as is typical for urban 
areas a turbulent sensible heat flux excesses the latent heat flux in the middle of the day (Fig. 5). Presented daily 
patterns are also in general agreement with results got for Lipowa str. Differences are of the order of variability 
between monthly ensembles in consecutive years. In September and October 2005 large number of days with 
fine weather results high values of Q* and QH. In the same time QE remains low because of small precipitation 
totals in fall 2005. As a result of release of the heat stored in a day QH remains positive after Q*  turns negative in 
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the late afternoon. This typical for urban areas feature (Oke, 1988) is also consistent with previous observations. 
Unlike Lipowa str. at the new point QH falls below zero in the nights for summer months dominated by fine 
weather conditions. Slightly altered diurnal course of the albedo in sunny summer days is another difference 
between two points (see Pawlak, 2006 – this issue).  
The variability of the Bowen ratio (β) for daytime hours  (9-15 hr) is reduced in summer due to vegetation (Fig. 6).  
Deciduous trees in neighboring parks and ones interspersed with buildings pump water deep from the soil and 
preclude high β values. In the end of summer less intensive vegetation results in increase of β. The highest 
values of β characterize a few days in the end of October during a very dry fall 2005. Leafless trees did not supply 
water from deep soil to the atmosphere and water fell in short rain episodes evaporated leaving surface soil very 
dry. As a result β recovered high values shortly after rain in this period. 
 

 
Fig. 6: Bowen ratio calculated for midday hours (9-15 hr) for days possessing valid observations for QH and QE. 

 
5. CONCLUSIONS 
 
Measured energy balance components are consistent between two measurement point in Łódź. It suggests that 
in both places sensors are placed high enough above the surface to ensure that the measurements do not reflect 
the localized microclimatic properties of the site (i.e., individual surfaces such as roofs, roads, lawns) but rather 
the integrated response of these facets (i.e., the entire neighborhood). Thus, measurements at both points can be 
regarded as representative for local scale, with horizontal length scales of about 102-103 m characterizing the 
edge of urban core of Łódź.  
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