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Abstract 
 
Energy fluxes have been measured over a downtown area of Lódz, Poland since November 2000. The existence 
of the multi-year dataset permits the examination of the temporal changes in energy balance partitioning over a 
range of seasonal and synoptic conditions and to elucidate the impacts of heat storage and anthropogenic fluxes 
on the energy balance. The observations show consistent diurnal patterns of energy partitioning between years 
and the importance of urban vegetation and anthropogenic heat inputs to the urban energy balance on the daily 
and annual cycle. The vegetation within the source area (around 30 % of surface cover) led to a reduction in the 
variability and mean of the Bowen ratio during the growing season. Heat storage flux (?QS) was estimated based 
on measurements at the site and is clearly important over the diurnal cycle and can be on average more than 10 
W m-2 for periods of a week or more. Though net radiation accounted for much of the variability in sensible heat 
flux in summer, this was not true in winter when anthropogenic heat flux (QF) plays a more dominant role in the 
energy balance. The monthly estimated QF are in good agreement with previous estimates from energy 
consumption statistics in the summer but less so in winter. 
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1. INTRODUCTION  
 
Within the context of the urban surface investigations, the energy balance at the interface between the urban 
surface layer and the atmosphere can be written: 
 Q* + QF = QH + QE + ∆QS + ∆QA + S (1) 
with the terms defined as: Q*, net all-wave radiation; QF, anthropogenic heat flux; QH, turbulent sensible heat flux; 
QE, turbulent latent heat flux; ∆QS, the change in heat storage within the volume; ∆QA, net advected flux; and S, 
all other sources and sinks. Note that the volume is defined such that flux into the ground is incorporated in ∆QS. 
Most commonly the turbulent fluxes in (1) are measured using eddy-covariance (EC) and at least some of the 
terms assumed to be small and thus neglected (∆QA, S) or zero over long time intervals or incompletely measured 
(∆QS). There are a number of uncertainties inherent in this methodology that lead to an imbalance in (1). These 
uncertainties and errors have been assessed in an aggregated fashion by examining the degree to which (1) is 
closed for a particular site (e.g. Wilson et al. 2002). Even under the best circumstances the energy balance is 
often not perfectly closed. This has implications for determining unmeasured terms of the energy balance. 
Although siting considerations are intended to minimize ∆QA, over large urban areas horizontal gradients of 
temperature exist and advection may play a significant role. The heat storage flux for urban areas has a large 
diurnal range (Arnfield 2003) and may have the largest peak value of the terms on the right hand side (RHS) of 
(1) for densely built urban areas but at best the measurement of urban ∆QS on the local scale is incomplete 
(Arnfield and Grimmond 1998). Data from energy consumption statistics cited by Oke (1988) suggest that annual 
average QF ranges from 20 – 160 W m-2 for large cities which can be from 20 – 300 % of available energy. 
Though QF may be estimated from energy consumption estimates and empirical data regarding traffic flow (Oke 
1987), these data do not always match the temporal or spatial scale of the other measurements and thus may 
only be compared over longer time frames. 
 
Recently a number of studies been initiated encompassing longer-term campaigns using EC (Grimmond et al. 
2002, Nemitz et al. 2002, Rotach 2002). These data are necessary to investigate the nature of temporal variability 
in fluxes and the influence of anthropogenic forcing over longer time-scales. Since November 2000 we have been 
making EC flux measurements in downtown Lódz, Poland. Here we examine interannual and seasonal variability 
in fluxes and partioning including estimates of heat storage and anthropogenic heat fluxes. 
  
2. MEASUREMENTS AND SITE CHARACTERISTICS   
 
The instrumentation is mounted 37 m above ground level on a tubular tower (top diameter 8 cm). The tower itself 
is 20 m tall and mounted on the roof of a 17 m building (hereafter this site is referred to as Lipowa). An ATI K-type 
sonic anemometer measures 3-d wind velocities and virtual temperature. A krypton hygrometer (Campbell 
Scientific) measures water vapor fluctuations. These instruments are mounted on booms extending approximately 
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1 m from the tower, oriented eastward (62º) in the direction of the most densely built and longest fetch. In addition 
radiation components (incoming and outgoing shortwave and longwave) (Kipp & Zonen CNR1), air temperature, 
relative humidity, atmospheric pressure, precipitation, soil heat flux, temperature, and moisture are measured. For 
the analysis here, all fluxes were computed using hourly block averages. Other processing is essentially the same 
as Schmid et al. (2000). Additionally ?QS was computed based on radiometric surface temperature forcing a 1 
dimensionsal heat conduction model for the following elements: roof, wall, and road. Storage in soil was implicitly 
included in the road layer and that in vegetation was neglected due to an absence of observations. Heat storage 
in air was determined from changes in mean air temperature at sonic height but was well correlated with 
calculations from shorter duration vertical temperature profile measurements. Latent heat storage was neglected. 
The total heat storage was calculated by summing the volumetric fractions of the elements. 
 
Mean surface characteristics near Lipowa are generally consistent with direction when the sensible heat flux is 
large (unstable), and source areas are typically smaller and closer to the tower. Within this range (i.e. within ~500 
m of the tower), surface characteristics are less variable. Under neutral and stable conditions, where source areas 
can grow as large as several kilometers, surface characteristics are more variable by direction. However, since 
these conditions contribute only zero or small negative fluxes to the average, the data should be representative of 
the mean characteristics surrounding the tower within the net radiometer source area. The exception to this would 
be flow from 150 – 330º where there is greater vegetation cover and less dense urban fetch. 
 
3. RESULTS 
 
3.1. Temporal variability in fluxes and partitioning 
 
Monthly diurnal patterns in fluxes and daytime partitioning were consistent from 2001 to 2002 although the 
daytime QH for 2002 is slightly greater from July - September (Fig. 1) due to less cloudy conditions and 
consequently higher Q* during the period though QE was of approximately equal magnitude. As is typical for 
urban areas, sensible heat flux is larger than latent heat flux and remains positive after Q* due to release from 
heat storage. Additionally, QH is near zero throughout the night, indicating a near-neutral surface layer at the 
measurement height. During December and January in particular, Q* is only positive for a few hours, yet there the 
sum of the turbulent fluxes are largely positive. This is consistent with other urban wintertime observations where 
anthropogenic heating is a factor (Christen et al. 2002). 

 
Figure 1: Monthly diurnal ensembled flux observations for 2001 and 2002. The number of observations varies. 

Unfortunately due to the failure of sonic transducers in both years, little data is available for May and June so it is 
difficult to estimate the actual timing of vegetation influence. Differences in Bowen ratios between rural and urban 
sites have been cited as one impact of urbanization (Oke 1987, Kuttler 1988). However this does not incorporate 
periods following rainfall events, when surface moisture quickly evaporates or runs off, leading to short-term 
changes in the Bowen ratio (ß). The variability in ß is reduced during the summer period due to the influence of 
vegetation. ß reaches a maximum in the spring when Q* is increasing but vegetation is not active and during 
times of little or no rain (e.g. April 2002) (Fig. 2). Daytime peaks in ß are much less pronounced during the 



summertime, and there is less variance, which can be attributed to role of vegetation. The Bowen ratio is slightly 
greater during the summer of 2002 than 2001 as there was less rain in July and August 2002 compared to 2001. 

  
Figure 2 (left): Daily totals of rainfall and daily daytime Bowen ratio [SQH/ SQE for (Q*, QH, QE)>0] 
Figure 3 (right): Diurnal ensembled energy balance components for 2002 (right). Error bars for QF are ± 1 
standard deviation. 
 
3.2. Heat storage, anthropogenic heat flux estimation and energy balance closure 
 
The storage heat flux was estimated for the two years using 15 minute averages of the relevant fields. Over the 
course of a year ∆QS is close to zero, -0.1 and -0.04 W m-2 in 2001 and 2002, respectively. Over a single month, 
∆QS ranges from -8 to 6 W m-2 over the two years. Over monthly and longer time frames QF can be estimated 
from the measured energy balance residual and the error resulting from neglecting changes in heat storage 
should be within ± 10 W m-2.  However, since a ∆QS estimate is available, an hourly average was calculated and  
QF was determined as the residual of (1) with advection and other sources or sinks assumed to be zero. QF thus 
incorporates all the errors in measurement but only systematic errors will be important over long time scales. This 
results in an expected annual cycle of QF with fluxes larger than Q* in the winter and smaller and sometimes 
physical unrealistic negative fluxes in the summer. Eliminating the directions of shorter (dense urban) fetch and 
greater vegetation (180 – 330º) increases QF but still result in some unrealistically small summertime fluxes. 
Errors in the magnitude and timing of diurnal ∆QS variations could bias the results here since the turbulent fluxes 
are not a complete time series. Still the values correspond well to the overall trends given by Klysik (1996). 
 
On a diurnal basis, the patterns of QF calcualed as the residual of (1) do not seem to coincide with our concept of 
reality. In summer one would expect peaks in QF during the day, possibly coinciding with increases in traffic. 
Examining the diurnal course of QF over 2002 shows peaks around sunrise and sunset and zero or slightly 
negative values at midday (Fig. 3). This is a physically unrealistic scenario and suggests that either the amplitude 
and/or phase of ∆QS is incorrect or turbulent fluxes are underestimated at their peaks. In order to use observed 
data, peak storage was underestimated relative to an estimate which included observation of roof, road, and 
external wall surface temperature.  This altered the diurnal course of ∆QS and could account for some of this 
discrepancy. Correcting for this difference (approximately 20 % of the total storage) over the diurnal course leads 
to smaller values of QF at night (approximately zero from midnight to 0400) and values between 10 and 20 W m-2 
from 10 – 15 h with peaks still at sunrise and sunset. Thus it seems midday turbulent fluxes may still be 
underestimated. 
 
Over primarily vegetated surfaces, generally there is a lack energy balance closure, with totals of Q* exceeding 
QH+QE+QG+∆QS by 10% or more (Sakai et al. 2001, Wilson et al. 2002). This method is not appropriate for urban 
areas if QF is unknown and not incorporated into the available energy. Another method uses the slope of the 
linear regression of the sum of the turbulent fluxes on the available energy to represent the degree of energy 
balance closure (Wilson et al. 2002). This assumption is valid for urban areas only if QF is incorporated into the 
available energy term or can be assumed to be constant over the data. This is not strictly true since QF varies 
both diurnally and seasonally. However, since QF is always positive, in this context it can be modeled by a 
constant with the addition of an error term and the error term will be incorporated into the regression error. The 
linear regression of QH+QE on Q*-∆QS (since hourly QF is unknown) yielded summer estimates of closure that 
were in the upper half of  Wilson et al. (2002) and similar R2 values. For the winter months, the degree of closure 
is more variable with slopes ranging from 0.71 – 1.3 with R2 and index of agreement values much lower with 
greater departures from unity. Since notable errors in the independent variable exist due to ∆QS, the reduced 
major axis yields a better estimate of the slope assuming the ratio of errors in the dependent to independent 
variables are equal to the ratio of their variances (Mark and Church 1977). The reduced major axis slopes are 
nearer to 1 in most cases but can grow large in winter due to the larger relative variation in ∆QS. 
 
Over vegetated surfaces, the intercept of the regression is not attributed to a physical cause (Wilson et al. 2002). 
Here, as noted, if we assume that the anthropogenic fluxes represent a relatively constant addition to the 



available energy, then the intercept can be interpreted as QF. In summer this assumption is likely better met 
because QF is less affected by environmental conditions and the intercept for the regressions is the same 
magnitude as the expected QF. In winter, the results are mixed, with some months (e.g. December both years) 
corresponding well with the expected QF. The better results occur when there was little temperature variation in 
the month. For this method QF averaged 39 W m-2 from October to April, and 22 W m-2 from May – September 
and around 30 W m-2 for both years. The values calculated from Klysik (1996) for these periods are 55 and 21 W 
m-2 respectively and although the nature of energy consumption has changed in the intervening time period these 
figures are thought to be still accurate. 
 
4. Conclusions 
 
Partitioning of net radiation into the turbulent fluxes is consistent between the two years with the largest 
differences occurring due to differences in precipitation. The monthly diurnal cycles of the turbulent fluxes over the 
two years are also similar, with the largest differences occurring during July – September attributable to greater 
net radiation over the period in 2002. Estimates of ?QS independent of the turbulent flux measurements indicate 
that storage fluxes play an important role controlling the exchange of energy between the urban surface and the 
atmosphere on the scale of hours to days. Even over longer time periods it can contribute an important fraction of 
the available energy but is generally dominated by the other source terms over scales longer than a day.  
 
Despite the limitations of the ?QS estimate, it allows for testing energy balance closure over shorter time periods 
where ?QS cannot be assumed to equal zero. Here there was a high degree of closure, particularly during the 
summertime. Poorer closure in winter is attributed mainly to random errors in ?QS and greater variation in QF. 
Closure was improved by restricting the data to winds from the direction of greatest dense urban fetch. However it 
was noted that peak turbulent fluxes still appear to be underestimated which is partially but not completely 
explained by the ?QS estimate. In the future more complete measurements will be used to improve the ?QS 
estimate and to better assess the apparent underestimation. Given the high degree of closure for most time 
periods, it was assumed that the residual of the energy balance represents the anthropogenic heat flux 
contribution although during summer this can lead to physically unrealistic values. Alternatively QF was interpreted 
as the intercept of the regression of the turbulent fluxes on available energy. After a qualitative comparison, this 
second method is preferred particularly in summer when relative errors in the independent variables are smaller.  
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