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ABSTRACT

Surface properties, such as roughness and vegetation, which vary both within and between urban areas,
play a dominant role in determining surface–atmosphere energy exchanges. The turbulent heat flux parti-
tioning is examined within a single urban area through measurements at four locations in Łódź, Poland,
during August 2002. The dominant surface cover (land use) at the sites was grass (airport), 1–3-story
detached houses with trees (residential), large 2–4-story buildings (industrial), and 3–6-story buildings
(downtown). However, vegetation, buildings, and other “impervious” surface coverage vary within some of
these sites on the scale of the turbulent flux measurements. Vegetation and building cover for Łódź were
determined from remotely sensed data and an existing database. A source-area model was then used to
develop a lookup table to estimate surface cover fractions more accurately for individual measurements.
Bowen ratios show an inverse relation with increasing vegetation cover both for a site and, more significant,
between sites, as expected. Latent heat fluxes at the residential site were less dependent on short-term
rainfall than at the grass site. Sensible heat fluxes were positively correlated with impervious surface cover
and building intensity. These results are consistent with previous findings (focused mainly on differences
between cities) and highlight the value of simple measures of land cover as predictors of spatial variations
of urban climates both within and between urban areas.

1. Introduction

A significant number of surface energy balance stud-
ies of urban areas have been published in the last five
years (Grimmond and Oke 2002; Christen and Vogt
2004; Grimmond et al. 2004; Offerle et al. 2005a). Most
of these studies involve local-scale observations at only
one or two sites within a city. As a consequence, inter-
urban differences in the surface energy balance have
been relatively well studied while intraurban variations
and their significance have received much less atten-
tion, although the spatial variability would be expected
to be similar. Grimmond and Oke (2002) showed that

local surface cover characteristics, such as fraction of
vegetated and impervious surfaces or building mor-
phometry and density function as important controls on
surface energy balance (SEB) fluxes in cities. Urban
surface flux parameterizations that incorporate such re-
lations are able to reproduce fluxes in good agreement
with observations (Martilli et al. 2002; Masson et al.
2002; Grimmond and Oke 2002). Given that the spatial
variability of surface cover can be as great within cities
as between cities, it is reasonable to expect that signifi-
cant differences in heat fluxes will occur across a city,
for example, from a large park to the central business
district (CBD). These differences are important be-
cause they can give rise to observable local climate ef-
fects such as the “park breeze” (Thorsson and Eliasson
2003). As computational resources have increased, the
resolution of mesoscale models has improved so that
not only are urban areas resolved but also the spatial
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variability within a city may be resolved when the urban
area is large. This fact means that there is a need to
know the spatial variability of surface cover and heat
fluxes across the urban domain.

Schmid et al. (1991) found that the spatial variation
of sensible heat flux QH within a single land use class,
that is, suburban residential, was comparable to urban–
rural differences. The variability in QH decreased with
the increasing size of the estimated source area for the
measurement, thus limiting the influence of small-scale
surface inhomogeneities on the measured fluxes
(Schmid et al. 1991). This result implies that the actual
source-area characteristics determine flux partitioning
and that using average characteristics independent of
the flow characteristics in areas with sub-source-area
heterogeneity may be imprecise. The use of generic
descriptors of land use and land cover characteristics
for meteorological modeling in urban areas will likely
underestimate the spatial variability of surface–
atmosphere exchange. Lemonsu et al. (2004) demon-
strated that use of the default surface characterization
for an area in Marseille, France, results in poorer per-
formance of an urban land surface scheme than when
the site-appropriate values are chosen.

Classifications of urban surfaces for meteorological
modeling purposes are limited in the extent to which
they can accurately represent the variation in surface
characteristics and still remain generic. Examples of ex-
isting urban land use/land cover (LULC) classifications
that considered meteorological characteristics as a ra-
tionale are Auer (1978), Ellefsen (1990), Grimmond
and Souch (1994), and Theurer (1999). In general, the
wide availability of remotely sensed data and existing
spatial databases for urban areas make it possible to
calculate surface characteristics for cities relatively sim-
ply without needing to rely on estimates from an LULC
classification.

The primary objectives of this paper were to study
the intraurban variation of the SEB through direct ob-
servation methods in a European city and to investigate
the correlation between heat flux partitioning and
physical properties of the surface that can be more eas-
ily and routinely measured. Field measurements were
conducted during August–September 2002 in Łódź, Po-
land, around the urban area where long-term measure-
ments of the SEB have been conducted since No-
vember of 2000 (Offerle et al. 2005a). Fluxes of net
radiation Q*, sensible heat, and latent heat QE were
measured at each of the study sites. Surface properties
fundamental in controlling the SEB were determined
through ground sampling, remote sensing, and an ex-
isting surface database.

2. Methods

a. Sites and measurements

Prior to the field campaign, aerial photographs (ca.
1994) were used to identify extensive, contiguous areas
of homogeneous land cover representative of the major
land use types: rural (RUR), suburban residential
(RES), and industrial development (IND). Locations
within the major land uses were selected based on the
homogeneity of the surrounding land cover and the
availability of a suitable measurement platform. Figure
1 shows the locations of the measurement sites and
generalized land cover in Łódź. The long-term mea-
surement site was located downtown in a dense urban
CBD (Offerle et al. 2005a). The other sites, referred to
collectively as “mobile,” used two sets of instrumenta-
tion that were relocated to different locations within 10
km of the long-term site. Therefore, only two mobile
sites and the CBD site were operational at any one
time.

For the CBD site, data from an Applied Technolo-
gies, Inc. (ATI; Boulder, Colorado), K-type sonic an-
emometer and a krypton hygrometer [Campbell Scien-
tific, Inc. (CSI), Logan, Utah] mounted at 37 m above
street level were used to calculate turbulent fluxes. A
Kipp and Zonen CNR1 radiometer (Delft, Nether-
lands) was used to measure short- and longwave radia-
tive fluxes. Data from a Rotronic Instrument Corpora-
tion (Huntington, New York) MP100H temperature
and relative humidity probe at the same height were
used to provide air temperature Ta and relative humid-
ity (RH) for flux calculations. Further measurement
details for this site are provided in Offerle et al.
(2005a). Measurements at the mobile sites were con-
ducted using a sonic anemometer (Model 81000, R. M.
Young Company, Traverse City, Michigan), and either
a krypton hygrometer (CSI) for water vapor flux mea-
surements or an open-path infrared gas analyzer (LI-
7500, Li-Cor, Inc., Lincoln, Nebraska) for both carbon
dioxide (CO2) and water vapor. Net radiation Q* was
measured by Radiation and Energy Balance Systems,
Inc. (REBS, Seattle, Washington), Q*7.1 net radiom-
eters.

The instruments were mounted at heights exceeding
2 times the mean obstacle height; however, at IND the
instruments were mounted 3 m above a 5 m � 5 m wide
building, and at RES it was only possible to extend the
boom for the instruments 1.5 m from the tower side, an
open lattice structure of 2 m on a side. A listing of
instrumentation and measurement heights for the sites
is given in Table 1. Data from the sonic anemometers
were processed into half-hourly statistics and fluxes,
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were block averaged, and were rotated to streamwise
coordinates (Kaimal and Finnigan 1994). Corrections
were applied for sonic virtual temperature (Schotanus
et al. 1983), buoyancy effects on water vapor flux
(Webb et al. 1980) and oxygen absorption for the kryp-
ton hygrometers (van Dijk et al. 2003). To ensure con-

sistency, data were excluded according to the criteria
listed in Table 2.

The mast configuration at CBD made it possible to
compare only one set of mobile instruments during the
field campaign. The results show that these mobile in-
struments compared well to the long-term measure-

FIG. 1. (left) Locations of flux measurement sites overlaid on ASTER visible and near infrared (VNIR) (321) 17 Aug 2002. The circles
show a radius of 500 m around the sites. (right) A simplified classification developed from aerial photographs and maps for land use
and building types. Shaded areas are classified according to Łódź GIS. North is to the top of the map.

TABLE 1. Instruments used for energy balance flux measurements. Corrections from cross calibration of instruments are given
where appropriate.

Mobile 1 Mobile 2

CBD (long term) RUR IND RES CBD-M

Period (DOY 2002) All days 228–235 235–245 228–239 241–245
zs (m) 37 2 23 41 35
Sonic anemometer ATI K type R. M. Young 81000 R. M. Young 81000
Mean �� (offset, slope) 1.23, 0.99 1.23, 0.99
H2O Krypton Krypton LI-7500
Q* CNR1 Q*7.1 Q*7.1
Offset �3.7 �4.2
Multiplier (Q* � 0, Q* � 0) 1.13, 1.17 1.16, 1.26
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ment setup (Fig. 2). The net radiometers were com-
pared later. Corrections for the mobile instruments
were determined by ordinary least squares regression
with separate coefficients for daytime (Q* � 0) and
nighttime values (Kaminsky and Dubayah 1997;
Brotzge and Duchon 2000) after first applying the
manufacturer’s correction for wind speed. The applied
corrections for the instruments are given in Table 1.
Sonic temperatures �� were also corrected for measure-
ment height relative to CBD. Because there is little
topographic variation, this adjustment is small.

b. Surface characteristics

Given the range of LULC schemes that are used in
the literature to characterize sites and their use for me-
teorological modeling purposes, the class that would
best characterize each site for a number of schemes is
included in Table 3. However, surface characteristics
here were determined from existing data sources and
some additional ground sampling. Building height in-
formation was added to a vector geographic informa-
tion system (GIS) of building footprints based on sam-
pling carried out during the field campaign. About 75%
of the sampled buildings were within 1 story of the
estimated height, with a mean difference of 0.3 stories.
The largest errors occur for tall buildings (relative to
surrounding buildings); thus the height values underes-
timate the variance in building height. An Advanced
Spaceborne Thermal Emission and Reflection Radiom-
eter (ASTER) image acquired during the field cam-
paign was used to determine the broadband albedo (Li-
ang 2000) for all sites. Based on the results near CBD,
where albedo was directly measured (0.08 in situ vs 0.10
ASTER), the estimate of albedo appears to be slightly

biased. Emissivity was determined directly from the
ASTER level-II emissivity product (Abrams et al.
2002) averaged over the five thermal bands. Vegetation
cover was determined based on the linear relation be-
tween the ASTER-calculated normalized difference
vegetation index [NDVI; NDVI � (band 3 � band 2)/
(band 3 � band 2)] and vegetative surface fractions
identified from the aerial photographs.

The roughness length for momentum was computed
using anemometric and morphometric methods be-
cause modelers will have access only to this latter value
or one based on a generic classification. The anemo-
metric roughness length was computed by solving the
stability-corrected (Panofsky and Dutton 1984) loga-
rithmic law for z0M based on an assumed zero-plane
displacement height zd. Data were restricted to local
Monin–Obukhov stability parameter [	 � (zs � zd)/L,
where zs is the measurement height and L is the
Obukhov length], between 0 and �0.1, and zd was
taken from the morphometric estimate. The Raupach
(1994) morphometric method [selected based on Grim-
mond and Oke (1999a)] was determined from the av-
erage of cell values within 500 m of the tower locations
without the inclusion of vegetation effects. These ef-
fects are important where trees are higher than the
buildings and represent a large fraction of the surface
cover such as for IND and RES and the zd estimate
would therefore be biased to be too low. Thus, as would
be expected, the morphometric estimates differ most,
by a factor of 2 or more, from the anemometric values
in the cases of IND and RES (Table 3). The values for
the CBD site correspond closely, being different by less
than 10%.

Canyon aspect ratio H/W is most readily calculated
for cases in which there is a bilateral symmetry about
the street’s long axis (Oke 1987). This condition is ap-
proximately true for the central core of the city but not
for other areas with scattered buildings and is difficult
to reconcile with street vegetation. The Table 3 values
were estimated from road widths and building heights.
The CBD value is approximately equal to that calcu-
lated from the road sky-view factor 
. The average 

from 40 digital fish-eye photos (Grimmond et al. 2001)
for roads (not including intersections) in the CBD area
was 0.54. Inverting the theoretical 
 equation for a sym-
metric infinite canyon (Oke 1987) gives an H/W of 0.78.
The average 
 over all of the fish-eye photos taken in
the CBD area was 0.62, giving an H/W of 0.63.

c. Flux source-area estimation

It is a reasonable first approximation that the char-
acteristics at each site be estimated using a simple area-

TABLE 2. Criteria used for the acceptance of flux measure-
ments. Subscripts refer to variable, i.e., velocity component (u, �,
and w), sonic temperature (T), or fast-response absolute humidity
(��).

Flux Criteria

Momentum No. of obs (Nu,�,w) � 50% of possible
No. of spikes detected (NSu,�,w) � 0.5%
Vertical rotation angle (� ) � 60°
Variance (
2): 
2

w � 2.25, 
2
u � 10, 
2

� � 5,
0.01 � u* � 2

0.1 � wind speed � 10
*Rain, hourly � 0.0 mm, surface wetness (SW)

� 10 k�, � ln(SW) � �2
Sensible heat NT � 50%, NST � 0.5%, 
2

T � 2.25,
�100 � QH � 500, |T � Ta| � 5**

Latent heat N�� � 50%, NS�� � 0.1%, 
2
�� � 5,

�100 � QE � 500, |�� � ��(RH)| � 15

* From CBD location.
** Only for CBD.
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average approach, but the true surface characteristics
will vary with each measurement because of changes in
turbulence characteristics and stability. Over natural
surfaces where ecosystem-scale representation is often
an objective, Schmid and Lloyd (1999) demonstrated
that smaller-scale surface inhomogeneities can result in
a “sensor location bias,” meaning that the sensor does
not measure the “true” ecosystem flux resulting from
differences in the average surface characteristics be-
tween the observed source area and the average value
of the ecosystem of interest. Therefore, a representa-
tive urban flux within many cities is difficult to obtain
because of both the spatial heterogeneity and the lack
of adequate extent of any particular agglomeration of
constant surface characteristics. It is imperative that the

source areas be estimated to determine the surface
characteristics of the actual measurements.

To determine the approximate source areas for the
fluxes, the analytical flux source-area model (FSAM) of
Schmid (1994) was used. Although it is recognized that
this applies only to homogeneous surface layers, run-
ning a three-dimensional model was not considered be-
cause of the more comprehensive input required in
terms of surface structure and turbulence parameter-
ization within urban canyons. For all sites, a lookup
table was created in three parameters: the Monin–
Obukhov stability parameter 	, normalized transverse
velocity standard deviation (
� /u*, where u* is friction
velocity), and wind direction. The parameter set was as
follows: 	 � {�0.5, �0.1, �0.05, 0, 0.05}, 
� /u* � {1.5,

FIG. 2. Comparison of flux measurement systems at CBD. The mobile system, CBD-M, is mounted �2 m lower
and nearer to the mast than the CBD system. The dashed and solid lines represent the 1:1 and best-fit linear
regression, respectively. The line estimate and coefficient of determination (R2) are shown in each plot.
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2.5, 5.0}, and wind direction in 15° increments. This set
resulted in a lookup table with 360 source areas for
each site. Because unstable source areas are smaller,
which may result in more variance among measure-
ments, more categories were specified for these cases.
The other site-specific parameters, (zs � zd)/z0M and
z0M, were determined from the aerodynamic z0M and
morphometric zd. The matrix of source-area weights
(90%) was computed on a 1-m grid (cell size) for the
RUR site and on a 10-m grid for the other sites. The
fractions of vegetation, buildings, and impervious sur-
faces (other by residual) were determined. The source-
area matrix was truncated for regions outside of the
grid domain (500 � 500). The average results are given
in Table 4 for unstable conditions, which are the times
of greatest turbulent exchanges of heat.

At CBD the fraction of vegetation ranges from 0.14
to 0.4 with a mean of 0.27 (	 � �0.1) (Offerle et al.
2005a). During this field campaign, for unstable condi-
tions (Table 4) the vegetation fraction averaged 0.24
and building coverage, with a slightly smaller range,
averaged 0.35. The residential site, originally a subur-
ban development (Kłysik 1996), has more vegetation
and a lower housing density than the more recent resi-
dential developments that make up more of the city.
The source area for this site included a large open field,
about 250 m to the east, with a small channelized
stream. In this area, tall grasses were the primary veg-
etation, although in the greater source area, trees,
mostly deciduous and taller than building height, and
well-irrigated lawns were dominant. At RES under un-
stable conditions, the mean vegetated surface fraction

TABLE 3. Characteristics of the measurement locations. Urban LULC classes are defined in the respective references.

Site ID CBD IND RES RUR

Land use Commercial,
institutional,
residential

Industrial, commercial,
power generation,
residential

Residential Airport

Land cover description Dense urban attached
structures

Low, long, narrow
buildings

Single-family detached
houses, some
institutional and
block houses

Open grass, perimeter
trees, and some
detached buildings

Roof Flat to slightly pitched,
tarred

Flat to slightly pitched,
tarred, metal

Pitched, asphalt
shingles, metal, or
tiles

Stories 3–6 2–4 1–3
Walls Concrete, brick Concrete, brick Wood, concrete, brick
Vegetation Deciduous street trees

� building height
Deciduous street trees

� building height
Short grass, mixed

deciduous, evergreen
trees � building
height

Short grass (�0.1 m),
tall grass, mixed
herbaceous (0.1–0.3 m)

Other Asphalt streets,
pavements

Asphalt streets,
pavements

Brick or asphalt
streets, pavements

Sandy soil

Urban LULC class
Auer (1978) C1? I2 R2 A1
Ellefsen (1990) A2 Do4 Dc3–Do3 —
Grimmond and Souch

(1994)
CB? I A VGR

Theurer (1999) CC–BEB IA SFH GA
Ground elev (m) 204 204 210 182
Building heighta zH (m) 10.2 8.5 7.7 0
Canyon aspect ratio H/W 0.75 0.4 0.3 0
Plan area index �p 0.3 0.2 0.1 0
Displacement heighta,b zd 7.4 3.6 1.8 0.38
Morphometric roughness

lengtha,b z0M

1.7 0.62 0.32 0.02

Anemometric roughness
length z0M

1.7c/1.7 (mobile) 1.3 1.2 0.01

Albedod � 0.10 (0.08c) 0.14 0.15 0.18
Emissivityd � 0.93 0.92 0.94 0.99

a Mean of values from within 500 m of measurement location from building dimensions only.
b Raupach (1994).
c Observation from long-term measurement location.
d ASTER derived.
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was 0.78, with only 0.10 in buildings. The industrial site
had a surprising amount of canopy-level vegetation
(0.39, unstable), with most streets lined with trees as
well as tree or grass cover over some abandoned or
undeveloped areas. In terms of vegetated fraction IND
fell between CBD and RES, with approximately the
same impervious surface fraction as that of CBD.

Consideration must also be given to the source area
of the net radiation measurement because any incon-
gruities between surfaces in the field of view of the
radiometer and the source area of the flux measure-
ment could lead to an imbalance in the observed energy
balance. For these sites, source-area characteristics for
the net radiative fluxes (Schmid 1994) can differ from
the unstable source areas by as much as 0.2 (Table 4),
with the greatest differences occurring at IND.

3. Results and discussion

Synoptic conditions were consistent during most of
the observation period, dominated by high pressure
situated over the Baltic. Days were predominately clear
and dry, with nighttime cloudiness being more variable.
Stable conditions at CBD, though unusual over the
longer term, occur on about one-half of the nights of
this field campaign.

Wind speed did not vary significantly over the urban
sites during the daytime, although on occasion higher
values were recorded at RES. Even the RUR wind
speed at 2-m height was within 1 m s�1 of CBD. At
night RUR wind speeds were much lower, as would be
expected, and RES was noticeably higher (not shown).
Air temperature measured close to the surface is
strongly impacted by local characteristics. The RUR
site has the greatest diurnal range in �� and is substan-
tially cooler than CBD at night (Fig. 3). This can be
seen as primarily a local effect resulting from the strong
coupling with surface temperatures at this height. Tem-

peratures at RUR are slightly warmer by day and
around 3°–4°C lower at night, consistent with previous
estimates of urban–rural temperature differences
(Kłysik and Fortuniak 1999). The maximum RUR–
CBD difference of approximately �8°C occurs on the
night of yearday (DOY) 234–235 when conditions were
clear and calm (wind speed � 0.5 m s�1 at CBD) as is
typical for the nocturnal urban heat island (UHI). Tem-
peratures for the other sites are more similar (Fig. 3),
and they again vary as might be expected, with RES
being slightly cooler than CBD, both day and night, and
IND being slightly warmer by day. Because the heights
of both CBD and RES are very similar, their difference
may come closer to approximating a surface layer UHI
effect, in this case around 0.5°C.

The most notable differences in diurnal patterns of
net radiation also occur between RUR and the other
sites. Figure 4 shows the diurnal differences in Q* with
reference to CBD. The mean midday difference be-
tween CBD and RUR can mostly be attributed to the
difference in outgoing solar radiation (i.e., because of
albedo). Measured solar radiation at CBD was over 700
W m�2 at midday, meaning 56 W m�2 more outgoing
shortwave radiation at RUR, which is approximately
equal to the midday difference in Q* between the sites.
This condition also requires approximately equivalent
net longwave radiation at midday. Net radiation at RES
and net radiation at CBD are similar in the daytime
despite their different albedos, and thus the difference
in outgoing longwave radiation between the two sites
must balance the difference in net shortwave radiation
(in this case about 35 W m�2). At IND the nighttime

TABLE 4. Spatial mean (standard deviation) of source-area sur-
face characteristics (plan-area fraction) during measurement pe-
riod for turbulent fluxes (unstable) using FSAM filter and net
radiative fluxes using circular filter. Buildings (BLD) footprints
were taken from a 10-m grid, and vegetation fraction (VEG) is
from a 15-m grid. Impervious (IMP) surface cover other than
buildings was determined as the residual.

Unstable 90% Radiometer 90%

Site BLD VEG IMP BLD VEG IMP

CBD 0.35 (0.09) 0.24 (0.11) 0.41 (0.04) 0.34 0.34 0.32
IND 0.17 (0.02) 0.39 (0.14) 0.44 (0.12) 0.12 0.24 0.63
RES 0.10 (0.03) 0.78 (0.07) 0.13 (0.05) 0.15 0.74 0.11
RUR 0.00 (0.00) 1.00 (0.00) 0.00 (0.00) 0.00 1.00 0.00

FIG. 3. Diurnal differences in sonic temperature �� from CBD
site.
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difference suggests slightly higher outgoing longwave
radiation. That net radiation should be spatially con-
servative across an urban area can be expected because
differences in albedo are offset by differences in out-
going longwave radiation. Over the total course of a
day, the differences in Q* are small except at IND. The
RES and RUR sites differ by 5% or less from CBD
(Table 5). At the IND site, with a much higher imper-
vious fraction in the radiometer source area, Q* was
10% lower than at CBD. Christen and Vogt (2004)
found similar small differences in a mix of urban and
rural surface covers and a larger reduction in Q*
(�50%) over a concrete surface.

Thus, aside from the rural site, differences in the pri-
mary energetic forcing for the turbulent fluxes are small
(Q* and wind speed), and similar patterns between the

sites can be expected as Fig. 5 shows. The major differ-
ences between the sites concern the magnitude, timing,
and partitioning of the turbulent fluxes, which are con-
trolled to a large extent by surface characteristics,
namely, the amount of active transpiring or evaporating
surface and the thermal properties. At the more heavily
built sites, CBD and IND, QH and QE increase nearly
simultaneously, whereas at the primarily vegetated sites
QH lags QE, with the greatest lag over the grass surface
(Fig. 5). During the daytime QH is greater than QE. Of
interest is that QE at the denser urban sites is generally
greater at night than over RUR and RES. This situation
could be a result of the nocturnal boundary layer air
over the vegetated areas being more saturated and thus
restricting latent heat transfer. In addition, the total
heat storage over the daytime is greater in these areas,
providing warmer surface temperatures and additional
energy for evaporation because QH � QE is more fre-
quently positive at night.

About 35 mm of rain fell during 8 days preceding the
field campaign, including DOY 228, but during the
study period measurable rainfall occurred only at the
end, on DOY 241 and following days. Volumetric soil
moisture (averaged to 150-mm depth) measured at
CBD decreased over the entire period, from 20% to
12%. At RUR gravimetric samples from the upper 50
mm of soil decreased from 11.8% to 5.3% over the first
7 days. At the beginning of the measurement period
(DOY 229 of 2002), QE at RUR initially was more than
2 times the magnitude of QH, but it dropped off to a
daytime ratio close to 1 after 2 days. CBD and RES
were less influenced by this earlier rainfall because
trees make up a greater percentage of the nonimpervi-
ous surface, and much of the rainfall is channeled out of
the system; however, the effects of the earlier rainfall
were still apparent. During the dry period (DOY 232–

FIG. 4. Diurnal differences in net radiation from CBD.

TABLE 5. Net radiation and flux partitioning (W m�2) over all observations and daytime. Here, Q* CBD is the net radiation measured
at CBD for the same observations periods as the mobile-site Q* (see Table 1). Values given in parentheses for �QS/Q* daytime show
results after daytime turbulent fluxes are adjusted so that storage is zero over the period.

Site Q* Q* CBD QH QE �QS QH/Q* �* �QS/Q*a

All
CBD 99.6 99.6 55.8 38.8 5.0 0.56 1.45 0.05
IND 82.9 91.8 39.3 31.6 12.0 0.47 1.25 0.16
RES 107.7 102.4 36.6 58.5 12.6 0.34 0.64 0.13
RUR 133.2 135.6 27.6 89.4 16.3 0.21 0.29 0.10

Day (Q* � 0)
CBD 292.1 292.1 127.5 68.4 96.1 0.44 1.83 0.32 (0.29)
IND 264.0 271.4 94.5 56.6 113.0 0.36 1.61 0.41 (0.31)
RES 304.9 299.1 90.9 112.5 101.5 0.30 0.80 0.32 (0.23)
RUR 290.2 314.0 64.7 156.8 68.6 0.22 0.41 0.24 (0.16)

a Results calculated from diurnally averaged values.
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240) the influence of earlier rainfall was minimized, and
the Bowen ratio (� � QH/QE) varied inversely with the
fraction of vegetated surface (Fig. 6). Figure 6 indicates
that � shows a relation with the fraction of vegetation

both between sites and within sites, although there is
much scatter. Likewise, the ratio of turbulent sensible
heat flux to available energy is positively correlated
with total impervious surface (Fig. 7). This relation is
important because it suggests that the fraction of the
vegetated area can be used effectively as a method to
partition the convective energy fluxes in land surface

FIG. 5. Diurnal fluxes over the dry period of the campaign.

FIG. 6. Relation between source-area fraction of vegetation and
observed Bowen ratio for dry period of campaign (DOY 232–240
of 2002) for daytime (Q* � 0 W m�2) and positive turbulent
fluxes. The solid lines represent the LUMPS prediction (Grim-
mond and Oke 2002), and Christen and Vogt (2004) described in
the text; X and Y error bars are �1 std dev. Site sample points are
shown for 1000–1400 LST.

FIG. 7. Similar to Fig. 6, but relating total impervious surface to
the sensible heat available energy ratio [QH/(Q* � �QS), where
�QS is the measured energy balance residual].
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schemes in urban areas. Because the Bowen ratio is
used in a number of schemes as a characteristic of a
site/grid (Ross and Oke 1988) this approach provides a
way of assigning a value a priori.

The Priestley and Taylor (1972, hereinafter PT) for-
mulation for potential evaporation gives a latent heat
flux of

QE �
�PT

1 �
�

s

�Q* � �QS�, �1�

where �PT is an empirically determined coefficient (ap-
proximately 1.26 for saturated land surfaces and open
water), � is the psychrometric constant, and s is the
slope of the saturation vapor pressure curve for a given
temperature. Sensible heat flux is then determined by
Q* � �QS � QE. If one assumes an air temperature of
20°C and scales total evaporation by fraction of vegeta-
tion, the curve defined by (1) would result in a � of
approximately 5 at 20% vegetated surface fraction. As
� is reduced to more realistic values, the predicted �
increases, as expected, for a given vegetation fraction.
A similar assumption occurs when a tile scheme is used
in a grid of a mesoscale model (e.g., Masson 2000; Best
2005). The responses from the tiles are weighted by
their areal fractions in the grid cell (see Fig. 2 of Best
2005) and do not interact at the subgrid scale. An al-
ternative approach is to consider the surface as an in-
tegrated whole (see Fig. 2 of Grimmond and Oke 2002)
that has separate fractions but for which the response is
treated as a whole in the analysis. The de Bruin and
Holtslag (1982) modification of the PT combination
equation for actual evaporation using the coefficients
specified in Grimmond and Oke (2002) [local-scale
urban meteorological parameterization scheme
(LUMPS)] is plotted in Fig. 6. In this case the surface is
treated as the integrated whole. The LUMPS estimate,
which was developed and evaluated over a wide range
of urban observations (Grimmond and Oke 2002),
shows good agreement with the values here (Fig. 6).
The relation reported by Christen and Vogt (2004) for
Basel, Switzerland, is very similar to the LUMPS esti-
mate, although allowing for better agreement at the
rural end because this is fixed by �RUR. The site means
suggest slightly lower Bowen ratios for the more imper-
vious sites but well within one standard deviation of the
mean.

If heat storage flux is assumed to be zero, the PT
relation can be estimated for QH/Q* (Fig. 7). To com-
pare measured values where heat storage is nonzero,
the sample data were referenced to available energy
calculated as Q* � �QS, where �QS is the residual

estimated storage term. This is equivalent to the sum of
the turbulent fluxes, and the value should range be-
tween 0 and 1. Again the LUMPS estimate shows bet-
ter agreement with the observations, suggesting these
measurements fit well with other urban observations.

In examining the data over the entire field campaign
(DOY 229–246) it is seen that the patterns in flux par-
titioning are essentially the same even though there are
greater differences in the times and synoptic conditions
over which the fluxes were measured (Table 5). Sen-
sible heat flux at CBD is more than one-half of net
radiation, decreasing to slightly less than one-half at
IND and less than 35% at the other two sites. Latent
heat fluxes show the opposite trend for the sites. For
daytime conditions only, the patterns also remain un-
changed although the Bowen ratio increases. The mid-
day Bowen ratio, which is expected to be the highest, is
still below the LUMPS prediction given in Fig. 6 for the
CBD site but matches closely for the other sites.

These results agree with what has been found in
other urban campaigns in terms of relations to surface
cover. Schmid et al. (1991) attributed differences in QH/
Q* between sites in a residential area as being a result
of the amount of vegetation in the source area. They
also noted that this and the other flux ratios examined
here are not constant in time but exhibit a large degree
of variability that may be attributed to the size and
makeup of the source area for one particular measure-
ment, as is shown in Figs. 6 and 7.

Estimation of the storage heat flux is difficult in ur-
ban areas because of the complexity of the surface at
the microscale (e.g., materials, orientations), and we
are not able to directly measure it at the local scale. If
energy balance closure is assumed then the residual can
be used to determine �QS. This accumulates all of the
errors and the unmeasured terms of the SEB into the
residual �QS (Grimmond and Oke 1999b). An estimate
of �QS for CBD, independent of the turbulent flux
measurements (Offerle et al. 2005b), ranged from �6 to
5 W m�2 for any 5-day period during the campaign. The
most positive value coincided with the dry period. Al-
though actual �QS will differ between the sites, here all
sites have a positive residual, that is, �QS � Q* � QF

� (QH � QE) � 0, over the period of the field cam-
paign (Table 5) even if the anthropogenic heat flux QF

is assumed to be zero. A lack of closure is a common
occurrence in eddy covariance measurements of the
surface energy balance (Wilson et al. 2002). Based on
analysis of �QS and QF at the CBD for different times
of year it does not appear to be a large problem, but
there may be some underestimation of peak turbulent
fluxes when QF and �QS are taken into account (Of-
ferle et al. 2005b). The ratio of the residual �QS to Q*
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for the sites ranges from 0.05 (CBD) to 0.16 (IND)
(Table 5). The daytime differences suggest that more
heat is stored and released on a diurnal basis at the
more built areas (IND and CBD), with RUR having
low releases. However, the RES site has a value as large
as that of the CBD site. Assuming that the mean re-
sidual at each site is due to daytime underestimation of
turbulent fluxes, in terms of daytime �QS/Q* the sites
are ordered more nearly as expected from the most
built up (IND and CBD) to the least (RUR).

4. Conclusions

The objective of this study was to consider the rela-
tion of surface characteristics within a city to turbulent
heat flux partitioning. Data were collected under sum-
mertime conditions in areas that range from 100% grass
(RUR) to three urban land use/land cover classes
(RES, IND, CBD) within the city of Łódź. These data
can provide insight not only about the spatial variability
of energy partitioning that can be expected across a city
but also about how that variability compares to that
documented between cities.

The empirical results showed that temperature dif-
ferences between the sites were small except when
compared with a rural reference. This difference was
comparable to previously observed urban–rural differ-
ences and is attributable to local surface characteristics.
Smaller differences well above the surface are seen as
larger-scale effects of urban characteristics on the
boundary layer. Diurnal differences in net radiation be-
tween the sites were also small except in comparison
with the rural site.

Flux partitioning in relation to surface characteristics
is in agreement with that observed from other studies
both within and among cities. Bowen ratios averaged
for the sites show an inverse relation with increasing
vegetation, as expected, and latent heat fluxes at the
residential site were less dependent on short-term rain-
fall than at the grass site. The relation between the
Bowen ratio and vegetation resulted in values that were
very similar to those that have been found between
cities (Grimmond and Oke 2002) and within a city
(Christen and Vogt 2004). At low fractions of vegeta-
tion cover, these values have Bowen ratios that are
lower than a potential Bowen ratio. This result implies
that when the urban vegetation is sparse or patchy, it
transpires at a higher relative rate than does a com-
pletely vegetated surface. This situation is readily un-
derstood from a microclimatic viewpoint (Oke 1988).
Such subgrid-scale effects may require physical param-
eters for urban vegetation to be altered in numerical
models applied to urban surfaces. For example, using a

tile scheme the evaporation rates for the vegetated frac-
tions may be underpredicted when the areal fraction is
less than 30% of the grid.

One should expect these patterns to remain similar
across cities, although type and moisture status of veg-
etation must be considered. A nontranspiring or senes-
cent vegetated surface should not behave much differ-
ently than a rough impervious surface. This fact ex-
plains the power of simple models using modified
combination formulations (e.g., Grimmond and Oke
2002) to explain flux partitioning in urban areas over a
wide range of sites and vegetation coverage.

Sensible heat fluxes had a positive relation with im-
pervious surface cover and followed the results of pre-
vious studies as well. The relation between point-flux
measurements and estimated source-area characteris-
tics was weaker but still apparent despite the uncer-
tainty in the source-area estimation. The role of heat
storage is clearly important and varies between the sites
in relation to the surface characteristics.

These results have important implications for meso-
scale modeling. Because computational grid resolution
can now easily identify “urban” from “rural,” it is now
important to resolve the differences within a city. This
study’s data are to be used to evaluate land surface and
remote sensing models that can provide the SEB par-
titioning and mesoscale forcing across whole cities. To
date, models such as Masson’s (2000) Town Energy
Balance model have tended to be assessed at a point
rather than at multiple sites across a city. It is critical
that land surface schemes can reproduce the spatial dif-
ferences identified here that occur under conditions of
similar atmospheric forcing. This study also helps to
move toward resolving the issue of the number of urban
classes that are needed in surface databases. As noted
here, these locations can be described in a number of
different ways (Table 2); some of the current classifi-
cations do allow for spatial distinction within a city. It is
clear, however, that the surface databases that are
available for urban areas are still in need of much at-
tention to ensure we can use them for urban climate
modeling and description both between and within cit-
ies.
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