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Abstract. The primary aim of this paper was to present the results of turbulent sensible heat flux (QH) measurements with
Scintillometer Scintec BLS900 (LAS). The theoretical background of scintillation method has been presented as well as two
different ways of sensible heat flux computation from LAS. The measurements presented here were conducted from April to
December 2011. Diurnal and partially annual variability of QH has been analyzed, moreover the mean diurnal course of QH
in considered months has been prepared. In order to choose the optimal method of QH computation from LAS the results
obtained with three different Monin-Obuchov similarity theory functions as well as free convection assumption has been
compared. In first case it has been proved that sensible heat flux differs significantly depending on chosen universal function. In turn in case of free convection assumptions it has been revealed that it is valid only for very unstable conditions.
Therefore it does not apply to long-time heat flux measurement in case of Łódź. Nevertheless, this study has shown that scintillation method is valuable and reasonable source of path-averaged QH estimates in considered city.
Keywords:. sensible heat flux, turbulence, scintillometer, urban climate

Introduction
The knowledge on surface energy balance (SEB)
and its constituents are vital in contemporary urban climate studies. Singularities of urban surface (i.e. varied
building height, artificial materials covering the city surface) results in modification of its diurnal course. The
surface sensible heat flux (QH) is one of the most important components of SEB, especially in areas where
other energy fluxes do not contribute significantly to SEB
values, such as urban ones.
The most common method applied to study of turbulent fluxes is eddy covariance (EC). This method has
been successfully applied, not only for heat fluxes measurements in natural but also in urban areas (e.g. Offerle et
al. 2006).
As the EC method allows obtaining the QH characteristic for relatively small areas alternative measurements by means of scintillometer could be used. Different
types of scintillometers have been used for turbulent sensible heat flux measurements. They could be included
into two main groups: Short Aperture Scinitllometer
(SAS) and Large Aperture Scintillometer (LAS). The
former could be used on path up to 250 m length, while
the latter up to 5 km (Extra LAS – XLAS even up to 10

km). However, most of experiments were conducted
over natural landscapes (e.g. De Bruin et al. 1995, Beyrich et al. 2002). One of the first measurements of heat
flux with scintillometer was made in Tokyo (e.g. Kanda
et. al 2002). Such measurements were conducted during a
large experiment BUBBLE in Basel, Switzerland as well
(e.g. Roth et al. 2006). All of mentioned experiments
were performed with SAS. More recently the scintillometers (SAS and LAS) have been deployed in London (e.g.
Pauscher 2010). Heat flux from LAS was investigated in
Marseille during the ESCOMPTE experiment (Lagouarde
et al. 2006). In Łódź measurements with LAS have been
conducted since 2009 (Fortuniak et al. 2010) and still
could be regarded as an innovative research.
Even though scintillometry becomes a more common way of heat flux investigations, there are still some
unsolved issues concerning this method. For instance
there is no agreement on stability functions for stable
conditions.
The aim of this study is to demonstrate the results of
scintillometer measurements of sensible heat flux (QH) in
Łódź in 2011. Two approaches of QH derivation from
LAS measurements are compared. Moreover three different functions from Monin-Obuchov similarity theory
(MOST) has been tested QH calculations.
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Theoretical background
Scintillometer is a device consisting of transmitter
and receiver. The electro-magnetic (EM) radiation emitted by the transmitter propagates through the atmosphere
is i.a. affected by the turbulent eddies. The most effective
process that influences the propagation of EM radiation is
fluctuation in the refractive index of the air (n). This phenomenon is called scintillation. Such process could be
observed during the summer sunny day above the hot
asphalt. The scintillation results from the dependence of
the n on the temperature, humidity and to lesser extent
atmospheric pressure. The natural logarithm variance
(σlnI) of intensity fluctuations is connected with the structure parameter of the refractive index of air (Cn2) as follows (Wang et al. 1978):

Cn2     ln2 I  D7 / 3  R 3 ,

(1)

where: α is a constant characteristic for definite scintillometer, D is an aperture diameter, while R is a distance
between transmitter and receiver.
Structure parameter of the refractive index of air is related with structure parameters of temperature (CT2), humidity (Cq2) and covariance between them (CTq2) (Hill et al.
1980).
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where: T - absolute temperature [K], ρw – absolute humidity [kg·m-3], AT, Aq – parameters depending on wavelength, temperature, humidity, pressure.
The above equation could be simplified by applying the
Bowen correction (Wesely 1976):
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In case of scintillometers operating in visible and nearinfrared region of EM spectrum the temperature influence
on Cn2 is predominant. As a result the Bowen ratio (β)
term could be omitted in eq. 3. Furthermore, even if it is
not a case at urban areas, Bowen correction should be
neglected when absolute Bowen ratio values are lower
than 0.04. Otherwise that correction would lead to unrealistically high values of Cn2.
Temperature structure parameter (CT2) obtained from eq.
3 can be used to estimate the turbulent sensible heat flux
(QH) from scintillometer measurements. However, the
Monin-Obuchov similarity theory (MOST) has to be applied. The structure parameter of temperature could be
linked to QH by the relationship:

T*2

 z eff  d 
 ,
 f TT 
L



(4)

where: T* - temperature scale, zeff – effective measurements path (see below), d – displacement height, fTT –
universal MOST function (see below), L - Obuchov
length described as follows:
2
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where: g – gravitational acceleration, kV – von Karman
constant (0.40), u* - friction velocity.
Friction velocity could be obtained from eddy covariance
system or it could be obtained from additional wind speed
(u) measurements on certain height (z):
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where: z0 – surface roughness, ζ – stability parameter
(z/L), Ψm – well-known Businger-Dyer equation.
Since both u* and T* depends on stability the system of
equations 4-6 have to be solved iteratively. If friction
velocity is known a priori, i.e. from eddy covariance
measurements T* could be obtained by iterations on equations 4 and 5. Having u* and T* computed one can easily
calculate sensible heat flux:

QH     c p  u*  T* ,

(7)

where: ρ – air density [kg·m-3], cp – specific heat at constant pressure [J·kg-1·K-1].
Scintillometer provides the area-averaged Cn2, however,
it is a weighted averaged. The central part of measurement path contributes most to the measured values.
Different MOST function has been used to determine the
QH from scintillometer measurements. In this study three
of them would be concerned. The first considered is
MOST function of the form proposed by Wyngaard et
al.(1971), and adjusted by Andreas (1988) to reflect the
0.4 value of von Karman’s constant. For unstable condition (ζ <0) this function has a form:

f TT ( )  4,9  1  6,1  

2 / 3

,

(8a)

,

(8b)

while for stable conditions (ζ>0):



f TT ( )  4,9  1  2,2   

2/3

Foken and Kretschmer (1990) proposed for unstably
stratified boundary layer:
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and for stable:

f TT ( )  0.95kV

2

 0,95  7,8    ,

(9b)

The function used by Thiermann and Grassl (1992)
stands out from function considered before (Fig 1.). For
unstable conditions this function takes from:





f TT ( )  6,34  1  7    75   

2 1 / 3

where: b – parameter depending on chosen MOST function (about 0.5).
The computation of effective measurements height is
vital for both iterative procedure (hereinafter MIX) and
for free convective assumption (hereinafter FREE). For
MIX approach the zeff could be estimated, assuming that
stability influence on measurement height is negligible,
by expression (Hartogensis et al. 2002):
1

zeff   Z u Gu du
0

,

, (10a)

(12)

while for FREE method:
In case of stable:





f TT ( )  6,34  1  7    20   

2 1/ 3

3 / 4

,

(13)

where: Z(u) – height of scintillometer beam in point u,
G(u) – path weighting function.
Scintillometer provides data averaged with path
weighting function (G(u)) so the turbulence in the central
part of LAS path has the greatest contribution to ultimate
values of measured parameters (Fig 2.).
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Fig 2. Scitnillometer path weighting function
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Fig 1. MOST functions for unstable (upper plot) and for stable
conditions (lower plot).

When scintillometer measurements are conducted relatively high above the ground (zeff > 20 m), for very unstable condition – free convection (ζ < -1), sensible heat flux
could be estimated without iterative procedure from simple expression:
1/ 2

g
QH  b    c p  zeff   
T 

 

 CT2

3/ 4

,

(11)

The scintillometer used in that study is Scintec
BLS900, that could be included to Large Aperture Scintillometers (hereinafter LAS), as its measurement path
could be up to 5 km long. The transmitter of the LAS is
mounted at the mast (at the roof of building – Lipowa Str.
81) at a height of about 31 m that is located south-west to
city centre (Fig 3). In turn the receiver is mounted at the
roof of 10-floor building (36 m height) that lies to northeast of the Łódź centre. Due to such localization of LAS
the QH from most densely built-up areas of analyzed city
could be obtained.
The effective LAS beam height for MIX computed
from eq. 12 is 34.32 m. In turn for FREE approach zeff is
equal 34.00 m. The area-averaged displacement height
for measurement path is 11.51 m. The effective height
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tervals in which the sum of rainfall was higher than 0.0
mm were excluded from calculations.
FREE has been calculated with b parameter (eq. 11)
based on Andreas (1988) function, so those results are
compared only with the MIX based on the same function.
In order to analyze the magnitude of differences between QH obtained with all functions as well as from free
convection assumption Root Mean Square Error (RMSE),
Mean Bias Error (MBE), Mean Absolute Error (MAE)
and Willmot (1981) d statistic were computed.
Results and Discussion
Fig 3. Location of LAS in Łódź. R – receiver, T – transmitter,
EC – eddy covariance system at Narutowicza 88 Str., solid line
indicates the measurement path, dashed lines indicates the area
for which the effective measurement height was estimated. Aerial photo source: geoportal.gov.pl

ought to be corrected by displacement height so the ultimate zeff for MIX is 22.81 m while for FREE 22.49 m.
Additional measurements of temperature, wind speed,
atmospheric pressure are conducted by two eddy covariance systems. The first is located on the same mast as the
transmitter, while the second on the mast at the building
of Institute of Earth Sciences (Faculty of Geographical
Sciences) – Narutowicza 88 Str (Fig 3.).
Data and Methods
LAS data used in that study covered the period
5.04.2011 – 19.12.2011. As a result of some technical
problems the time series are not gap free. The eddy covariance (EC) data covered corresponding period.
Initially the Cn2 data from LAS integrated in 1minute intervals were averaged in 15-minute intervals.
Later the temperature, pressure and Bowen-ratio from EC
were used for computation of CT2 (eq. 4). Turbulent sensible heat flux was calculated with MIX (for three different universal function) and FREE approaches. Turbulent
sensible heat flux calculated with universal function by
Andreas (1988) is referred to as QHA88, with function by
Foken and Kretschmer (1990) as QHFK90, with function by
Thiermann and Grassl (1992) as QHTG92, and finally with
FREE approach as QHFREE. Worth mentioning is the fact
that the first considered function has been used in urban
areas by Lagouarde et al. (2006).
In case of MIX calculations the mean friction velocity u* from both EC systems has been used in iterative
procedure. Finally the QH was averaged in 1-hour intervals. As the LAS provides only absolute values of QH the
flux direction was determined by mean QH from EC.
For further analyses only data with no significant
amount of unrealistic or missing 1-minute Cn2 were chosen. Furthermore, as for QH calculation from LAS some
additional measurements from EC system are necessary,
the data from periods when EC were not stationary, were
excluded as well. Moreover, as the reliable flux could be
obtained in periods with no precipitation, the 1-hour in-

Figure 4 presents the temporal variability of radiation balance Q* , air temperature T, and turbulent sensible
heat flux QHA88 measured with LAS. Even though analyzed period does not cover the whole year, annual cycle
of QHA88 could be seen. In case of stable night-time conditions the QHA88 variability is relatively low. In general
sensible heat flux values are close 0.0 W·m -2, however,
exceptionally QHA88 is lower than -40 W·m-2. But the
LAS provides only an absolute QH and the direction of
flux is determined from EC. The lowest night-time heat
flux occurred in December, when in some cases 1-hour
means were lower even than -50 W·m-2. However, since
now there are no publications concerning night-time heat
fluxes from LAS in urban boundary layer, so those results
could not be compared to other studies. Far greater variability of QHA88 is observed during the unstable conditions.
In the first considered month the highest values of QHA88
occurred at noon on 19th April (283.4 W·m-2). In next
considered month the highest QHA88 has been noted –
311.2 W·m-2 (on 25th May) in the whole analyzed period.
As in that period few atmospheric fronts occurred the
course of QHA88 is not as smooth as in case of Q*. In June
the sensible heat flux above the centre of Łódź was still
relatively high, besides 9-10 June and 18-21 June at noon
always exceeded 200 W·m-2. Summer of 2011 was relatively cold in comparison to typical annual course of
temperature (Fig 4.). It was a result of frequent atmospheric fronts occurrence that were attended by precipitation and dense cloud cover. This could be clearly identified in Q* values, especially for second and third decades
of July, when Q* did not exceed 500 W·m-2. In August
due to problems with power supply the LAS did not operate for fourteen days, nevertheless, the data
were collected in the second half of considered month.
What is meaningful that the highest QHA88 303.0 W·m-2
was found at noon on 20th August and was relatively low
in comparison with former months (especially May and
June). From September to the end of the year systematic
decrease of maximum QHA88 could be observed.
In the beginning of autumn sensible heat flux at
noon seldom overstep 200.0 W·m-2. From 5th to 6th November one of the lowest QHA88 has been observed. Warm
advection over the cold city surface resulted in the extensive turbulent transport of heat. The lowest QHA88 -58.9
W·m-2 measured during that period occurred about 7
(UTC) on 6th November. Similar situations occurred on
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Fig 4. One-hour means of radiation balance Q*, air temperature
T (from eddy covariance systems), turbulent sensible heat flux
QHA88, recorded in Łódź in the period April 2011 to December
2011.

14th and 16th December, when under conditions of
warm advection the heat flux was -71.5 W·m-2 and -77.9
W·m-2 respectively. However, as there is no consensus in
literature on the form of similarity function for stable
conditions, above-mentioned QHA88 values should be perceived as estimated with possible significant error. Nevertheless, they are similar in magnitude to results found in
Łódź in case of EC measurements, as the lowest QH
measured that way was -62 W·m-2 during the warm advection on 16th/17th November 2002 (Fortuniak 2010).
In figure 5 diurnal courses of sensible heat flux
computed with FREE (QHFREE) and with MIX approach in
each month as well as whole analyzed period are presented. One hour means of sensible heat flux has revealed the
difference between QH calculated with particular approach. FREE approach results in the lowest QH, but it is
rather meant to be reliable in very unstable conditions.
Nevertheless, in April at noon the QHFREE reaches the
124.5 W·m-2 (Fig 5.). QHA88 and QHKF90 at noon were
significantly higher, respectively 178.4 W·m -2 and 170.5
W·m-2. The last of fluxes computed with MIX – QHTG92
during the daytime is similar in magnitude to QFREE.
Thiermann and Grassl (1992) incorporated Von Karman’s constant into eq. 4, when were developing the sim-

ilarity functions. As a result the QHTG92 is underestimated
compared to other fluxes calculated with MIX. The eq. 4
modified by them is commonly used in case of SAS, thus
this function should not be used for LAS. On the other
hand, for night-time conditions QHTG92 gives relatively
reliable estimation in comparison to QHA88 and QHFK90. In
general during the first considered month about midnight
the high negative values QH about -15 W·m-2 occured.
The course of QH in April is not as smooth as i.e. in case
of May, what is a consequence of gaps appearance in
time series of LAS data (compare Fig 4.). Except for stable conditions the QHA88 and QHFK90 are in relatively good
agreement with long-time QH measurement in Łódź by
EC (Fortuniak 2010). In May this agreement is even more
clearly visible, as at noon the mean QH from EC is around
200.0 W·m-2. During the night-time the heat flux from
MIX was nearly 0 W·m-2 what is consistent with EC data
as well. During May scintillometer measurements were
not interrupted even once. The highest mean QH occurs at
noon in June when QHA88 and QHFK90 reaches up to 233.8
W·m-2 and 222.6 W·m-2 respectively (Fig 5.). EC results
for that time of a day were lower of about 20-30 W·m-2
(Fortuniak 2010). The July measurements were affected
by frequent precipitation, what in turn resulted in unreliable measurements. The mean QH is relatively low since
air temperature in July was low either. Therefore its value
at noon or afternoon do not exceed 160.0 W·m -2. For instance in Marseille in June and July at noon the mean QH
reaches even up to 400 W·m-2 (Grimmond et al. 2004,
Lagouarde et al. 2006). Nevertheless, it is hard to compare those results as measurements in France were conducted only above most densely built-up areas, characterized by mainly uniform in height buildings, while in case
of Łódź the surface structures beneath the LAS beam is
more complex.
Even though in August the first half of the month
was not covered by LAS measurements the diurnal
course of QH is far more smoother than in previous
month. Most of the time in stable conditions the QH values close to 0 W·m-2 prevail, however, especially before
midnight strong exchange of heat could be seen (Fig 5.).
The greatest amount of heat were transported out from
the surface an noon when mean QHA88 reached 152.1
W·m-2. Diurnal course of QHA88 and QHFK90 are consistent
with EC measurements (Fortuniak 2010). In October the
maximum QH do not exceed 115 W·m-2, as in case of Q-2
-2
HA88 it is 110.8 W·m while for QHFK90 104.8 W·m . During the night-time the average heat flux values were not
varied as tend to be about -10 W·m-2. The data collected
in November and December are probably the first LAS
measurements in cold season, concerning the urban
boundary layer, as all of above-mentioned experiments
which were conducted during summertime. The weather
conditions of late autumn and winter with relatively frequent fog occurrence results in decreased visibility. As
the LAS is optical device under such conditions any results could be obtained. Nevertheless, the data collected
allow to calculate mean QH in order to obtain diurnal
course. On the contrary one must realize that the number
of valid cases were significantly reduced. As a
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consequence QH from LAS in 1-hour intervals is especially during the daytime higher than long-time mean
QH from EC even up to 30 W·m-2 (see Fortuniak 2010).
The limited amount of valid data is a probable reason of
positive QH values at 4 and 5 (UTC). In December the
maximum QH values do not exceed 75 W·m-2 (Fig 5.).
During the night, however, the QH reaches up to -30
W·m-2. Such low values are a result of frequent warm
advection in that period.
As the analyzed data do not included most of the
winter months, the average heat flux from April to December could not be identified with mean diurnal course
of QH from whole year. Nevertheless, the night-time heat
flux on average is negative and its absolute values is relatively low (close to -5 W·m-2). The mean values around
the noon were about 150 W·m-2 for QHA88 and QHFK90 and
about 120 W·m-2 for QHFREE and QHTG92.More detailed
comparison of sensible heat flux derived with those approaches could be found below.
Figure 6 presents the comparison of turbulent sensible heat flux calculated with different MOST functions
and free convective assumptions. The FREE method in
comparison to MIX gives significantly different values of
QH (Fig 6a.). As mentioned above this approach is meant
to be reliable, if boundary layer is very unstably stratified,
in other words, when stability parameter ζ is lesser than 1. In figure 7 the distinction between cases when ζ was
lower and higher than 1 is presented. What is meaningful
if the very unstable conditions prevail the FREE method
gives very accurate estimates of QH. Otherwise estimation
error increases with increasing ζ, so in near-neutral conditions (ζ ≈0) the FREE is most erroneous. For instance the
heat flux could be underestimated even up to more than
60 W·m-2. Furthermore the application of FREE method
for stable boundary layer gives results very different from
MIX. On average the QH from FREE is underestimated
up to 23.25 W·m-2 (Table 1). Moreover d statistic indicates weak suitability to MIX data.
Table 1. Mean Bias Error (MBE), Mean Absolute Error
(MAE), Root Mean Square Error (RMSE) and Willmott (1981)
d statistic for comparison of sensible heat flux obtained with
free convection assumption (QHFREE), universal function by
Andreas (1988) - QHA88, Foken and Kretschmer (1990) - QHFK90,
Thiermann and Grassl (1992) - QHTG92.

MBE
[W·m-2]
MAE
[W·m-2]
RMSE
[W·m-2]
d

QHFREE
/ QH88

QH88
/ QHFK90

QH88
/ QHTG92

QHFK90
/ QHTG92

-23.25

3.21

17.11

13.91

25.85

5.36

17.52

14.79

34.29

7.31

25.58

20.23

0.947

0.998

0.970

0.980

Fig 7. The comparison between sensible heat fluxes computed
with free convection assumption QHFREE and with MOST function proposed by Andreas (1988) – QHA88 in 15-minutes intervals. Black diamonds indicate very unstable conditions (ζ < -1)
while gray ones unstable and near-neutral conditions (ζ >-1).

Heat flux calculated with different MOST function
indicates far better agreement than in case mentioned
above. The QHA88 and QHFK90 reveals the best agreement,
what is obvious in case of the highest QH noted under
unstable conditions (Figure 6b.). If near-neutral or stable
conditions exist the agreement between data is much
lower. This information is significant in the context of
further studies on MOST function, which applies the best
to LAS data obtained in Łódź. As in case of unstable
conditions the agreement between QHA88 and QHFK90 is
considerable, those functions could be compared with EC
data to find the function which result in a better fit for
stable conditions. Nevertheless, the QHFK90 is on average
lower by about 3.21 W·m-2, than QHA88 (Table 1). MAE,
RMSE and d statistic indicates the best agreement between calculation based on Andreas (1988) and Foken
and Kretschmer (1990) functions. QHTG92 seems to be
underestimated in comparison with other results from
MIX (Fig 6c and Fig 6d). Its value are on average lower
than QHA88 about 17.11 W·m-2 and about 13.91 W·m-2 in
case of QHFK90 (Table 1).
Conclusions
This paper has shown that Large Aperture Scintillometer (LAS) are valuable source of turbulent sensible
heat flux (QH) estimates in Łódź. Moreover it seems that
results from “simplified” algorithm for MIX assumption,
including fixed value of friction velocity from eddy covariance, corresponds very well with mean QH from other
studies.
The measurements conducted in 2011 allow to obtain the preliminary knowledge on diurnal and annual
course of QH in Łódź centre. The relatively cold summer,
resulted in relatively low QH in comparison to spring
months. On the other hand the measurements from late
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autumn and December are probably one of the first such
results considering the urban boundary layer published
ever. Nevertheless, as the surface structure in the city
centre is not uniform further studies are necessary to determine the actual contribution of different surfaces to
ultimate heat flux.
Three different functions from Monin-Obuchov similarity theory has been compared likewise the free convection assumption (FREE) in computation of heat flux
from LAS. FREE and also the function used by Thiermann and Grassl (1992) underestimates QH. Moreover the
usage of FREE algorithm should be restricted only for
very unstable conditions (ζ<-1). It is not consistent with
results of Lagouarde et al. 2006 as the they have found
good agreement between FREE and mixed convection
assumption (MIX) when ζ<-0.15. Functions used by Andreas (1988) and Foken and Kretschmer (1990) give very
similar results when QH exceeds 50 W·m-2. When the
heat flux is lower or negative discrepancies increase.
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Abstrakt
Głównym celem pracy była prezentacja wyników pomiarów turbulencyjnego strumienia ciepła jawnego (QH) w Łodzi
za pomocą scyntylometru Scintec BLS900. Przedstawione zostały założenia teoretyczne metody scyntylacyjnej, jak również
metody wyznaczania strumienia ciepła jawnego za pomocą
scyntylometru. Pomiary obejmowały okres od kwietnia do
grudnia 2011 roku. Przeanalizowano dobową oraz częściowo
roczną zmienność QH, wyznaczając przy tym średnie dobowe
jego przebiegi dla poszczególnych miesięcy. W celu wyznaczenia optymalnej metody estymacji QH z pomiarów scyntylometrycznych porównano wyniki uzyskane przy wykorzystaniu
trzech różnych funkcji uniwersalnych teorii podobieństwa Monina-Obuchova, jak również przybliżenia dla swobodnej konwekcji. W pierwszym przypadku wykazano, iż strumieni ciepła
jawnego w znacznym stopniu różni się, w zależności od zastosowanej funkcji uniwersalnej. Z kolei założenie swobodnej
konwekcji w Łodzi sprawdza się jedynie w przypadku silnie
chwiejnej warstwy granicznej. Ponadto wykazano, iż w przypadku Łodzi metoda scyntylacyjna stanowi wiarygodną alternatywę wyznaczania strumieni turbulencyjnych.
Słowa kluczowe: turbulencyjny strumień ciepła jawnego, turbulencja, scyntylometr, klimat miasta.
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