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Abstract

The ECLAP experiment has been performed during the winter of 1995 in order to study the influence of the urban area
of Paris on the vertical structure and diurnal evolution of the atmospheric boundary layer, in situations favourable to
intense urban heat island and pollution increase. One urban site and one rural site have been instrumented with sodars,
lidars and surface measurements. Additional radiosondes, 100 m masts and Eiffel Tower data were also collected. This
paper gives a general overview of this experiment, and presents results of the analysis of four selected days, characterized
by various wind directions and temperature inversion strengths. This analysis, which consists in a comparison between
data obtained in the two sites, has been focused on three parameters of importance to the ABL dynamics: the standard
deviation of vertical velocity, the surface sensible heat flux, and the boundary layer height. The vertical component of
turbulence is shown to be enhanced by the urban area, the amplitude of this effect strongly depending on the
meteorological situation. The sensible heat flux in Paris is generally found larger than in the rural suburbs. The most
frequent differences range from 25—65 Wm~2, corresponding to relative differences of 20—60%. The difference of unstable
boundary layer height between both sites are most of the time less than 100 m. However, sodar and temperature data
show that the urban influence is enhanced during night-time and transitions between stable and unstable
regimes. ( 1999 Published by Elsevier Science Ltd. All rights reserved.
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Notation

C2
T

temperature structure parameter (K2 m~2@3)
g gravity acceleration (m s~2)
h
4

stable boundary layer height (m)
h@ height where sensible heat flux vanishes (m)
K

z
eddy diffusion coefficient for temperature
(m2 s~1)

*Corresponding author.

K
.

eddy diffusion coefficient for momentum
(m2 s~1)

P pressure (Pa)
Q

0
sensible heat flux (K ms~1)

R
i

Richardson’s number
R

&
flux Richardson’s number

RH relative humidity
¹ temperature (K)
¹

v
virtual temperature (K)

u, v wind horizontal components (m s~1)
w wind vertical component (m s~1)
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u@, v@, w@ perturbation of u, v, w, respectively (m s~1)
u
*

friction velocity (m s~1)
z
i

unstable boundary layer height (m)
z height AGL (m)
a
p

extinction coefficient (m~1)
b
p

backscattering coefficient (m~1)
e turbulent kinetic energy dissipation rate

(m2 s~3)
h potential temperature (K)
h
v

virtual potential temperature (K)
h@
v

perturbation of virtual potential temperature
(K)

p
8

standard deviation of the wind vertical com-
ponent (m s~1)

1. Introduction

Pollution increase in urban areas due to traffic and
local industry has become a major public health issue.
The concentrations of pollutants in urban areas are
largely conditioned by the meteorological processes,
which control the time and spatial scales of their horizon-
tal and vertical dispersion. These processes are in turn
modified by the presence of a big city, especially in the
Atmospheric Boundary Layer (ABL). The best known
urban effect is the anomaly of air temperature (‘‘heat
island’’) and humidity, which reveals deep modifications
in the surface energy budget (Oke, 1982, 1987). Due to
these modifications and to the increased roughness, an
urban area can alter the characteristic parameters of the
ABL such as fluxes of momentum, heat, and humidity,
turbulence parameters, ABL height.

One of the most famous project devoted to the study of
meteorological urban effects is probably METROMEX
(Metropolitan Meteorological Experiment) (Changnon,
1978). In the frame of this project, several campaigns
including turbulence, lidar, rawinsondes and surface
measurements were performed over the Saint-Louis area
during the seventies. Numerous experimental and nu-
merical analyses on the urban daytime ABL are based on
these data. The urban surface heat flux was found to be
2 to 4 times the magnitude of the rural one (White et al.,
1978). Hildebrand and Ackerman (1984) showed that
enhanced entrainment took place at the top of the con-
vective urban ABL, and that the urban variance of verti-
cal velocity was most of the time 2 to 3 times the rural
value on the three days studied. However their data
showed weak differences (100—200 m) between the urban
and rural mixed layer heights. On the other hand, Span-
gler and Dirks (1974) found differences up to 400—500 m
on other days of METROMEX.

Remote-sensing measurements have proved to be very
useful in probing the detailed structure of ABL. Cooper
and Eichinger (1994) analyzed the turbulent structures
revealed by a backscattering lidar over Mexico-City, in

which pollutants are transported. Casadio et al. (1996)
observed that the combination of the heat island effect
and continuation of sea breeze lead to a nocturnal con-
vective activity over Rome, and estimated the surface
heat flux and scaling parameters from sodars and Raman
lidar measurements. The related modification of the
lower layers stability has been observed in numerous
other studies, especially during nighttime. Wang (1992)
reported sonic anemometer measurements which showed
a small diurnal variation of the atmospheric stability
over the urban area of Lanzhou (China), with near neu-
tral or slightly unstable stratification. A field study in
Sapporo (Japan) showed that the nocturnal ABL consists
in a near neutral mixed layer under an elevated inversion
layer located at about 2—3 times the average building top
height (Uno et al., 1992).

As a large fraction of the big cities in the world, the
urban areas concerned by these studies (except MET-
ROMEX) are located in coastal zones or are surrounded
by a complex topography. The meteorological condi-
tions which prevail in these cities are often strongly
influenced by non-urban phenomena such as land-sea
breeze, internal ABL development, or downslope—up-
slope winds (Steyn, 1996). Over the Paris area, the topo-
graphy is rather flat, and the city is located sufficiently far
from the sea not to be influenced by the coastal circula-
tion. Thus, terrain and thermally forced mesoscale circu-
lations are weak. However, this area experiences severe
pollution episodes during several days a year. Moreover,
no dedicated study had been performed for this area up
to now. Some highly polluted situations have already
been simulated with the tridimensional mesoscale model
MERCURE (Dupont et al., 1995), but the initial and
boundary conditions, and the check of the results only
used operational data, which are insufficient for local and
regional air quality studies.

The ECLAP experiment (French acronym for ‘‘Etude
de la Couche Limite dans l’Agglomération Parisienne’’)
has thus been undertaken by EDF (Electricité de France)
and CNRS (Centre National de Recherche Scientifique)
with three objectives:

f To characterize the ABL over the Paris area, and thus
to analyse urban effects in a region in which they do
not combine with geographically induced effects,

f To compare the determinations of important ABL
parameters by different techniques,

f To provide well-documented episodes of pollution for
numerical simulation.

The goal of this paper is twofold:
f To give an overview of the instrumentation and of the

whole data set obtained during the campaign (Section 2),
and thus to introduce further papers on the second and
third objectives which are not treated in this paper,

f To present and discuss the experimental analyses
concerning the urban effects, for four selected days
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(Section 3). These analyses are focused on three para-
meters: the standard deviation of vertical velocity, the
surface sensible heat flux, and the ABL height.

Conclusions will be drawn in Section 4.

2. Overview of the experiment

2.1. Strategy of measurements

The Paris area experiences pollution episodes both
in winter and summer. It has been decided to first focus
on the characterisation of ABL meteorological processes
in this area. The selected campaign period was winter,
during which photooxydant reactions play a minor rôle,
allowing calculations of passive tracer dispersion. Thus,
the most important vertical region to document ranged
from the ground to approximately 1000 m. Moreover, in
order to study the urban effects, measurements had to be
obtained both inside and outside the urban area. There-
fore, two sites have been instrumented with ground-
based devices, one in the centre of Paris, the other in the
suburbs, in a low urbanized environment. The experi-
mental set-up was devised in order to collect data
throughout the whole ABL depth, at a high spatial res-
olution, and during its whole diurnal evolution, including
transitions between stable and unstable ABL.

The main component of this experimental set-up was
a couple lidar/sodar on each site, both instruments allow-
ing high spatial and temporal resolution. Moreover, they
have proved to be well suited to the determination of the
ABL height, a key parameter in the dispersion of pollu-
tants. Sodar and lidar are complementary instruments to
this respect, as it will be shown in next section.

The campaign began on the 12 December 1994, and
ended on the 15 March 1995. During these three months,
ten Intensive Observation Periods (IOP) of about 48 h
were completed. The selected conditions were anticyc-
lonic, with weak synoptic wind, favourable both to max-
imum urban effects and to pollution increase. The start of
a IOP was decided on the basis of two informations given
by Météo-France, the 5 days forecast of the synoptic
conditions, and an index which defines the probability of
occurrence of a pollution episode in the Paris area. This
index is based on the forecast of the surface wind speed,
the surface temperature and the vertical gradient of tem-
perature in the lower layers.

2.2. Instrumentation

Fig. 1 shows the instrumentation available in a domain
of about 50 km by 45 km centred on Paris. Two main
sites were instrumented both with in situ and remote-
sensing devices:

Fig. 1. Map of the surface and altitude measurements per-
formed during the ECLAP experiment. Palaiseau and Jussieu
are the two specific sites of measurements of ECLAP. The other
sites are Achères (instrumented mast), Saclay (instrumented
mast), Trappes, (radiosoundings), and the Eiffel Tower (temper-
ature measurements).

f One at the University Pierre et Marie Curie (Jussieu),
in the downtown area of Paris, at about 35 m above
sea level (ASL),

f The other at the Ecole Polytechnique of Palaiseau, at
about 20 km southwest from central Paris, in a low
urbanized environment, at about 155 m ASL.

On each of these sites, vertical measurements were
made with a backscattering lidar and a monostatic sodar.
Both sodars are PA2 systems from REMTECH. Mean
wind speed and direction and standard deviation of
vertical velocity are automatically derived from the back-
scatter echo by the REMTECH software, after rejection
of fixed echos and ambient noise analysis. These para-
meters are given every 20 min between 0 and 700 m with
a vertical resolution of 50 m.

Both lidars are frequency doubled Nd—Yag backscat-
tering systems developed at CNRS. In Paris, the detec-
tion of the returned signal includes two channels corres-
ponding to two different sensibilities, in order to increase
the signal dynamics. Signals are sampled on 8 bits at
a high speed (50 MHz), and time averaged over 5 s. At
Palaiseau, they are sampled on 12 bits at 5 MHz, and
averaged over 1 min.
In addition, the following ground measurements were
performed:

f In Palaiseau:
L Turbulent fluxes with two GILL ultrasonic anem-
ometers operating at 21 Hz, placed at 10 m and 30 m
height,
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Table 1
Direct and derived parameters obtained with the instruments used during the ECLAP experiment (see Notation)

Instrument Range of measurements Direct parameters Indirect parameters

Lidar 200—4000 m RSCS (range-square-corrected signal)
a
p
, b

p

Convective ABL: z
*
, h@

Stable ABL: h
4

Sodar 50—700 m u, v, w
p
8

Reflectivity (C2
T
)

Convective ABL: z
*
, Q

0
, h@

Stable ABL: h
4

Ultrasonic anemometer 10 and 30 m u, v, w,¹
7

u
*
, p

8
, Q

0

Radiosounding 0 to more than 10 000 m ¹,P, RH, u, v Convective ABL: z
*
, Q

0
, h@

Stable ABL: h
4

Instrumented masts 0—100 m ¹, RH, u, v

L Wind, temperature, humidity, and complete radi-
ative budget;
f In Paris:
L Wind, temperature, humidity, incident solar and
long-wave fluxes.

A CO
2

Doppler lidar was also used in Palaiseau be-
tween 22 February and the end of the campaign. It can
measure the particulate backscattering and the radial
wind speed. The ECLAP experiment has given the op-
portunity for validating this instrument by means of
comparisons of wind and turbulence data with sodar and
sonic anemometers (Drobinski et al., 1997).

In Paris, all the systems were placed on the top of
a 65 m height tower, except the lidar which was operated
at about 20 m above the ground level (AGL). This is
approximately the mean top height of the buildings in
Paris center. At Palaiseau, the instrumentation was im-
plemented on a flat terrain, surrounded by small trees at
a distance of about 50 m in the eastern direction, tall trees
700 m north of the equipment, and small buildings
(about 10 m high) at about 400 m in the western direc-
tion. The domain of Ecole Polytechnique is surrounded
by large agricultural areas. Although the Paris sodar was
placed high above the ground, the ambient noise was
much higher in Paris than in Palaiseau. Thus, the max-
imum range reached in Paris (about 400—500 m) was
generally lower than in Palaiseau (700 m).

In addition to this campaign set-up, the operational
measurements of Météo-France were collected, including
surface measurements, and two radiosoundings a day
performed at Trappes (about 25 km southwest from
Paris) at about 0000 and 1200 UTC, plus two additional
soundings during the IOPs 6,9, and 10, at about 0630 and
1730 UTC. Temperature measurements of AIRPARIF
on the Eiffel Tower at 2.5, 49, and 300 m AGL were
also used, as well as temperature, humidity and wind

measurements on the two 100 m masts of CEA (Commis-
sariat à l’Energie Atomique) and SIAAP (Syndicat Inter-
départemental pour l’Assainissement de l’Agglomération
Parisienne), located in a low urbanized environment, one
in Saclay (near Palaiseau) and the other in Achères
(about 30 km west of Paris).

An overview of the parameters obtained with the data
of the campaign is given in Table 1. The so-called ‘‘in-
direct parameters’’ are those which are not given directly
by the internal processing of the instrument, and then
which need a specific algorithm for retrieval, as described
in next subsection.

2.3. Signal processing

The analysis of the differences between rural and urban
ABL presented in Section 3 relies on the vertical struc-
ture and/or diurnal evolution of the standard deviation
of the vertical velocity (p

8
), on the sodar reflectivity, on

the sensible heat flux, and on the boundary layer height.
We will review here the main characteristics of the pro-
cessing used to derive these last two quantities.

2.3.1. Derivation of sensible heat flux
The sensible heat flux has been calculated from sodar

data following the method proposed by Weill et al.
(1980). This method relies on the following relationship
between p

8
and the production terms of turbulence,

derived from similarity theory:

p2
8
"ACzA!u@w@

du

dz
!v@w@

dv

dz
#d

g

h
w@h@

vBD
2@3

(1)

with a"Ad2@3"1.4.
In a well-mixed layer, under the assumptions that

the mechanical production of turbulence is negligible
and that the heat flux decreases linearly with height,
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Fig. 2. (a) Vertical profiles of ½ calculated with sodar data for 9 March 1995 at 1300 UTC and 1340 UTC. The dotted line indicates the
linear fit of ½ used for the calculation of Q

0
. (b) Vertical profiles of sodar echo (arbitrary unit) for the same times as in (a).

relationship (1) can be written:

½"

h
ga3@2

p3
8
z
"Q

0A1!
z

h@B (2)

With a linear fit to ½ profile following Eq. (2), it is thus
possible to determine Q

0
and h@, for z"0 and ½"0,

respectively.
Two different determinations have been performed,

based respectively on an automatic calculation, and on
a visual analysis of each profile. In the automatic calcu-
lation, the profiles of ½ were first temporally and verti-
cally averaged, over 2 h and 200 m, respectively. Below
about 0.1z

i
, the values of ½ are often increased by the

mechanical production. On the other hand, the heat flux
deviates from its linear decrease above about 0.7z

i
, this

limit varying with the intensity of the entrainment pro-
cesses at the top of the mixed layer. Thus, the vertical
domain used for the extrapolation had to be adjusted in
each case. Finally, in the two calculations, the temporal
evolution of Q

0
was smoothed by a running average over

1 h. The results obtained by both calculations were found
to be close. Moreover, a reasonable agreement was found
in Palaiseau between these sodar derived values, and the
direct measurements of sonic anemometers.

The individual examination of each profile allowed to
study the applicability of the Eq. (2), especially for the
urban ABL. Three problems can be identified: the urban
ABL is not homogeneous, the mechanical production of

turbulence is enhanced by the roughness, and the sodar
signal-to-noise ratio is lower than in the rural site. Fig. 2a
gives two examples of ½ profile measured in Paris on
9 March 1995. At 1300 UTC, this profile shows a nearly
linear portion between 150 and 350 m, which allows the
determination of Q

0
with an uncertainty of about

$0.01 Km/s. At the same time, the profile of sodar echo
(Fig. 2b) exhibits a peak which extends between 400 and
550 m and which corresponds to the turbulent entrain-
ment zone. The height of the basis of this peak (here
400 m) gives a determination of h@ which agrees fairly well
with the value given by the linear fit of ½ profile. At the
opposite, the ½ profile of 1340 UTC is difficult to use in
this way. The values of urban Q

0
which corresponds to

such ambiguous cases have been rejected.

2.3.2. Derivation of boundary layer height
The ABL height was determined from sodar, lidar and

radiosounding data. For the study presented in this pa-
per, lidars were used to derive the unstable height and
sodars to derive the stable ABL height, because of the
vertical range of measurements of these instruments.

¸idar (unstable AB¸). The contrast of backscattering
amplitude (and consequently of the range-square- correc-
ted signal, noted RSCS from hereon) between the ABL
and the free troposphere, due to the decrease of aerosols
density and relative humidity, allows us to follow the
development of the mixing layer up to its maximum
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Fig. 3. Time-height cross-section of lidar range-square-corrected signal (arbitrary unit) measured during 13 March 1995 in Paris. The
signal increases from low values in light grey to high values in black.

(about 1000 m in this case), reached at about 1500 UTC,
as shown in Fig. 3 for the 13 March 1995. The convective
ABL height was calculated with a slope method on each
profile of RSCS, time-averaged over 1 min, and vertically
filtered (only for Paris). The resulting accuracy of the
determination of the ABL height is about 30 m on both
sites. As it has been shown previously (Dupont, 1991), the
difference between the ABL height calculated with the
RSCS, and with the extinction coefficient is on the same
order of magnitude as this accuracy. When the slope
method gave ambiguous result, the variance method was
used. It consists in taking the height of the peak of RSCS
variance which appears in the entrainment zone. When
neither of these methods could be used, no value was
retained. Finally, the ABL height was calculated over
30 minutes periods, by considering the ‘‘centre’’ of the
distribution of individual values obtained during each of
these periods (Melfi et al., 1985).

Lidar determination of the convective ABL height
generally corresponds to a height located between the
base and the middle of temperature inversion, depending
on the intensity of the entrainment processes.

Sodar (stable AB¸). As the REMTECH PA2 sodar is
a monostatic system, the acoustic backscatter cross-
section is proportional to the temperature structure
parameter C2

T
. Under stable conditions, it can be

parameterized as follows (Neff and Coulter, 1986):

g"
aj
¹2

e~1@3 A!w@h@
Lh
LzB

where aj is a constant for a given emitted wavelength. By
introducing the eddy diffusion coefficient for temperature
(K

;
) and momentum (K

.
), and the flux Richardson’s

number (R
&
), this equation can be written as

g"
aj
¹2

K2@3
z C

R
&

(1!R
&
)D

1@3

A
Lh
LzB

5@3
(3)

with

R
&
"R

*

K
;

K
.

This equation shows that in the stable atmosphere,
sodar echo depends strongly on the vertical gradient of
potential temperature. Thus, the nocturnal surface inver-
sion layer often gives a strong echo layer, as shown in
Fig. 4 for Palaiseau. In Section 3, the depth of the noctur-
nal inversion layer will be determined as the top of the
corresponding strong echo layer.

Radiosounding. The convective ABL height was
taken as the bottom of the virtual potential temperature
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Fig. 4. Time-height cross-section of sodar reflectivity (arbitrary unit) measured during IOP 9 (9 and 10 March 1995) in Palaiseau. The
reflectivity increases from low values in light grey to high values in black. White regions indicate that there are no measurement, or
invalid measurements.

increase, and the stable ABL height as the height of the
first important variation in the vertical gradient of h

v.

3. Study of urban effects

IOP 9 (9 and 10 March 1995) and 10 (13 and 14 March
1995) have been chosen to study urban effects because
they are the most interesting from the point of view of
physical processes, as they include a wide range of condi-
tions, with respect to the wind direction, the strength of
surface and elevated temperature inversions, and cloud
cover. Moreover, a complete set of data is available for
these two IOP. After a presentation of the meteorological
conditions, the results are discussed in terms of differ-
ences between both sites. From hereon, XX March 1995
will be noted MXX.

3.1. Meteorological situation

On M09, a high pressure of 1020 hPa is centered over
the East of France. The time/height cross-section of the
horizontal wind measured by the Palaiseau sodar is
shown in Fig. 5a. We see that the wind rotates from
southwest to southeast during the course of the day at all
levels. The surface wind speed varies between 2 and
4 m s~1. The potential temperature profiles (obtained
from radiosoundings, Fig. 6) show that the surface inver-
sion at 0645 UTC is weak, and that there is no elevated
inversion up to 2000 m at 1117 UTC. In the afternoon,
a large number of cumulus clouds appear at the top of the
mixed layer. On M10, sea level pressure slightly de-
creases, as a perturbation approaches western France.
The wind remains from southeast during all the day
(Fig. 5b), and the surface wind speed at Palaiseau is about
3 m s~1. The fractional cloudiness increases during the
day, due to advection of cirrus clouds. An important
warming is observed at all levels, leading to a very strong
surface inversion during the night, reaching 9 K between

0 and 400 m in Trappes, at 0635 UTC. As the warming
continues during the day, a strong synoptic inversion
formed at about 400 m AGL at 1130 UTC. In the even-
ing, a very strong surface inversion appears again (9.5 K
between 0 and 450 m in Trappes, at 2315 UTC).

Between M10 and M13, sea level pressure increases
under the influence of two high pressure centered off the
west coast of France, and over Siberia. On M13, the
sodar wind over Palaiseau remains northeast during all
the day (Fig. 5c), with a surface speed of 2—4 m s~1. There
is no radiosounding available in the morning, but the
temperature gradient between 3 and 100 m measured on
the mast of Saclay shows that the surface inversion is
very weak. The sky is cloudy during the night, but is clear
after 0600 UTC. On M14, the situation is more variable.
The wind turns from northeast to northwest between
0000 and 1200 UTC (Fig. 5d). The surface wind speed at
Palaiseau is about 1—2 m s~1 during the night, and
2—4 m s~1 during the day. Temperature profiles (Fig. 6d)
show both a strong surface inversion at 0635 UTC (6.5 K
between 0 and 220 m) and a strong inversion at about
300 m, at 1145 UTC. During the morning, a northerly
flux brings cold air in the lower layers and causes fog
formation in the western part of the suburbs. The sky is
clear after 1100 UTC.

3.2. Presentation of the results

Section 3.2.1. is devoted to surface and masts measure-
ments. Then the comparison between both sites of the
standard deviation of the vertical velocity (p

8
) and of the

estimation of the sensible surface heat flux are presented
in the Section 3.2.2. and 3.2.3. The ABL height measure-
ments will be discussed in the last one.

3.2.1. Surface and masts measurements
The difference between surface temperature, specific

humidity, and incident solar radiation in central Paris
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Fig. 5. Time-height cross-section of horizontal wind measured by the sodar in Palaiseau during 9 March (a), 10 March (b), 13 March (c)
and 14 March (d). On time axis, vectors are plotted every three measurements.

and in west suburbs during the 4 days is presented in
Fig. 7. The data used are those of Palaiseau and Jussieu
for the radiation, and those of Météo-France (measured
at 2 m height) for temperature and humidity. The heat

island varies between 0 and 6°C with, during IOP 9,
a minimum around 1200 UTC as expected (Oke, 1987).
During IOP 10, the evolution does not show a well-
defined diurnal cycle, and is dominated by a continuous

986 E. Dupont et al. / Atmospheric Environment 33 (1999) 979—994



Fig. 5. Continued.
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Fig. 6. Vertical profiles of potential temperature measured by radiosoundings in Trappes on 9 March (a), 10 March (b), 13 March (c) and
14 March (d).

increase of the heat island between M13 at 1300 UTC
and M14 at 0800 UTC. The specific humidity anomaly is
rather low (less than 7.5]10~4 kg kg~1) and is alterna-
tively positive and negative, without any correlation with
the diurnal cycle. The difference of relative humidity
between both sites RH

6
-RH

3
(not shown) is thus domin-

ated by the difference of temperature, and is always
negative. In particular, the saturation is reached in
Palaiseau during the nights of 9 and 13 March and
during the morning of 14 March, whereas RH does not
exceed 90% in Paris. The short-wave radiation, shows no
evidence of systematic difference between both sites. The
incident flux is larger in Paris on 9 March and during the
morning of 14 March. This is due to cumulus clouds at
the top of ABL in the first case (lidar data show that the
cloud development starts sooner in Palaiseau than in
Paris), and to fog in the second case. On M10, the high
variability is due to the advection of cirrus. During the

clear sky periods (on M13, and M14 after fog dissipa-
tion), flux in both sites are nearly identical, which shows
that the aerosol attenuation is not larger over Paris than
over Palaiseau in these cases. It can be explained either
by the presence of large amounts of rural aerosols in the
ABL over Palaiseau, or by their different optical proper-
ties, due for example to the higher relative humidity.

Lastly, Fig. 8 shows a comparison between the vertical
gradient of temperature near the ground, measured in
the suburbs (in Saclay, between 3 and 40 m), and in Paris,
on the Eiffel Tower (between 2 and 49 m). It shows
that this layer is always more stable (or less unstable)
in Saclay than in Paris. The difference between the
gradients (noted *tg from hereon) is larger during night-
time, especially on M10 evening and during the night
between M13 and M14, when a strong inversion forms in
the rural suburbs, whereas the gradient in Paris remains
near neutral.
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Fig. 7. Difference of surface temperature and specific humidity at 2 m between central Paris (Tu, qu) and Trappes (Tr, qr), and of
incident solar radiation between Jussieu University (SRu) and Palaiseau (SRr), during IOP 9 and IOP 10. Times of sunrise and sunset
are respectively 0620 and 1750 UTC.

3.2.2. Standard deviation of vertical velocity
The comparison of p

8
between both sites could only be

achieved on the basis of sodar measurements, as there
was no sonic anemometer in Paris. Previous compari-
sons between sodars and ultrasonic anemometers
showed that sodars give reasonable values of p

8
, despite

differences of volume and time sampling (Keder et al.,
1989, Thomas and Vogt, 1993; Beyrich, 1992; Crescenti,
1997). This comparison was also performed with the
ECLAP measurements for the Palaiseau site (not shown
here), and confirmed this conclusion.

The sodar calculations of p
8

were compared between
Paris and Palaiseau, at 300 m height AGL (Fig. 9). For

this comparison, the values of p
8

have been averaged
over 2 h, in order to eliminate the high frequencies of
evolution. We can see that p

8
is always larger or equal in

Paris than in Palaiseau (except during a short period on
M09 around 1100 UTC). In particular, during daytime,
the periods of large values of p

8
, corresponding to the

periods of convective activity, start earlier and end later
in Paris than in Palaiseau, by about 1 h. The maximum
ratio of variance p2

8
occurring during these periods is

highly variable, ranging from near 1 on M13 to more
than 4 on M14, with a value of about 1.6—1.7 on M09
and M10. Due to this variability, and to the low number
of cases, it is difficult to compare these values to the
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Fig. 8. Comparison between the time evolution of vertical
gradient of potential temperature measured on the Eiffel Tower
between 2 and 49 m (solid line) and on the Saclay mast between
3 and 40 m (dashed line), during IOP 9 (a) and IOP 10 (b).

differences reported by Hildebrand and Ackerman
(1984), who found (on 3 days of July) a factor of 2 or
3 between the rural and urban values of p2

8
. The ratios

obtained in both studies are however comparable.
The large range of values found for the relative urban

anomaly (RUA) of p
8
, defined by *p

8
"(p

8
(Paris)-

p
8
(Palaiseau))/p

8
(Palaiseau)), can be explained by the

differences of situations in terms of wind speed, wind
direction, and surface inversion strength.

During the IOP 9, the wind direction varies from
southwest to southeast, and so the ABL parameters in
Palaiseau are not affected by the urban area. During the
convective period (0800—1600 UTC) of M09 and M10,
which are characterized by low *tg, the RUA of p

8
re-

mains lower than about 30%. Between these two periods,
the evolutions of p

8
in both sites are rather similar,

probably due to a high dynamical production, the
wind speed as measured by sodars varying between 8
and 17 m s~1 at 300 m AGL. On the contrary, the
RUA of p

8
takes quite large values on M10 evening

(1600—2000 UTC), which are associated to very high *tg
and lower wind speed (between 6 and 10 m s~1 at 300 m
AGL).

Fig. 9. Comparison between the time evolution of p
w

measured
by sodar at 300 m in Paris (solid line) and in Palaiseau (dashed
line), during IOP 9 (a) and IOP 10 (b).

The main feature of IOP 10 (Fig. 9) is the contrast
between M13 and M14. As we can see, M13 is character-
ized by a low RUA during the whole day. In particular, it
is the only case in which p

8
does not fall to near 0 in

Palaiseau at the end of the afternoon, although the tem-
perature gradient between 3 and 40 m becomes rapidly
stable, but remains at the same level (about 0.4 m s~1) as
in Paris. It is noticeable that on M13, Palaiseau is inside
the plume of Paris, which can explain that the evolutions
of p

8
are very close over both sites. On M14, the situation

is favourable to large differences between both sites
(larger than 100%):

f Wind direction turns to north and then northwest
around 0800 UTC, and so Palaiseau gets out of the
urban plume,

f Wind speed is weak during all the day (1—3 m s~1 at
10 m, 1—5 m s~1 at 300 m),

f The rural surface temperature inversion (observed in
Saclay) is strong, and consequently is eroded with
a large delay (about one and half hour) compared to
the urban area.
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Moreover, large scale advection brings cold air in the
lower layers after about 0800 UTC. This advection
causes a decrease of the 2 m temperature and slows down
the development of the mixing layer on both sites (the
mixing layer height does not exceed 500 m during all the
day, as it is shown in section 3.2.4). It leads to condensa-
tion near the ground in Palaiseau, but not in Paris,
because of the urban heat island (about 6°C at 0800
UTC, as shown previously). As a result, the incoming
solar radiation is reduced (up to 200 Wm~2) between
0800 and 1100 UTC in Palaiseau compared to Paris.

The urban anomaly is thus enhanced in this case by
the interaction between local characteristics (higher tem-
perature in the urban canopy) and large scale advection.

Finally, we have found that the RUA is very similar at
100 and 300 m during both IOPs (not shown).

3.2.3. Sensible heat flux
The method presented in Section 2 has been applied to

the convective periods of the IOPs 9 and 10, between
0900 and 1500 UTC. Data of 10 March have not been
taken into account, as the mechanical production is not
negligible in this case. Fig. 10 shows an histogram of the
differences of calculated sensible heat flux between both
sites. After elimination of the ambiguous cases, 40 pairs of
values were available for the comparison. Regarding the
limitations of the calculation method, the results have to
be analysed with caution. However, we can see that the
heat flux determined for Paris is almost always larger
than the one determined for Palaiseau (six cases of
negative values, which are small). The positive differ-
ences range from 0 to 0.1 Kms~1, with a peak in the
distribution between 0.02 and 0.05 Kms~1. These differ-
ences are larger than the estimated uncertainty on the
calculation of Q

0
($0.01 Kms~1), and thus can be con-

sidered as significant. They correspond to differences of
25—65 Wm~2 in the surface energy budget, which repres-
ent about 10—20% of the net radiative budget of
Palaiseau between 0900 and 1500 UTC. Most of the
relative differences between urban and rural fluxes range
between 0 and 70%, and are thus much lower than the
differences (factor of 2—4) found on the METROMEX
data (White et al., 1978). This can be explained by the
differences of urban characteristics between Paris and
Saint-Louis, and of observing conditions.

3.2.4. Boundary layer height
Fig. 11 shows the ABL height determined for M09,

M10, M13 and M14.
The results of the daytime comparison (between about

0800 and 1600 UTC) are summarized in Table 2. The first
remark is that the mixed layer height is always larger in
Paris than in Palaiseau, excepted on M09 where it is
about the same. However, excepted on M14, the differ-
ences are generally smaller than 100 m, on the same order

Fig. 10. Histogram of the differences of surface sensible heat flux
derived from sodar data in Paris and Palaiseau (IOP 9 and 10).

of magnitude as the accuracy of the determination. Thus,
the doming effect observed during ECLAP is not as
strong as in Spangler and Dirks (1974) who observed,
with the measurements over St-Louis, a rural to urban
variation in mixing layer up to 400—500 m. On the other
hand, Hildebrand and Ackerman (1984) reported, for
other days of the METROMEX experiment, maximum
differences of about 100—200 m, although with large dif-
ferences between surface fluxes. They attributed this
weak increase of the mixed layer growth to other forcings
such as subsidence.

Here, one reason of the weak doming effect is that the
differences of surface heat fluxes, as calculated with sodar
data, are rather low. We can note that the differences of
ABL height are weak both on M09 and M10, although
these two days are characterized by very different
strengths of surface and elevated inversions.

In the same way, the differences of ABL height seem
not very sensitive to the presence of the urban plume, as
they are very close on M09, M10 and M13, although
Palaiseau is outside the urban plume in the first and
second case, but inside in the third case.

On M14, the combination of the factors presented in
Section 3.2.2, explains, as for p

8
, that the urban anomaly

is larger on this day.
During nighttime, the method presented in Section

2 could only be applied in Palaiseau. Indeed, large differ-
ences have been observed between the structures of verti-
cal echo profiles over Paris and Palaiseau. As an
example, Fig. 12a shows such profiles for 9 March at
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Fig. 11. Time evolution of the ABL height derived from lidar
(unstable ABL), sodar (stable ABL) and radiosoundings data,
during 9 March (a), 10 March (b), 13 March (c), and 14 March (d).

0240 UTC. In Palaiseau, sodar echo is strong near the
ground, and vanishes at about 300 m, which corresponds
to the top of the nocturnal inversion layer as determined
on the potential temperature profile measured by
radiosonde around midnight (Fig. 12b). On the contrary,
it remains low and quite constant between 50 and 450 m
over Paris. According to equation (3), such a profile is
rather characteristic of a neutral or near-neutral layer.
This is confirmed by the temperature data from the Eiffel
Tower (Fig. 12b) which show a near-neutral layer be-
tween 2 and 300 m. This difference in stability between
Palaiseau and Paris was generally observed both on sodar
and temperature data during the nighttime periods of
POI 9 and 10. Moreover, the reflectivity profiles of M09
and M14 (not presented) show that the morning transition
to convective regime occured about 1—1.5 h sooner in
Paris than in Palaiseau, which is also in agreement with
the evolution of vertical gradient of temperature.

4. Summary and conclusion

The ECLAP experiment aimed to study the differences
between the ABL in Paris and its rural suburbs, and to
obtain a data set for numerical simulations of meteoro-
logical fields in situations favourable to high levels of
pollutants. The best documented IOPs are also the most
interesting, as they include very different situations re-
garding the wind direction, the surface and synoptic
inversions strength, and the cloud cover. Simultaneous
measurements in two sites have allowed a comparison
between the ABL vertical structure over Paris and over
the suburbs. The mixed layer development was followed
up to its maximum by means of lidar data, whereas the
nocturnal ABL and the transitions between stable and
unstable regimes were characterized by sodars measure-
ments. Radiosoundings and sonic anemometers
measurements in the rural site allowed a control of the
parameters derived from sodar and lidar data, such as
ABL height, p

8
, and surface heat flux.

The differences between both sites presented in this
paper show evidence of urban effects in the Paris area.
However, the magnitude of these effects seems to be highly
dependent on the variable and the time period we look at.
The main conclusions can be summarized as follows:

f The surface heat island varies between 1 and 6°C.
f There is no indication of an urban aerosols induced

effect on the incident solar radiation.
f The urban anomaly on p

8
ranges between 0 and more

than 100%, depending on the wind direction and the
rural temperature gradient near the ground.

f The sensible heat flux in Paris is generally larger than
in Palaiseau during the convective periods, the most
frequent differences ranging from 25 to 65 Wm~2, cor-
responding to relative differences of 20—60%.

992 E. Dupont et al. / Atmospheric Environment 33 (1999) 979—994



Table 2
Comparison between the convective ABL heights measured by lidar in Paris (h

63"
) and in Palaiseau (h

363
).

M09 M10 M13 M14 Global

Number of pairs 12 17 16 14 59
Mean (h

63"
!h

363
) (m) !20 60 80 150 70

Mean (h
63"

!h
363

)/h
63"

!0.03 0.14 0.18 0.81 0.27

Fig. 12. Vertical profiles of sodar reflectivity (arbitrary unit) in Paris and Palaiseau (a), and of potential temperature (K) measured on the
Eiffel Tower and at Trappes (radiosounding) (b), for 9 March 1995, 0240 UTC.

f The differences of unstable ABL height are most of the
time smaller than 100 m, excepted for one of the four
days studied, when cold air advection combined with
a strong heat island.

f During nighttime, the vertical profile of sodar echo
and temperature reveals a near-neutral layer in Paris
(up to about 300—400 m), and a stable layer in
Palaiseau. The morning transition to convective re-
gime as seen by sodar and temperature measurements
occurs on some days 1 to 1.5 h sooner in Paris than in
Palaiseau.

This analysis of ECLAP data has thus given us some
indications on the effect of Paris on the ABL structure
and its diurnal evolution. These first conclusions have to
be confirmed by numerical simulations using these data,
and extended to different meteorological situations by
further measurements.
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