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Abstract. The diurnal cycle of the atmospheric boundary layer (ABL) has been
documented on 8 August 1998 in the framework of the Etude et Simulation de
la QUalité de lair en lle-de-France (ESQUIF) experiment that took place in the
Paris area. The ABL dynamics was documented by means of a ground-based lidar,
surface meteorological stations and soundings. The interaction between the residual
layer and the convective boundary layer is investigated using the collected data as
well as mesoscale modeling. As opposed to the generally accepted concept, we find
evidence of entrainment at the top of the residual layer. High temporal simulations
of the 8 August 1998 case made with the mesoscale atmospheric model Meso-NH
also evidence mixing at the top of the residual layer (RL). This mixing is believed
to be related to the presence of convective (gravity) waves in the RL.
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1. Introduction

The residual layer (RL) is a neutrally stratified layer which does not
have direct contact with the ground, and is not affected by turbulent
transport of surface related properties (as opposed to the convective
boundary layer where this transport is ensured by thermals). In the
RL, transport is ensured by shear-related sporadic bursts of turbulence
(Mahrt, 1999). RL characteristics (mean state and concentration vari-
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ables) are generally observed to be initially the same as those of the
recently decayed mixed layer (Stull, 1988). In the absence of vertical
transport by thermals, the height of the top of the RL is expected to
be constant overnight (if we except the effect of subsidence and radia-
tive cooling) until fully eroded by the developing convective boundary
layer (CBL). Until now, this ”"conceptual” scheme has not been invali-
dated, even though adapted observation tools, such as remote sensing
instruments, have been used for ABL studies for the past 30 years (see
Wilczak et al., 1996 for example).

As there is now convicing evidence that RLs have an impact on
air quality, via down-mixing of pollutants during the growth of the
mixing layer in the morning (Neu et al., 1994; among others), numerous
studies have reported lidar measurements of the ABL evolution in the
daytime, especially in urban areas (Drobinski et al., 1998; Dupont et
al., 1999; Menut et al., 1999; among others). In contrast, only a few
studies have been conducted on the nocturnal boundary layer using
lidars (Devara et al., 1994; Raj et al., 1997; Di Girolamo et al., 1999;
Kolev et al., 2000). To the author’s knowledge, only the transition from
the daytime to nighttime boundary layer regime has been investigated
(Mahrt, 1981; Nieuwstadt and Brost, 1986; Kolev et al., 2000). No
studies have been devoted to transition from nocturnal to convective
boundary layer, in general, and to the interaction between the RL and
the CBL, in particular.

In this paper, we present evidence of dynamic coupling between the
RL and the developing CBL as observed by ground-based backscatter
lidar in the framework of the Etude et Simulation de la QUalité de
air en lle-de-France (ESQUIF) experiment (Menut et al., 2001) in the
area of Paris (France). This phenomenon has been observed in each
of the clear air intensive observation periods (IOP’s) of ESQUIF that
have been analysed. Here, we report on the 8 August 1998 case (IOP
2). High temporal simulations of the 8 August 1998 case made with
the mesoscale atmospheric model Meso-NH (Lafore et al., 1998) also
evidence mixing at the top of the RL.

2. The 8 August 1998 case study

The highest pollution levels of the summer of 1998 were recorded during
IOP 2. During the first two weeks of August, photo-oxidant pollution
was favoured by high temperatures, especially during a four-day long
heatwave (from 8 to 11 August 1998), with air temperatures near the
surface ranging from 35 to 37°C. On 8 August 1998, winds were from
the East over the Paris area with negligible subsidence (see below). At
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10 m above ground level, the winds did not exceed 3-4 m s~!. The air
masses sampled over Paris had travelled over the British Isles as well
as Belgium, the Netherlands and Luxemburg.

2.1. OBSERVATIONS

An upward looking backscatter lidar has been deployed on the in-
strumented site of Palaiseau (a suburban site located 25 km south of
Paris). The lidar is intended to document some of the key parameters
relevant to (i) the atmospheric boundary layer (ABL) dynamics i.e.
the ABL depth and entrainment zone depth and (ii) radiative budget
i.e. optical depth with an accuracy of £0.02. The vertical resolution
of the instrument is 30 m. In addition, measurements of infrared and
longwave radiations using a pyranometer and a pyrgeometer, and mea-
surements of temperature, humidity and wind velocity and direction
were performed simultaneously to lidar measurements on the same site.

2.1.1. Atmospheric reflectivity
Recently, lidar measurements of ABL diurnal evolution in the Paris are
have been reported by Drobinski et al. (1998), Dupont et al. (1999) and
Menut et al. (1999). The backscatter lidar used in this study operates
in the visible part of the spectrum (at 0.53 pm) and the lidar signal
is extremely sensitive to particles with radii between 0.1 and 1 pm.
Sub-micronic aerosols are excellent tracers of the dynamics in tropo-
sphere, making lidar a relevant tool for the study of ABL processes
such as entrainment over homogeneous terrain (Flamant et al., 1997),
organized-large eddies (Drobinski et al., 1998) and over complex orog-
raphy (Drobinski et al., 2001). Once they have been stripped from the
surface, aerosols are trapped in the ABL by the capping temperature
inversion. As a result, the lidar signal is generally observed to be large
in the ABL and to decrease rapidly above (Flamant and Pelon, 1996).
Zenith lidar observations on 8 August 1998 were performed over
Palaiseau from 0800 to 1700 UTC. The temporal evolution of the ABL
(CBL and RL) structure, as obtained from the range-squared-corrected
signal, is shown in Figure 1A. The temporal resolution is 25 s. The
CBL appears as an orange-red layer (on the false-colour picture) which
deepens from 625 to 2400 m between 1000 and 1700 UTC. The RL also
appears as an orange-red layer, but above the CBL and between 0800
and 1300 UTC.

2.1.2. Heights of the residual layer and convective boundary layer
The top of the CBL is characterized by large gradients of mean quan-
tities, such as the relative humidity and aerosol content, to which the
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Figure 1. Panel A: Lidar time series over Palaiseau on 8 August 1998 from 0800 to
1700 UTC. The relationship between the range-squared corrected backscatter signal
(RSCS in arbitrary units) and color coding is given by the color bar. Panel B: RL
(thin solid line) and CBL (thick solid line) top heights (hrr and hcopr, respectively)
as a function of time.

backscattered signal is highly sensitive (Dupont et al., 1994). Lidar
profiles always exhibit a local discontinuity (or transition zone) between
the mixed layer and the troposphere aloft. We define the local CBL top
height as the base of the transition zone (i.e. the top of the mixed layer)
using a gradient algorithm (Dupont et al., 1994). In this study, it is
assigned to the level of the first data point whose backscatter intensity
exceeds the free troposphere backscatter intensity by at least 25%. The
precision on the so retrieved heights is 30 m. The same algorithm can
be used to detect the top of the RL. In the following, these heights are
referred to as hopr and hrp and are displayed as a function of time
in Figure 1B. The temporal resolution for h¢py, and hpry, time series is
25 s.

2.1.3. Soundings
The vertical thermodynamical structure of the atmosphere in the Paris
area is documented by means of soundings performed by Météo-France
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Figure 2. Vertical velocities (from the 3D Meso-NH simulation) over Paris at 0700,
0900 and 1100 UTC (solid, long-dash and short-dash lines, respectively.

in Trappes (25 km southwest of Paris, 15 km away from Palaiseau).
Temperature, relative humidity, pressure and wind speed and direction
soundings are available at 0000 and 1200 UTC. During [OP’s, sound-
ings were performed every three hours. The diurnal evolution of the
depth of the ABL can be estimated from potential temperature, relative
humidity and wind measurements. It can in turn be compared to that
derived from lidar measurements (Menut et al., 1999), as presented in
Table I. The relative humidity between 0 and 3 km above ground level
remained lower than 40% throughout the day. As a result, the small
fluctuations (both on the vertical and with time) of relative humidity
will have little influence on the evolution of the size and refractive
index of the aerosol, and in turn, little influence on the lidar signal
itself (Dupont et al., 1994; Flamant et al., 1998).

2.2. MESOSCALE MODELING

The Meso-NH model (Lafore et al., 1998; Bélair et al., 1998) solves the
non-hydrostatic and anelastic equation system. It allows for research in
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a wide range of topics, from large-eddy simulations to the a-mesoscale
studies (Cuxart et al., 2000).

A meso-§ scale simulation has been performed (with a mesh of
15 km horizontal grid spacing) on a domain surrounding the Paris area.
The initial and coupling fields were issued from the French operational
forecast model ARPEGE analyses.

To insure a good description of the ABL, 11 levels are taken below
500 m. The thickness of the first 9 meshes is less than 50 m. Above
6400 m, the mesh thickness is constant and set to 500 m. An absorbing
layer is set above 15000 m. The top of the domain is located at 21400 m.

For the IOP 2 case study, the simulation starts the on 7 August
1998 at 0000 UTC and ends at on 11 August 1998 at 0000 UTC. In
the following, only the Meso-NH model outputs of the 8 August 1998
are shown.

Subsidence was considered to be negligible on 8 August 1998 based
on (i) the outputs of the three-dimensional (3D) mesoscale runs per-
formed with Meso-NH (Figure 2) and (ii) the fact that no warming
above the ABL (which could have been caused by subsidence) was ob-
served on the Trappes soundings (not shown). After 0900 UTC, vertical
velocities are found to be small in the lower 5 km of the troposphere.

Table I shows the estimates of hopr and hpry retrieved from the
lidar reflectivity and from the vertical profiles of potential temperature
of the soundings of Trappes and Meso-NH outputs (taken at the base of
the temperature inversion). The general agreement is good. However,
the use of different techniques to estimate hopyr and hgryp from lidar
reflectivity and vertical profiles of potential temperature may generate
discrepancies (Menut et al., 1999). For instance, a bias of ~ 300 m for
hrr is visible between lidar and potential temperature profile estimates,
which may be due to the fact that the temperature inversion height does
not coincide with the maximum aerosol content (e.g. Dupont, 1991).

Table I. Estimates of hcpr and hgrr from lidar and sounding data and from simulation
outputs, respectively.

Time hrr (m) hepr (m)
(UTC) Lidar Sounding Meso-NH model Lidar Sounding Meso-NH model

0530 1600 1300 1300 — — —

0830 1600 1400 1250 — 250 300
1130 1450 — — 1100 750 1000
1430 — — — 2050 2000 2150
1730 — — — 2300 2350 2550
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At 1130 UTC, the sounding in Trappes shows a temperature inversion
at 750 m height which is less than the hopyr heights retrieved from
the lidar data and the simulations (~ 1000 m). This difference may be
due to local meteorological effects as Trappes is located approximately
15 km from Palaiseau.

3. Evidence of coupling between the residual and convective
boundary layers

3.1. LIDAR MEASUREMENTS

When displayed as a function of time, hry and hopyp provide usefull
information on the turbulent activity taking place in the RL and CBL,
respectively. From 0800 to 1000 UTC, the height of the top of the RL
is nearly constant (~ 1600 m) which should be an indication of the
absence of turbulent motion in the RL. The CBL starts to develop at
1000 UTC and exhibits a fluctuating hopy with time: the interfacial
layer between the mixed layer and the overlying air (either residual
layer in the morning, or the free troposphere later) is produced by
intermittent turbulent field of thermals leading to downward entrain-
ment of stable air into the CBL. Therefore, as they interact with the
capping inversion, updrafts and downdrafts are evidenced by noticeable
vertical and horizontal variation of the backscattered signal in this
region. Figure 1 shows the presence of thermals interacting with the
inversion at the top of the CBL. Simultaneously, we observe similar
structures at the top of the RL (Figure 1B). However, it should be noted
that because of the so-called ”overlap factor”, the lidar is not able to
retrieve the CBL height below an altitude of 600 m. This could mean
that the RL top height starts to fluctuate shortly after the CBL begins
to develop. The correlation between the fluctuations of the CBL and
RL heights is approximately 80%, which is unexpected if the two layers
are disconnected, according to the usual ”conceptual” scheme. The RL
is eroded by the CBL between 1000 and 1300 UTC. After 1300 UTC,
the CBL continues to thicken. The maximum depth observed is 2400 m
at 1700 UTC.

Between 1100 and 1300 UTC, we observe a decrease of the lidar
reflectivity between 1200 and 1600 m (i.e. in the RL). Simultaneously,
the optical depth derived from lidar measurements is constant (~ 0.2)
over the same time period, meaning there is no additional sources of
aerosols by synoptic advection or local emissions. The decrease in lidar
reflectivity is thus thought to be caused by downward mixing of air
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from the free troposphere. The aerosol content in the free troposphere
is generally much smaller than in the RL and CBL, so that this vertical
mixing results in a reduction of the particle concentration to which the
lidar-derived extinction is proportional. This is further confirmed by
lidar-derived extinction coefficient time series at 1000, 1450 and 1850 m
above ground level, the former two in the RL, the latter above the RL
(Figure 3). In the following, lidar-derived extinction coefficients at these
heights are referred to as ayggo, 1450 and aygsg. This data is consistant
with downward mixing of free tropospheric air (starting at 1100 UTC)
for the following reasons

— 1000, 1450 and aqgsg are constant with time prior to 1100 UTC
(no downward mixing),

— aj000 and aq450 diminish significantly at the same time (i.e. 1100 UTC),

— o000, 01450 and aqgsg are observed to increase significantly at 1200,
1400 and 1530 UTC, respectively, in accordance with the fact that
the top of the developing CBL reaches these height at the same
time as shown in Figure 1B.

The evidenced mixing process is by nature similar to the entrainment
process generally observed at the top of the CBL. However, entrainment
results in a deepening of the layer in which the air is entrained: this
is observed in the case of the CBL but not in the case of the RL.
The height of the RL top is observed to decrease rather than increase
(Figure 1B). This is not caused by the detection algorithm since it is a
"threshold” algorithm (i.e. the RL is either detected or not detected).
Rather, the decrease is thought to be related to a larger entrainment
rate at the top of the CBL than at the top of the RL. The CBL and RL
growth rates (defined as dh/h, when subsidence is negligible) are equal
to 30% and -20% on average between 1100 and 1300 UTC, respectively.

3.2. SIMULATIONS

Theoretically, the dynamical coupling between RL and CBL should also
be visible on the vertical profiles of potential temperature. However,
the time interval between balloon launches is too large to document
accurately the process under scrutiny (between 1000 and 1300 UTC,
only one sounding is available). Therefore, we have used meso-scale
simulations to provide information on the ABL dynamics within this
time interval over Palaiseau area. Figure 4 shows the isentropic contours
as a function of time between 0530 and 1730 UTC calculated using
13 potential temperature profiles (one profile every hour). The RL top
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Figure 3. Extinction versus time, derived from backscatter lidar reflectivity, at
1000 m (panel A), 1450 m (panel B) and 1850 m (panel C).

height is located where the potential temperature gradient is maximum,
i.e. ~ 1500 m.

Between 0530 and 0800 UTC, the altitude of those isentropes be-
tween 304-308 K (in the RL and the free troposphere) increase, most
likely because of a slight upward synoptic motion (Figure 2 above
1500 m). On the contrary, they decrease from 0800 to 1200 UTC
because of a slight synoptic subsidence (Figure 2 above 1500 m). At
0530 UTC, the isentropes between 304 and 305.5 K are confined be-
tween 1000 m and 1600 m. From 0530 to 1030 UTC, the vertical
gradient, 00/0z between 305 and 305.5 K isentropes remains rela-
tively constant. On the other hand, the gradient between 304.4 and
304.6 K isentropes decreases, meaning that there is vertical mixing
in the RL, which is consistant with lidar observations. Finally, the
gradient between 304 and 304.4 K isentropes is observed to increase,
as the temperature inversion capping the CBL strengthens.

The top of the vertical isentropes corresponds to the CBL height
since vertical isentropes indicate a well mixed layer. The time evolution

of the RL and CBL heights is in good agreement with that of hrr, and
hopr retrieved from the lidar signals.
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Figure 4. Time series of the vertical profiles of potential temperature at Palaiseau
from Meso-NH simulations. Isentropic contour interval is 1 K, except between
304.0 K and 305.5 K where it is equal to 0.1 K.

3.3. DiscussioN

Horizontal advection of sloping boundaries of the top and bottom of
the residual layer layer can also cause apparent changes over a fixed
point. Such advection can be significant, even in light wind conditions.
Hence, it is important to know the 3D field of mixed layer and residual
layer structure, in order to separate the local changes to the advective
changes. To address this, we have looked at the horizontal cross sections
of height of 304 and 305 K isentropes at 0800, 0900 and 1000 UTC
(Figures 5 an 6). This figure strongly advocate against advection as the
horizontal structure of the isentrope heights (over Paris and elsewhere)
is nearly stationary. Note the sharp boundary (materialized by a height
gradient) oriented south-west to north-east (and the associated region,
to the south, where the isentrope heights no longer exist) in the lower
right corner of the figures. Its southeasterly propagation is related to
the growth of the ABL at the mesoscale between 0800 and 1000 UTC.

In Figure 7, we show the vertical structure of the turbulent kinetic
energy extracted along an axis parallel to the mean low level wind
direction (and going through the Paris area) at 1100 UTC. Paris is
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Figure 5. Horizontal cross sections of height of the 304 K isentropic surfaces at
0800 UTC (panel A), 0900 UTC (panel B) and 1000 UTC (panel C). Isopleths
are separated by 100 m. The minimum and maximum isocontours are 600 m and
1800 m, respectively. Wind vectors on the isentropic surfaces are superimposed.
Paris is indicated by a cross (x).

located 2.35° E, at the lowest point of the topography. Large val-
ues of the turbulent kinetic energy are observed over Paris which can
unambigously be related to vertical mixing in the ABL mixed layer.

Between 1100 and 1200 UTC (Figure 8), the depth of the ABL mixed
layer increases significantly under the influence of surface heating. Nev-
ertheless, some of this increase could be caused by entrainment at the
top of the RL. However, this cannot be evidenced with the present
simulation (not because the vertical resolution is too coarse). We believe
that with a mesh of 15 km horizontal grid spacing the TKE scheme in
the model is not appropriate to separate the TKE generated by the
entrainment at the top of the RL and that created by entrainment at
the top of the CBL. This would need to be studied with a large-eddy
simulation model.
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Figure 6. Same as Figure 5 for the 305 K isentropic surfaces.
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Figure 7. Vertical structure of the turbulent kinetic energy (panel B) extracted along
an axis parallel to the mean low level wind direction (panel A) at 1100 UTC. Paris
is indicated by a cross (x) in panel A and by an arrow in panel B.
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Figure 8. Simulation of the vertical profiles of turbulent kinetic energy (panel A)
and potential temperature (panel B) in Palaiseau at 1000, 1100 and 1200 UTC
(solid, dashed and dotted line, respectively).

4. Conclusion

In the present study, turbulence in the RL has been observed using
a ground-based lidar by looking at the fluctuations, with time, of the
height of the RL top. [Such fluctuations are known to be related to
interactions between thermals and the inversion capping the CBL via
wave propagation and turbulence.]

The turbulence in the RL is likely to be of different origin than in the
CBL. It could be generated by wind-shear (however, this generally leads
to downward mixing). It could also be produced by so-called ”convec-
tive” gravity waves resulting from the interaction between the flow in
the RL and thermals deforming the top of the CBL. Convective gravity
waves transport momentum upward which, in turn, leads to enhanced
drag and mixing. Such waves could have an impact on atmospheric cir-
culation as discussed by Kershaw (1995). Lidar measurements strongly
advocate for the later hypothesis, since the RL top height starts to
fluctuate shortly after the CBL begins to develop.

The concept of bidirectional entrainment in an ”intermediate” layer
(i.e. the entrainment of fluid from both the underlying ABL and the
overlying free troposphere into a layer between the ABL and the free
troposphere) has been studied theoretically (Fernando and Hunt, 1997),
via laboratory experiments (Turner, 1968; McGrath et al., 1997) as
well as experimentally in the framework of the First Aerosol Char-
acterization Experiment (ACE 1) by Russell et al. (1998). According
to these studies, bidirectional entrainment is to be expected whenever
turbulence is present in the "intermediate” layer (here, a portion of the
top of the RL). This advocates against the generally accepted concept of

dr_cla_cnr6.tex; 19/10/2000; 16:30; p.13



14 G. JAVIER FOCHESATTO ET AL.

a constant RL top height overnight (if we except the effect of subsidence
and radiative cooling).

Further investigations will be conducted with a large-eddy simula-
tion model to explain the difference of CBL and RL growth rates (30%
and -20% on average, respectively) and the role of convective gravity
waves.
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