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Abstract The atmospheric boundary layer (ABL) depth, zi, is a fundamental variable of ABL and a
climatologically important quantity. The exchange of energy between the Earth’s surface and the atmosphere
is governed by turbulent mixing processes in the daytime ABL, and thus, zi is important for scaling turbulence
and diffusion in both meteorological and air quality models. A long-term data set of zi was derived at the
Site Instrumental de Recherche par Télédétection Atmosphérique (SIRTA) observatory near Paris, using
measurements obtained from a ground-based vertically pointing aerosol lidar and an autonomous algorithm
STRAT+. Using multiparameter observational data sets covering a 5 year period (October 2008 to September
2013), this study aims to explore two interconnected ABL research topics: brief climatology involving multiscale
temporal zi variability (diurnal, seasonal, annual, and interannual) and the relationship between zi and near-surface
thermodynamic parameters to determine meteorological processes governing zi variability. Both the zi and the
growth rate over SIRTA showed large seasonal variability with higher mean values in spring (1633m and
225mh�1) and summer (1947m and 247mh�1) than in autumn (1439m and 196mh�1) and winter (1033m
and 149mh�1). Seasonal variability of daytime maximum zi is found to be strongly and linearly correlated with
downwelling solar radiation at the surface (r=0.92), while the dependence between daytime maximum zi and
sensible heat flux (SHF) at seasonal scales is not fully linear, in particular, for summer months. Interannual
variability is studied using deseasonalizedmonthly-mean anomalies of each variable. Conditional sampling and
linear regression analyses between the anomalies of deseasonalized SHF and daytime maximum zi, show (1)
stronger correlation between the two parameters for the soil conditions compared to the wet soil conditions,
(2) that zi anomalies were more dependent on SHF anomalies for negative than for positive boundary layer
wind speed anomalies, and (3) in the summer season, zi anomalies variedmore consistently with SHF anomalies
for conditions with negative cloud cover anomalies than in conditions with positive cloud cover anomalies.

1. Introduction

The development and maintenance of the atmospheric boundary layer (ABL) plays a key role in governing the
distribution of atmospheric constituents like aerosols, greenhouse gases (GHG), water vapor, ozone, and radon
and controls the atmospheric processes like convective activity, entrainment, fog, cloud, and aerosol formation
[e.g., Stull, 1988;Nilsson et al., 2001;Haeffelin et al., 2012; Pal et al., 2014]. Thus, the study of the ABL top height (zi)
variability is important with regard to air quality, climate, and weather forecasting [e.g., Behrendt et al., 2011;
Pal et al., 2015; Banks et al., 2015].

To obtain a comprehensive view of the mixing processes of different tracers (e.g., GHG, aerosols, and other trace
gases), a better understanding of the combined effects of land surface conditions and zi variability and growth
rate on diurnal, seasonal, and interannual timescales is greatly needed [e.g., Janssen et al., 2012; Lac et al.,
2013]. For instance, within ICOS (Integrated Carbon Observing System), a recently launched, world-class research
infrastructure, dedicated to provide harmonized high precision measurements for research on carbon cycle and
GHG budgets, regular zimonitoring is considered one of the key tasks [e.g., Haeffelin et al., 2012; Paris et al., 2014].

A detailed understanding of the surface-atmosphere interactions based on long-term measurements of zi is
considered challenging but important for applications like atmospheric transport, dynamics, and chemistry
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[e.g., Denning et al., 2008; Haman et al., 2012]. In particular, zi time series is considered a valuable data set for
investigating convective boundary layer (CBL) processes (e.g., turbulence parameterization and scaling), for
evaluating regional-scale atmospheric models, and for developing new parameterization schemes in
numerical weather prediction models [e.g., Haeffelin et al., 2012; Banks et al., 2015].

In recent years, several research infrastructures equipped with ground-based profilers like lidars and
ceilometers were built up to understand the present state and predict future global element cycles: ICOS,
NEON (National Ecological Observatory Network), ACRF (Atmospheric Radiation Measurement Program
(ARM) Climate Research Facility), MPL-Net (Micro-Pulse Lidar Network), Canadian Network for the
Detection of Atmospheric Change (CANDAC) differential absorption lidar (DIAL): CANDAC DIAL, EARLINET
(European Aerosol Research Lidar Network), E-PROFILE (EUMETNET Program for European Scale Wind and
Lidar Network), SPALNET (Spanish and Portuguese Aerosol Lidar Network), ALC (Automatic Lidars and
Ceilometers) network, etc., [e.g.,Milroy et al., 2012; Paris et al., 2014; Haeffelin et al., 2012]. Table 1 summarizes
the list of the acronyms used in this study.

Significant research initiatives were made in the last few decades to use long-term lidar-based investigations
for monitoring optical properties of aerosol particles over different sites around the world [e.g., Matthias and
Bösenberg, 2002; Pedrós et al., 2010; Pal and Devara, 2012; Kafle and Coulter, 2013; Amiridis et al., 2015].
However, studies on the zi climatology based on multiyear lidar measurements have received little attention,
partly for lack of continuous observations. In particular, routine, long-term, and high-resolution lidar-derived
zi time series were difficult to achieve until the very recent advancement in the automated lidar technology
[e.g., De Tomasi and Perrone, 2006; van der Kamp and McKendry, 2010; Yang et al., 2013; Lewis et al., 2013;
Ketterer et al., 2014; Pal, 2014].

Long-term lidar (or ceilometer) observations have been used, so far, to (1) demonstrate the feasibility of
applying newly developed zi retrieval algorithms [e.g., Chen et al., 2001; Baars et al., 2008; Granados-Muñoz
et al., 2012; Di Giuseppe et al., 2012; Haman et al., 2012; Pal et al., 2013; Luo et al., 2014] and compare with
model simulations [e.g., He et al., 2006; Denning et al., 2008; Collaud Coen et al., 2014; Korhonen et al.,
2014], (2) compare results obtained from different data sets [e.g., Sawyer and Li, 2013], and (3) assess the

Table 1. List of Abbreviations for the Different Atmospheric Layers, the Different Sites, the Projects, and the Networks
Frequently Used in the Present Study

Abbreviation Definition

Atmospheric Layers
ABL Atmospheric boundary layer
CBL Convective boundary layer
RL Residual layer
FA Free atmosphere
NBL Nocturnal boundary layer
SBL Stable boundary layer

Projects, Sites, and Programs
EARLINET European Aerosol Research Lidar Network
ICOS Integrated Carbon Observing System
NEON National Ecological Observatory Network
ACRF ARM Climate Research Facility
MPL-Net Micro-Pulse Lidar Network
E-PROFILE EUMETNET Program for European Scale Wind and Lidar Network
SPALNET Spanish and Portuguese Aerosol Lidar Network
CANDAC Canadian Network for the Detection of Atmospheric Change
ALC Automatic lidars and ceilometers
SIRTA Site Instrumental de Recherche par Télédétection Atmosphérique

Defined Parameters
CBL-WS Mean horizontal wind speed in the convective boundary layer retrieved from radiosonde profile
SHF Sensible heat flux
SSWD Downwelling solar radiation at the surface
zi ABL top height
ziMax Daytime maximum zi
LWCRF Longwave cloud radiative forcing

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023268

PAL AND HAEFFELIN LONG-TERM ABL DEPTHS AND FORCING FACTORS 11,937

 21698996, 2015, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2015JD

023268 by C
ochrane France, W

iley O
nline L

ibrary on [05/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



potential of ground-based lidars and ceilometers for long-term zi monitoring [e.g., Pal et al., 2013; Schween
et al., 2014]. However, most of these studies are based on 1 year observations so that interannual variability
in zi and growth rate was not reported. Thus, a comprehensive evaluation of the impact of near-surface
meteorological conditions on diurnal, seasonal, interannual zi variability remained difficult to perform,
however, because long-term continuous measurements of zi and growth rate are greatly needed.

This work benefits from the recent progress in the use of ground-based automated profilers for continuous
unattended monitoring of zi at SIRTA (Site Instrumental de Recherche par Télédétection Atmosphérique), a
French national atmospheric observatory dedicated to cloud, aerosol, and ABL research, located near Paris,
France. The key aim of this paper is twofold: (1) detailed investigation of the lidar-based zi climatology
focusing on diurnal, seasonal, and interannual timescales and (2) examination of several observational
aspects of land-atmosphere coupling, and finally provides physical insights into the meteorological controls
(e.g., downwelling solar radiation at the surface (SSWD), soil moisture, sensible heat flux (SHF), mean
horizontal wind speed in the CBL (CBL-WS), and cloud cover) on ABL development, growth rate, and ABL
growth phase over land.

2. Site, Instrumentations, Data Sets, and Methods
2.1. Experimental Site and Instrumentations

SIRTA, the measurement site for this study, is located in Palaiseau (2.208°E, 48.713°N, 160m above sea level),
~20 km south of Paris on the Saclay plateau in a suburban environment. SIRTA is situated in the flat Parisian
plain, surrounded by villages, agricultural fields, and some major roads connecting the suburban areas with
the city of Paris. A large suite of state-of-the-art active and passive remote sensing instruments is operational
at SIRTA since 2002 [e.g., Haeffelin et al., 2012; Pal et al., 2012].

A vertically pointing aerosol backscatter lidar (ALS-450, manufactured by Leosphere, France) was operated at
SIRTA between 2008 and 2013. We used high-resolution (10 s and 15m) profiles of aerosol backscatter to
derive zi. At SIRTA, a unifiedmultiparameter data set (called SIRTA Re-OBS) was developed based onmeasure-
ments of over 40 atmospheric and ground physical parameters. The data set covers the period from 2002
until present (see Cheruy et al. [2013] and Chiriaco et al. [2014] for further details).

2.2. ABL Parameters and Analysis Approach

We investigate three key parameters of ABL diurnal cycle: daytime maximum zi denoted as zi
Max, zi growth

rate, and ABL growth duration. For instance, we choose zi
Max for two main reasons: (1) previous studies using

lidar measurements at SIRTA provided evidence that the zi
Max coincide well with the elevated potential

temperature (θ) inversion level obtained from the nearby radiosonde profiles at Trappes [e.g., Haeffelin
et al., 2012; Pal et al., 2013] and (2), in general, on diurnal timescale, zi

Max defines the “volume of the box”
within which vertical mixing of trace gases and pollutants takes place [e.g., Yi et al., 2001; Pal, 2014].

The growth rate determines the entrainment of free atmosphere (FA) air into the ABL [e.g., Stull, 1988] driven
by varying land surface and FA conditions. Previously, several researchers illustrated that during the morning
transition period when the CBL grows through the overlying residual layer (RL), entrainment velocity (we) can
be quite high (up to 1.5m s�1) after that slower growth rate continues due to the entrainment from the FA
[e.g., Nilsson et al., 2001; Pal et al., 2012]. In general, a large increase of the entrainment buoyancy flux occurs
when the RL is incorporated into the growing CBL generating a sharp increase in the zi [e.g., Conzemius and
Fedorovich, 2006; Vilà-Guerau de Arellano et al., 2009, 2011; Pal et al., 2010; Janssen et al., 2012]. Using
observations and results from large-eddy simulation (LES), Blay-Carreras et al. [2014] illustrated that due to
the presence of RL, growth rate becomes 2–3 times higher than for the regime with no RL above the stable
boundary layer (SBL).
2.2.1. Determination of ABL Top Height (zi)
Morille et al. [2007] developed an approach to determine locations of key aerosol vertical gradients
derived from quality-controlled aerosol lidar observations. The method was further refined to account for
two-dimensional aerosol gradients (STRAT-2D) [Haeffelin et al., 2012] based on temporal and spatial
resolutions of 30 s and 15m, respectively. A new autonomous attribution technique to determine zi
(STRAT+) was developed at SIRTA by Pal et al. [2013]. It combines lidar-derived profiles of variance of relative
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particle backscatter, STRAT-derived aerosol
layers, and micrometeorological measure-
ments near ground and, finally, allows
near-real-time zi determination at a temporal
resolution of 10min.
2.2.2. ABL Depth Growth Rate
The zi growth rate is constrained by the inver-
sion strength mainly via two phases: (1) at the
early stage of CBL growth by the shallow
nocturnal inversion close to the surface and
(2) later in the day when growing CBL reaches
the quasi-stationary zi in the presence of
synoptic high pressure [e.g., Stull, 1988;
Blay-Carreras et al., 2014]. On a daily basis,
we considered the zi values for the morning
transition period between the time of cross-
over (t1) after sunrise and the time in the
afternoon (t2) when 0.9zi

Max (i.e., 90% value
of the zi

Max) is reached. Finally, we deter-
mined the growth rate by fitting a linear
regression line along the zi observations
between times t1 and t2; corresponding gradi-
ent yields the growth rate [e.g., Baars et al.,
2008; Pal et al., 2013; Schween et al., 2014].
2.2.3. ABL Growth Duration
In general, the growing phase of ABL diurnal

cycle refers to the period between the times of crossover of SHF (negative to positive, i.e., when SHF changes
sign) and when zi reaches a maximum value in the early or late afternoon. During this period, the nocturnal
SBL which is usually shallow is rapidly eroded as the CBL grows. Often, growing CBL regime consists of two
closely related phases: (1) formation of a shallow CBL after the nocturnal boundary layer (NBL) is eroded in the
morning and (2) a rapidly growing CBL that will reach a quasi-stationary height, higher than that of the
shallow CBL [e.g., Stull, 1988; Pal et al., 2015]. Following Yi et al. [2001], we investigated the time required
for the zi to reach its maximum value from the time of ABL onset. For each day, we estimated the interval
between the crossover after sunrise and the time when CBL reaches its peak value in the late afternoon.

3. Diurnal, Seasonal, and Interannual Variability of ABL Parameters

The lidar data set over the period 2009–2013 is 76% complete as there are occasional gaps due to miscella-
neous system malfunctions, maintenance, and other data unavailability. Figure 1 displays the detailed
information about the data availability and the retrieval of zi using STRAT+ algorithm. Because of intermittent
instrument failures, some half-hourly data were missing from the ancillary products (e.g., SHF), and so the
STRAT+ algorithm needed to take such missing values into account. While there are very large gaps during
the autumn in 2012, the other seasons are sampled reasonably well.

3.1. Diurnal Cycle of zi

In the following, we present a brief overview of the zi time series obtained for the period between 2009 and
2013. To do this, we analyzed monthly-mean zi diurnal cycles during different years which helped to illustrate
the features of the development andmaintenance of zi including diurnal, seasonal, and interannual variability
(Figure 2). The 5 year average monthly-mean composite of zi illustrates the global means of zi on both diurnal
and seasonal timescales. The pseudocolored composites illustrate diurnal asymmetry, morning CBL
development, afternoon zi

Max, and seasonal variability. The main features of diurnal (seasonal) variability in
zi are higher zi in daytime (summer and spring) compared to zi in nighttime (autumn and winter). Overall,
both the diurnal and seasonal variability in the zi followed the SSWD cycle measured at the site. For instance,

Figure 1. Data coverage of lidar measurement (in %) during
2009–2013. The black portions of the stack bars indicate the gaps
(no data) due to maintenance and instrumental malfunction. The
grey bars include the time when lidar data sets were available, but
STRAT+ algorithm was not successful due to missing data from
micrometeorological instruments, poor lidar data quality due to
rain, and lidar signal degradation; light grey bar indicates the
amount of time when zi retrieval using STRAT+ algorithm was
possible. Number of days when lidar measurements were available
varies in different years (2009: 296, 2010: 301, 2011: 326, 2012: 228,
and 2013: 232).
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Figure 2. Pseudocolored composites of the monthly-mean diurnal cycles of ABL depths illustrating variability in the diurnal
and seasonal zi cycles over the SIRTA site during 2009–2013. Vertically-aligned color bar on the right denotes the zi values.
Average (mean) zi for each 1 h period in the day, and for each month of the year (color scale, meters above ground level (agl))
determined during different years over SIRTA using the STRAT+method. Vertical grey bars indicate data gaps in 2010 and 2012.
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for all years, the months of April, May, June,
and July have the longest and deepest zi
diel cycle.

The monthly-mean diurnal cycles for each
season, December–February (DJF) (winter),
March–May (MAM) (spring), June–August
(JJA) (summer), and September–November
(SON) (autumn), illustrate that overall winter
(summer) has the lowest (highest) daytime
ABL peak. As a note, due to 3months of
gaps in the lidar measurements in 2012,
the results related to the zi seasonal variabil-
ity for the autumn of 2012 are not statisti-
cally significant. The zi mean diurnal cycles
suggests that the zi during the afternoon
were quasi-stationary without any signifi-
cant growths for more than 3h.

3.2. Atmospheric Boundary
Layer Features
3.2.1. Daytime Maximum zi
Using frequency distribution analyses of
daily zi

Max, we investigated the boundary
layer regimes and relevant zi variability for
the entire period. Standardized zi

Max fre-
quencies for four seasons were considered
using a zi

Max bin size of 50m (Figure 3).
The summer zi

Max frequency follows well-
defined “bell-shaped” curve (typical of a
Gaussian) ranging from 500 to 3000m with
most frequency occurring at ~1960m (~40
samples). In contrast, the autumn zi

Max fre-
quency is found with a broad and flat distri-
bution with a wider zi

Max range from 200 to
2500mwith amedian at 1493m. In winter, a
relatively higher (lower) number of cases
were observed for smaller (larger) zi

Max bins.
Additionally, the winter frequency distribu-
tion was mainly characterized with higher
number of cases with shallow boundary
layer depth and similar though not identical
to autumn distribution ranging from 100
to 2100m with a median at 985m.
Nevertheless, the frequency distributions
presented yield a clear seasonal variability
with the highest (lowest) mean of zi

Max of
1947m (1033m) in summer (winter).

The frequency distributions of zi
Max differ

significantly among different seasons as
indicated by the standard deviation values

(Figure 3). Both summer and spring distributions showed negative skewness confirming high values being
more frequent than low ones in those seasons unlike in autumn and winter for which zi

Max distributions
yielded positive skewness. Our results also suggest that the cases with zi

Max> 1500m in summer (spring)

Figure 3. Histogram showing the frequency distribution of daily after-
noonmaximum CBL heights (zi

Max) for all measurements (2009–2013)
as a function of seasons for bins of every 50m interval. Dashed line on
each panel marks the seasonal mean of zi

Max. Median values of the
distributions in spring (1695m) and summer (1957m) are higher than
in autumn (1493m) and winter (985m). Seasonal mean values with
corresponding standard deviations are also shown in the top right
corner of each panel.
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are 89% (63%), illustrating a clear tendency
for deeper CBL in summer than in spring
(Figure 3). These results are similar to the
recently reported measures of zi variability
in different seasons over other European
sites [e.g., Baars et al., 2008; Pal et al.,
2010; Granados-Muñoz et al., 2012; Zhang
et al., 2013]. We also found larger day-to-
day zi

Max variability during autumn and
spring than in summer and winter. A large
interannual variability in zi

Max was also
observed during spring and autumn. Yang
et al. [2013] also found similar zi

Max

distributions for different seasons for
Hong Kong based on 6.5 years of
lidar measurements.
3.2.2. Growth Rate of zi
The frequency distribution analyses for the
growth rate (Figure 4) reveal annual cycles
similar to those of zi

Max with higher mean
growth rates in summer (247mh�1) than
in winter (149mh�1). Moderate number
of cases with very high growth rate
(>400mh�1) were also observed, how-
ever, only predominantly in summer and
spring. The spring and summer frequency
distributions yielded a quasi-Gaussian
shape with symmetric and unimodal distri-
butions as was confirmed with their kurto-
sis (a measure of the “peakedness”) values
of around 3. In contrast, autumn observa-
tions showed nearly flat distributions with
positive skewness confirming higher num-
ber of cases with relatively lower growth
rates (25–100mh�1). The standard devia-
tion values for the four distributions also
showed some seasonal variability with
higher standard deviation in summer
(142mh�1) than in winter (119mh�1)
which most likely illustrates relatively
higher day-to-day variability in the ABL
governing factors like near-surface forcing
(e.g., SHF), changes in FA lapse rate, and
the presence of RLs above the NBL, in sum-
mer than in winter.

Most of the differences in the shape,
width, and median values in the growth
rate distributions could be attributed to
the day-to-day as well as interannual varia-
bility in the CBL regimes during the study
period. Following box-and-whisker ana-
lyses of the growth rates, we also found
that the growth rate attained maximum

Figure 4. Same as Figure 3 but for the zi growth rates illustrating sea-
sonal variability. A bin size of 25m h�1 is used. The dashed line on
each panel marks the seasonal mean growth rate. The distributions in
spring and summer show a nearly bell-shaped curve with a peak
around 195m h�1 and 220mh�1, respectively. Themedian values for
autumn and winter are 169 and 112mh�1, respectively.
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of around 400–600mh�1 in all the years except in 2013. The observed turbulent mixing parameters were
up to 2–3 times weaker in 2013 compared to the other years which most probably caused this interannual
variability. The year 2013 was a very particular one among other years, with a large deficit in cloud free
situations, and excess of rain from December to June, while July and August were rather close to “normal”
summer months. In 2013, October was the rainiest month (monthly accumulated precipitation of
108.4mm). Based on daytime maximum temperature climatology, February was the coldest month in

Table 2. A Brief Overview of the Reported zi Growth Rates Over Land Surface Based On Ground-Based Lidar Observations Over Some Selected Sites Around
the World

List of References
(Chronological Order) Experimental Site or Region

Length of Time Series
or Type of the Study Reported zi Growth Rate (m h�1)

Yi et al. [2001] Northern Wisconsin, USA 8months 250–300 with seasonal variability
Chen et al. [2001] Tsukuba, Japan 1 year 30–100 with seasonal variability
Pino et al. [2004] Barcelona, Spain Case study 150
Baars et al. [2008] Leipzig, Germany 1 year 100–300 with seasonal variability
Denning et al. [2008] Northern Wisconsin, USA 1 year 275
Pal et al. [2010] Stuttgart, Germany Case study 200
van der Kamp and McKendry [2010] Vancouver, southwest coast of BC, Canada 2 years 50–110 with seasonal variability
Pal et al. [2012] Paris and suburban region, France Case study 100–250 with seasonal variability
Yang et al. [2013] Yuen Long, Hong Kong, China 6.5 years 50–100 with seasonal variability
Lewis et al. [2013] Greenbelt, Maryland, USA 7 years 100–150 with seasonal variability
Schween et al. [2014] Jülich, Germany 1 year 50–130 with seasonal variability
Korhonen et al. [2014] Johannesburg, South Africa 1 year 100–300 with seasonal variability
Collaud Coen et al. [2014] Payerne, Switzerland 2 years 150–250 with seasonal variability
Pichelli et al. [2014] Rome, Italy Case study 250–275
Pal et al. [2015] Trainou, France 1 year 75–200 with seasonal variability
This study Palaiseau near Paris, France 5 years 150–225 with seasonal variability

Figure 5. A brief overview of the seasonal and the interannual variability in the observed (a) zi
Max and (b) growth rate. The

global mean values (i.e., averaged over 2009–2013) of both parameters are also shown. Seasonal mean values of both
parameters for autumn 2012 and winter 2011 and 2013 are obtained with incomplete data coverage. Error bars represent 1
standard deviation values for both parameters.
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2013 (mean monthly average of 2.5°C). We also
found that growth rate showed strongest inter-
annual variability for autumn as was observed for
zi
Max.

The seasonal variability in the growth rates reported
in this study is consistent with the other studies
mentioned before. For instance, using lidar
measurements over Leipzig, Germany, Baars et al.
[2008] reported growth rates of 100 to 300mh�1

most of the year, while Pal et al. [2014]
reported slightly lower growth rates of about
150–200mh�1 over a rural site in France. Chen
et al. [2001], however, reported much lower growth
rates of 30 to 100mh�1 for a remote site (Tsukuba)
in Japan. Table 2 summarizes some of the key find-
ings on zi growth rates over different sites around
the world. While comparing the growth rates over
different sites, it should be noted that growth rates
largely depend on geographical location, predomi-
nant land use in the surrounding area (e.g., proxi-
mity to urban areas and agricultural areas or
forests), cloudiness, and local climate [e.g., Liu and
Liang, 2010; Lewis et al., 2013]. A brief overview of
the seasonal variability in the zi

Max and growth rate
during 2009–2013 is presented in Figure 5, which
can serve as a basis for comparing these results with
other midlatitude sites.
3.2.3. Growing Phase of ABL
We also performed frequency distribution analyses
of daily ABL growth duration for four different sea-
sons (Figure 6). On average, we found a clear seaso-
nal pattern in the growth duration illustrating
relatively longer time to reach the zi

Max in summer
(~8 h) than in winter (~4 h). Monotonic seasonal pat-
terns were also observed for both TCrossoverSHF (i.e., the
time of SHF crossover) and TMax

CBL (i.e., the time when
zi
Max is attained), however, in opposite phase: ear-

lier TCrossoverSHF in summer than in winter and vice
versa for TMax

CBL (not shown here). Thus, due to earlier
sunrise and crossover as well as larger amount of SHF, CBL grows for a longer time in summer months than in
winter months. In the summer months, it was observed quite often that the peak afternoon zi were elevated
till the time before sunset. We also carried out box-and-whisker analyses of the daily growth durations to
investigate further the temporal variability (as was done for zi

Max). Some interannual variability was found,
in particular, during spring and autumn (not shown here). However, the histograms reveal wide distributions
in all seasons (Figure 6) and without any significant seasonal variability in their standard deviation
values (2.1–2.3 h).

We also found that the growing phase varies significantly from one day to the other even within a season as
can be seen from their values lying between 2 and 10 h. The results presented here highlight the role of near-
surface thermodynamics on growing CBL features and suggest a new parameter (i.e., growth duration) for
evaluating the treatment of zi and growth rate in atmospheric models, in particular, in analytical models
and in LES. In the past, Raupach and Finnigan [1995] suggested that zi variability often reflects a timescale
equivalent to growth duration which could be many hours, perhaps 8 h or more by afternoon.

Figure 6. Same as Figure 3 but for the daily ABL growth
duration (in h) illustrating seasonal variability in the growing
phase of CBL. A bin size of 0.5 h is used for the analyses. Mean
values of the distributions are shown by the dotted lines and
with corresponding standard deviations in the upper left
corner of each panel. Median values of the distributions
in spring (7.50 h) and summer (8.33 h) are higher than in
autumn (5.83 h) and winter (4.50 h).
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4. Dependence of zi on
Near-Surface
Meteorological Parameters
4.1. Seasonal Variability

This section presents different aspects
of near-surface forcing on zi variability
on both seasonal and interannual
timescales. We consider two types of
near-surface micrometeorological and
meteorological parameters: (1) variables
that directly influence zi evolution like
SHF, SSWD, soil moisture, and CBL-WS
and (2) variables which cotemporally
vary with zi like near-surface tempera-
ture. The combined time series of
monthly means of daily maximum
SSWD (Wm�2), midafternoon soil
moisture (g cm�3), SHF (Wm�2), near-
surface temperature (T2m, °C), relative
humidity (RH2m, %), and zi

Max are first
considered (Figures 7a, 7c, 7e, 7g, 7i,
and 7k). Additionally, to represent the
seasonal cycle of these near-surface
meteorological parameters, we per-
formed box-and-whisker analyses
(Figures 7b, 7d, 7f, 7h, 7j, and 7l). Clear
seasonal variability can be observed for
all parameters with cyclic behavior
illustrating higher (lower) temperature,
zi, and SSWD in summer (winter)
months. Additionally, the annual cycle
is also evident for SHF, with mean daily
(24 h) SHF reaching a maximum in
spring and summer and a minimum in
winter months. A clear seasonal cycle
was also found in the soil moisture para-
meter: drier soil in summer and wet soil
in winter with highest variability in
spring (Figure 7j).

Overall, there is remarkably good agree-
ment across the three data sets (SSWD,
T2m, and zi), which capture seasonal
similarities. However, both midday soil
moisture and daytime minimum RH
showed an opposite annual cycle that
most likely occurred due to higher
amount of soil moisture due to precipi-
tations in winter than in summer
months at SIRTA. The RH seasonal cycle
is also driven by temperature. A close

inspection reveals that afternoon soil moisture at all levels (�5 cm, �10 cm, and �20 cm) at the site shows
a bimodal pattern during the year, with one maximum in winter and another one in early to late summer.
It can also be seen that zi

Max in 2009 occurs in July, corresponding with maximum SHF and maximum

Figure 7. (a, c, e, g, i, and k) Time series of monthly-mean values of zi
Max,

RHMin, TMax, afternoon SHFMax, qsoil, and SSWDMax; panels from bottom
to top illustrate the governing factors and mechanisms for the variability
of zi. Different colored symbols mark different years. (b, d, f, h, j, and l)
Corresponding mean seasonal variability based on the monthly-mean
values for the period between 2009 and 2013 via box-and-whisker analyses.
In each box solid line indicates the median and the extent of boxes, 25th
and 75th percentiles; whiskers represent the 10th/90th percentile markers.
The central point is the mean value, and the external points are the
maximum and minimum.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023268

PAL AND HAEFFELIN LONG-TERM ABL DEPTHS AND FORCING FACTORS 11,945

 21698996, 2015, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2015JD

023268 by C
ochrane France, W

iley O
nline L

ibrary on [05/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SSWD, which occurs in June. But, in 2011, this
correspondence does not hold true, which
could be attributed to the surface energy bal-
ance in those months.
4.1.1. Dependence of zi on SSWD and SHF
on Seasonal Scale
SSWD is one of the key driving factors governing
the temporal variation of zi on both diurnal and
seasonal timescales. Since SSWD largely varies
due to solar zenith angle, cloud cover, cloud
optical depth, and amount of aerosols present
in the atmosphere, significant seasonal variabil-
ity as well as interannual variability could be
observed. Consequently, this variability impacts
the zi variability. Thus, we find it interesting to
investigate the relationship between (1) the
SSWD and zi and (2) the SHF and zi (Figure 8).
The scatterplots illustrate the regression ana-
lyses for the 5 year period. The colors of the cir-
cles in each panel mark four different seasons.
The relationship between zi and SHF (r=0.75) is
not fully linear, in particular, during summer
when the zi values are highest, while the SHF
values remain in the same range as is found for
spring month. These results are similar to the
findings reported by other researchers in the
past [e.g., Bianco et al., 2011; Pal et al., 2012].
More recently, Molod et al. [2015] while investi-
gating spatial zi variability using NOAAwind pro-
filer network data also found a general pattern
indicating similar dependence of zi on surface
temperature and moisture. In their study, they
also reported higher (lower) zi for warmer and
drier (cooler and moister) areas.

It should be, however, noted that since the results presented in this study and in the aforementioned studies
are based on the linear regression approach while the impact of ensemble of atmospheric parameters on
boundary layer evolution is not strictly linear, future research should definitely consider applications of
other advanced statistical approaches like multiregression analyses and factor separation approaches to
explore further the dependence of zi variability on both near-surface meteorological conditions and free
tropospheric processes.

It could be clearly seen that winter zi is mainly< 1200m (90th percentile), summer zi> 1800m (90th percen-
tile), while spring and autumn zi are intermediate, with spring zi higher than fall zi. Monthly-mean SSWD vary
from~150 (winter) to 850Wm�2 (summer) indicating clear seasonal variability. Being SSWD is a key driver of
surface heating, and of convection, the seasonal variations of SSWD and zi are correlated with good linear
relationship (r= 0.92). Monthly-mean SHFs vary from 20 (winter) to 200 (summer)Wm�2. Seasonal separation
is not as clear in particular for spring and summer. Spring and summer SHFs are very close (ranging from 100
to 200Wm�2). Fall SHF ranges from 20 to 150Wm�2, while winter SHF ranges from 20 to 100Wm�2. So in
spite of highest SSWD in summer, SHF reaches a plateau between 150 and 200Wm�2. The linearity between
SHF and zi is not well developed (r=0.75 as appeared in the scatters). In summer, in spite of limited SHF, zi

Max

reach higher altitudes than in spring, which could be attributed to the other sources that also influences zi
Max

such as advection of different air masses from adjacent urban areas, presence of clouds, and temporal shift in
the times of zi

Max and SHFMax. Yi et al. [2001] while discussing the implications for SHF-based relationship for
zi variability found that often CBL grows for more than 3 h even after SHF reached its daytime peak value.

Figure 8. Scatterplots and regression analysis between monthly-
mean values of zi

Max and (a) SSWDmax and (b) SHF for the
entire measurement period. The linear regression (dashed grey
line) and corresponding correlation coefficient and gradient
values (γ, m/Wm�2) are shown in each panel. The colors of
the circles correspond to different seasons (see the color bar in
Figure 8a).
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The variability observed in the time (in h) between
the times of maximum SHF and the time when the zi
reaches its maximum is further analyzed (Figure 9).
We considered the measurements obtained on the
days without extensive cloud covers and precipita-
tion. For demonstration purpose, we investigated
the measurements obtained between February
and September in 2011 only. For a particular day,
we considered the measurements for the period
when CBL was growing. We found that 2 h is the
dominant time lag between the time when SHF
reaches its maximum and the time after which no
further zi growth is observed. However, for some
cases, the CBL continues to grow for more than
5 h after the time when the SHF reaches maximum
value. Therefore, our results suggest that although
the growth rate significantly slows down after SHF
reaches maximum depending on weather condi-
tions and season, zi does not stop growing comple-

tely. This variability in time of zi
Max and SHFMax is most certainly responsible for part of the nonlinear

behavior observed in Figure 8b.

We also argue that although the SHF is one of the important surface-based drivers of zi, it is not the sole driver
generating the diurnal and day-to-day variability in zi. Vilà-Guerau de Arellano et al. [2009, 2011] investigated
the roles of CBL and RL wind speed in modulating CBL growth in the morning. Subsidence, although a synop-
tic scale phenomenon, plays an important role in determining the zi

Max. Other potential attributes may
include the effects of RL, and horizontal advection. Additionally, it is a well established fact that the error
in measuring the SHF is larger than that for the SSWD, due to the propagation of errors from eddy
covariance measurements.
4.1.2. Variability in zi and Relevant Surface Forcing in Two Contrasting Years
Pseudocolored composites of monthly-mean diurnal cycles of SSWD, SHF, near-surface temperature, and
zi for 2009 and 2011 are considered to highlight both seasonal and diurnal variation together in each para-
meter (Figure 10). Daily sunrise and sunset times are also indicated to illustrate the CBL onset during morning
transition period and the NBL during evening transition period in different months. Similar analyses were
performed for other years; however, we discuss only the results obtained for 2009 and 2011 in detail due
to (1) two contrasting meteorological regimes present in these two years and (2) availability of largest
amount of high-quality lidar data sets without major gaps in the time series.

The differences in zi and its evolution during different seasons can be observed in both years. However, the
four parameters exhibit strong contrasts between 2009 and 2011 (Figure 10). It was also found before that
the zi seasonal variability in 2009 is similar to the 5 year mean seasonal cycle of zi (Figure 5). Spring SSWD
values are significantly higher in 2011 than in 2009. In the same season, we find the longest warm spell in
2011 from March to April, constituting 24 consecutive days with higher daytime temperature compared to
the monthly-mean daytime temperature. In addition, the longest dry spell was in April 2011, constituting 25
consecutive days with no measured precipitation. Positive anomalies from the mean SSWD are attributed to
a deficit in cloud cover. An exceptionally hot and dry spring in 2011 was observed in mainland France
mainly due to persistent influence of anticyclonic conditions [e.g., Chiriaco et al., 2014]. We also noted that
soil moisture concentrations were significantly lower in those months in 2011 than in 2009 (Figure 7).
Higher than normal SSWD associated with a dry soil yielded much higher SHF in spring 2011 than in spring
2009. Temperatures in April–May 2011 are similar to those of June–July (Figure 7). While spring zi values in
2011 are higher than in 2009, summer months reveal comparable values which could be attributed to the
frequent precipitation in summer 2011. The recorded monthly accumulated precipitations for the months
of June, July, and August in 2011 (2009) were 81.63 (42.44) mm, 58.83 (42.61) mm, and 64.03 (18.20)
mm, respectively. Thus, the accumulated summer precipitation in 2011 (204.5mm) was significantly higher
than in 2009 (103.3mm).

Figure 9. Frequency distribution of the number of hours
from the time of maximum SHF to the time of the maxi-
mum CBL zi. Data sets obtained between February and
September in 2011 were used here.
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As a note, the correlation between SHF and the CBL-related parameters (zi and growth rate) was not found to
be very strong which could be mainly attributed to fact that CBL development is not only regulated by SHF
but also by other physical mechanisms like variability in the horizontal convergence, vertical pressure
velocity, subsidence, and FA lapse rate [e.g., Stull, 1988]. We suggest that future research effort focusing on
multiregression analyses using both observational and modeling approaches is required.

Using collocated lidar andmeteorologicalmeasurements at SIRTA, the features of the daytime zi evolutions during
four seasons are analyzed in detail which provides a good basis for zi climatology over a suburban site in the mid-
latitude. However, it should be noted that 2011 being a year characterized with atypical meteorological regimes
for the site, both opportunities and challenges are involved while considering model-based simulation and/or
evaluations of numerical models for investigating zi variability in 2011; thus, should be performed with caution.

4.2. Interannual Variability

To further investigate the interannual variability in the observed zi and the near-surface meteorological para-
meters, the seasonal variability is removed from the monthly-mean values. Deseasonalized monthly-mean
anomalies are derived for each variable. The anomalies of each parameter for the observation period are
derived as

A′k ¼ Ak � A
k

Figure 10. Monthly-mean diurnal cycle composites of SSWD (Wm�2), SHF (Wm�2), near-surface temperature (in °C), and zi (meters above ground level, agl) for
(left column) 2009 and (right column) 2011. See different color bar scale limits for four different variables. Sunrise and sunset times during different months are
overlaid as dashed black lines on each panel to illustrate the ABL regimes during morning and evening transitions. All the parameters experience strong diurnal and
seasonal variability. Vertical grey bar indicates data gap in the SHF variability in 2011.
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where A is the parameter of interest (e.g.,
monthly-mean values of daytime maxima of
SSWD, SHF, LWCRF (longwave cloud
radiative forcing), TMax, CBL-WS, and zi), k
denotes the month of a year (e.g., January
and February), and the over bar indicates
the global mean values (2009–2013) in a
particular month. Subtracting the 5 year
monthly-mean value from the monthly-
mean value of individual year yields
deseasonalized monthly-mean anomalies A′,
Five years is likely not enough to construct a
fully reproducible seasonal cycle, and hence,
the resulting anomalies are not entirely
deseasonalized. However, this method
allows us to highlight for each month if the
value is below (negative anomaly) or above
(positive anomaly) the 5 year mean value.
The LWCRF was calculated by subtracting
clear sky surface downwelling longwave
radiation from the observed surface
downwelling longwave radiation.

The deseasonalized anomalies for each
parameter illustrate their interannual varia-
bility (Figure 11). For instance, toward the
end of the period, from mid-2012 to end
of 2013, there is a lasting negative SSWD
anomaly (more clouds as confirmed by
the positive LWCRF anomaly), negative
temperature anomaly, negative SHF anom-
aly, and a resulting negative zi anomaly.
Thus, cloudiness could be considered as
an important driver for the observed varia-
bility. For instance, Figure 5 clearly illu-
strated that the wintertime has a higher
variability due to higher cloudiness typi-
cally occurring during the winter over the
site. Also, during summer of 2011, a positive
SSWD and SHF anomaly period corre-
sponds well to positive zi and positive
TMax anomalies. The overlaid 6month
running mean curves for each parameter
also illustrate the interannual variability.

Linear regression analyses betweenmonthly-
mean values SSWD and zi showed high cor-
relation between them as both parameters
follow a similar seasonal pattern. However,
while correlating monthly-mean anomalies
of zi and SSWD, we found no significant cor-
relation (r of 0.22, not shown here) which

further confirms the fact that the zi variability on the interannual timescale is not directly governed by SSWD.
Similarly, monthly-mean anomalies of zi and SHF were correlated yielding a better correlation than with
SSWD (r of 0.39, not shown here). Since SHF is one of the key drivers of zi variability, we found it reasonable

Figure 11. Time series of anomalies of monthly-mean values of day-
time maximum (a) SSWD, (b) SHF, (c) LWCRF, (d) TMax, (e) CBL-WS,
and (f) zi. Six month running average for each time series is overlaid.
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to apply conditional sampling analyses to obtain detailed understanding on the impact of this surface forcing
on zi variability so that contributions of other factors like soil moisture, cloud cover, and CBL-WS could be found.

4.3. Conditional Sampling Analyses for Determining zi Dependence on SHF

We explore further the relationship between the anomalies of zi and SHF to illustrate some of the important
physical mechanisms and land surface processes governing zi variability. Additionally, linear regression
analysis presented in the previous section suggested that the SHF variability forces the ABL and its evolution
differently during different seasons and years. To investigate further the impact of SHF on zi, we use three
different conditional sampling analyses based on the relationship between anomalies of SHF and zi with
the anomalies of (1) soil moisture, (2) LWCRF, and (3) CBL-WS as constraints.
4.3.1. Effect of Soil Moisture
Soil moisture plays an important role in surface energy balance via modulating thermal conductivity and
hence the ground heat flux via separating total amount of heat flux into latent and sensible components
and affects the surface albedo and transpiration by surface vegetation [Stull, 1988]. Higher amount of
soil moisture helps reduce the surface heating and subsequent development of zi as was previously
demonstrated by Pan and Mahrt [1987].

We classified the soil moisture regimes into two broad categories: positive and negative soil moisture anoma-
lies indicating wetter and drier than the 5 year monthly-mean soil regimes, respectively. Finally, the classifica-
tion helps to find the dependence of zi on SHF for these two broad classes of soil moisture regimes. The
covariation between the anomalies of SHF and zi for both regimes of soil moisture concentrations was
performed (Figures 12a and 12b). The results based on linear regression and conditional sampling analyses
suggest that the impact of SHF on zi is more pronounced for dry soil regimes although for both cases zi
monotonously increases with increasing SHF.

Additionally, for dry regimes, increase in ziwas found to have a stronger dependence on SHF (γ of 1.81m/Wm�2)
compared to the wet regimes (γ of 0.90m/Wm�2). In general, higher SHF with relatively drier soil regime

Figure 12. Conditional sampling and linear regression analyses between anomalies of monthly-mean values of zi
Max and

daytime maximum SHF with (a) positive and (b) negative anomalies of soil moisture as constraint, and with (c) positive and
(d) negative LWCRF anomalies as constraint, and corresponding r and γ (in m/Wm�2) values are also shown.
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drives the ABL thermals to greater heights yielding higher zi
Max. According to Figure 12b, this is a more valid

assumption in summer than for other seasons. In contrast, during a relatively wet episode, a higher part of the
net radiation is portioned into latent heat, with less SHF available to drive thermals in the ABL. The latent heat
fluxes could have an indirect effect on zi, as they characterize transfer ofmoisture from the soil to the CBL, which
feeds CBL cloud formation, and subsequently zi development. Therefore, in the presence of stronger latent heat
fluxes, zi development could be affected by other processes, hence affecting its correlation with SHF.

The results based on these conditional sampling analyses show that land surface processes are more coupled
to the ABL evolution for drier soil conditions compared to the wet regimes. These results also suggest the
influence of soil moisture on the development and triggering of CBL zi variability in different atmospheric
conditions in different seasons and could be a good basis for obtaining simple formulation of CBL over land
for use in large-scale models.
4.3.2. Impact of Cloud Cover
In general, cloudiness affects the solar radiation reaching the Earth’s surface and thus weakens convective
mixing. We consider that on days when shallow cumulus clouds are initiated, presumably by thermal updrafts
associated with surface sensible heating. While considering the annual cycle of cloud covers, we found that
the relatively low zi

Max in winter and autumn can also be attributed to increased cloudiness and therefore less
heating from the surface. Surface radiation measurements are quite often used to assess the cloud fraction.
LWCRF is mostly sensitive to low-altitude clouds, such as boundary layer clouds, because high-altitude clouds
such as cirrus clouds do not have a significant signature in the downwelling longwave irradiance reaching the
surface. LWCRF is also of interest as it is not affected by aerosols.

We performed conditional sampling analyses between SHF and zi
Max anomalies for two scenarios consider-

ing LWCRF anomalies. For the cases with positive LWCRF anomalies, a higher correlation coefficient is
obtained (r of 0.49 and γ of 1.98m/Wm�2) compared to the cases with negative LWCRF anomalies (r of
0.35 and γ of 1.25m/Wm�2) although the differences between the r is not significant. The gradient is stronger
under positive LWCRF anomalies predominantly due to cases of negative SHF and zi anomalies, occurring in
fall, winter, and spring (Figure 12c). In summer, for scenarios with fewer clouds than the 5 year monthly-mean
conditions, SHF and zi anomalies are well correlated (Figure 12d). Negative (positive) SHF anomalies coincide
with negative (positive) zi anomalies. These conditions likely coincide with drier soil moisture as discussed
in section 4.3.1, for which SHF has a predominant role in forcing the ABL development. Other seasons show
much more scatter in SHF and zi anomalies. We conceive that further empirical analyses are obviously
required in particular to determine if the clouds are boundary layer clouds, or deep clouds decoupled from
the boundary layer. The anomaly in LWCRF provides a straightforward estimate of an excess or deficit of cloud
cover compared to a mean situation.
4.3.3. Effect of Horizontal Wind Speed in the CBL
Using the daily 12 UTC radiosonde-derived profiles of horizontal wind speed within the CBL (henceforth,
CBL-WS) and lidar-derived zi

Max, we quantified the dependence of variability of afternoon zi on mean
CBL-WS. In many studies, CBL-WS is considered an important parameter for investigating detailed eddy
structures and scaling turbulence (e.g., frequency versus wavelength using CBL-WS), estimating CBL height
[e.g., Stull, 1988; Choi et al., 2011]. Additionally, Kaimal and Finnigan [1994] illustrated typical profiles of
thermodynamic variables including CBL-WS over land in midlatitudes during cloudless conditions. Their
study also documented well the features of horizontal wind speed in the surface layer, well-mixed CBL and
FA, based on which we estimated the daily mean CBL-WS from radiosonde profiles.

We estimated average wind speed within the altitudes between 100m and the middle of the zi (often
referred to as the CBL interior) obtained with the radiosonde measurements at Trappes where M10 GPS
sondes obtained from Meteomodem Inc. are used on a daily basis. No vertical averaging or smoothing is
applied while acquiring wind measurements at 1 Hz rate with a horizontal wind speed accuracy of
0.15m s�1 and direction accuracy of 2°. For brevity, we did not consider the wind speed beyond 0.5zi so that
the mean CBL-WS is not affected by wind shear and veering often present in the entrainment zone near zi.

Conditional sampling analyses were performed between the anomalies of SHF and zi
Max for positive and

negative CBL-WS anomaly conditions (Figure 13). Clearly seen is that for negative CBL-WS anomalies (i.e.,
weak CBL-WS conditions), a higher correlation coefficient and gradient were found (r of 0.48 and of γ of
1.47m/Wm�2) compared to the cases with positive CBL-WS anomalies (strong CBL-WS conditions) with r
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of 0.23 and of γ of 1.13m/Wm�2. These results suggest that under low CBL-WS conditions, zi
Max values are

more correlated to SHF conditions. Again, in summer, under low CBL-WS conditions, negative (positive)
SHF anomalies coincide with negative (positive) zi anomalies.

It should be noted, however, that the time of radiosonde launches most often do not coincide with the time
when the zi reaches its daytime “plateau” as the radiosonde launch at Trappes takes place around local noon,
while lidar-derived zi

Max was often found in the late afternoon. In addition, the influence of other factors, such
as (1) distance between the lidar and radiosonde sites as Trappes is located 12 km west of SIRTA so that
sampling of different air masses might occur, (2) drift of the radiosonde yielding nonrepresentative
CBL-WS over SIRTA, and (3) horizontal advection cannot be completely ruled out as was previously found
for measurements at SIRTA and Trappes [e.g., Haeffelin et al., 2012; Pal et al., 2012, 2013].

Additionally, some researchers investigated the impact of advection on the local boundary layer and zi
variability over a site [e.g., Angevine et al., 2003]. Thus, we consider that along with CBL-WS, investigation
of the temporal evolution of wind speed and directions at different layers, in particular in the RL during
morning transition period, would be interesting to determine the impact of adjacent urban CBL (here
Paris) on the zi over a suburban site (here SIRTA). In particular, it would be interesting to further examine what
role such different horizontal wind regimes play in the variability of zi at SIRTA. In fact, a Doppler lidar has
been recently installed at SIRTA; concurrent measurements of aerosol and Doppler lidars in the future will
be helpful in this regard to further investigate the impact of CBL-WS, wind directions, and shear on zi
variability and growth rate as was previously performed by Conzemius and Fedorovich [2006], however, using
LES. In this paper, we emphasized on the potential of aerosol lidar measurements for exploring long-term
zi monitoring.

5. Summary and Conclusions

We presented a climatology on the variability of key parameters of the ABL diurnal cycle, namely, the daytime
maximum zi, the zi growth rate, and the ABL growth duration. A long-term data set of zi was obtained by
applying a robust zi retrieval algorithm (STRAT+) on the lidar-derived backscatter profiles obtained between
October 2008 and September 2013. We also explored how other parameters may force the variability of ABL
parameters at seasonal and interannual timescales. These analyses are based on the SIRTA Re-OBS data set
that contains over 40 atmospheric parameters including zi, solar irradiance incident on the surface, SHF,
T2m and RH2m, soil moisture, longwave cloud radiative effect, and boundary layer mean wind speed observed
at the SIRTA observatory with a 1 h time step since 2003. By analyzing monthly-mean diurnal cycle compo-
sites of zi and different meteorological parameters, we noted that the near-surface thermodynamics plays
an integral role in governing the zi on diurnal, seasonal, and interannual timescales.

We found that variability on day-to-day, seasonal and interannual timescales of the three ABL parameters can
be characterized as follows. zi

Max varies from 100 to 3000m in all seasons, with very high day-to-day

Figure 13. Scatterplot showing the relationship between the anomalies of zi and SHF with mean boundary layer wind
speed anomalies as constraint; (a) positive and (b) negative anomalies being treated separately. Each data point denotes
anomalies for a particular season. The gray dashed line represents the liner regression. Corresponding correlation coefficients
and gradients (γ) are also indicated.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023268

PAL AND HAEFFELIN LONG-TERM ABL DEPTHS AND FORCING FACTORS 11,952

 21698996, 2015, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2015JD

023268 by C
ochrane France, W

iley O
nline L

ibrary on [05/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



variability. Largest distributions are found in spring and autumn, due to occurrence of both warm clear days
and cold overcast days in those seasons. Seasonal mean values of zi

Max, however, follow a well-defined
seasonal cycle with 1633, 1947, 1439, and 1033m for spring, summer, autumn, and winter, respectively.
Similarly, ABL growth rate ranges from ~50 to more than 600mh�1 in all seasons. Low growth rates
(<100mh�1) and high growth rates (>300mh�1) can be found in all seasons. The distribution of growth
rates is, however, very different in winter, with a median value near 112mh�1, while summer is characterized
by a mean 247mh�1 (median 220mh�1) growth rate. Growth duration of ABL ranges between 1 and 12 h
throughout the year. All seasons have similar variability in the distribution of growth duration with mean
values around 7, 8, 6, and 4 h for spring, summer, autumn, and winter, respectively. The diurnal and the
seasonal zi patterns observed over the site are similar though not identical to other European sites.

While investigating the cotemporal variations of monthly-mean zi
Max with other parameters, we found that

monthly-mean zi
Max, solar irradiation incident on the surface, surface heat flux, and 2m temperature are

characterized by an annual cycle with similar features. This is expected, as they are all driven, on the first
order, by the solar zenith angle annual cycle, and subsequent heating of the surface. Both midday RH2m

and soil moisture show an annual cycle that is anticorrelated to monthly-mean zi
Max values. In particular,

monthly-mean zi
Max and SSWD show a strong linear correlation (r= 0.92) due to the large variation of both

parameters from low values in winter to high values in summer. Dispersions of residuals around the mean
correlation are lowest in spring and summer and highest for winter.

Monthly-mean zi
Max and SHF are also found to be correlated, but not strongly linear. Surface SHF are lowest in

winter and then followed by autumn and spring. However, summer timemonthly-mean SHFs are of the same
magnitude as spring values, while monthly-mean zi

Max in summer are larger than in spring. So while surface
SHF is considered an important factor of ABL development, it is insufficient to explain the monthly variations
of zi

Max since other factors such as entrainment velocity and subsidence also play important roles in
modulating zi variability.

Next, we analyzed deseasonalized variations (i.e., monthly-mean anomalies) of zi
Max, SSWD, SHF, 2m

temperature, longwave cloud radiative forcing, and mean CBL-WS. Corresponding results revealed three
distinct periods during the 5 years in terms of zi

Max values. The year 2009 until mid-2010 is characterized
by positive anomalies; mid-2010 until end of 2011 is characterized by alternating positive and negative
anomalies; 2012 and 2013 are characterized by negative anomalies. In a general sense, surface SHF and
2m temperature also reveal three periods with contrasted anomalies, but correlations with zi

Max anomalies
are not evident. The key findings from the conditional sampling analyses are presented in Table 3.

When performing regression analysis between anomalies of monthly-mean zi
Max and solar surface irradia-

tion, we find virtually no correlation. Hence, the processes responsible for solar surface irradiation anomalies
are not direct forcing factor for zi

Max anomalies. We found, however, that deseasonalized variations of zi
Max

are somewhat correlated with monthly-mean SHF anomalies (r= 0.38), yet with significant scatter. Next, we
found that the correlation between zi

Max anomalies and SHF anomalies is sensitive to conditional sampling
of surface moisture, cloud radiative forcing, and mean boundary layer wind speed values. The correlations
between zi

Max anomalies and SHF anomalies are stronger for dry soil moisture conditions and for negative
anomalies of wind speed. This is more evident in summer than in other seasons. These conditions represent
situations when SHF plays a more dominant role in the forcing of CBL development. Conversely, in conditions
of high soil moisture and positive wind speed anomalies, SHF anomalies are more weakly linked to zi

Max

anomalies. The effect of cloud cover anomalies on the correlation between SHF and zi
Max anomalies is not

Table 3. Summary of the Conditional Sampling and Regression Analyses Discussed in Section 4.3

Conditional Sampling Between the Monthly
Anomalies of SHF and zi

Max Correlation Coefficient r Gradient γ (m/Wm�2)

Soil moisture Wet soil regime 0.14 0.907
Dry soil regime 0.43 1.81

LWCRF Occurrence of less CBL clouds 0.35 1.25
Occurrence of more CBL clouds 0.49 1.98

CBL-WS Higher wind speed scenarios 0.23 1.13
Lower wind speed scenarios 0.48 1.47
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straightforward. Our results show that in summer, SHF and zi
Max anomalies are more correlated for negative

cloud cover anomalies (less clouds).

6. Future Investigations

In this work, the potential of vertically pointing aerosol lidar measurements (so far most widely used by the
scientific community) was explored for the long-term monitoring of zi and for the investigation of near-surface
meteorological processes attributing zi variability on diurnal/seasonal/interannual timescales. However, this
paper certainly did not deal with a detailed discussion on the roles of synoptic scale features, horizontal conver-
gence, mesoscale circulations, large-scale advection, lower tropospheric stability, differential temperature
advection, long-range aerosol transports, and subsidence on zi variability which are considered potential future
research topics in this field. Other ground-based remote sensing instruments at SIRTA (e.g., microwave radio-
meter, Doppler lidar, and ceilometer) measure a suite of thermodynamic variables during the entire diurnal
cycle during different seasons which will help investigate further the dynamics and mixing processes at, over,
and within the ABL. However, it should be mentioned here that the Doppler lidar data sets collected at SIRTA
were not continuous as the aerosol lidar observations for the entire 5 year period (2009–2013) since SIRTA
started acquiring harmonized Doppler lidar and aerosol lidar measurements only in 2011. Additionally, the role
of cloud radiative effects on zi variability could be explored further by analyzing lidar profiles but requires more
assumptions (e.g., which part of the atmospheric column should be accounted for) and a more complex
analysis, which is beyond the scope of our study as was performed by Dupont et al. [2008], among others.

Additionally, one cannot avoid impact of advection while dealing with long-term data sets. This calls for
future investigation of synoptic situations which can also contribute to the variability in zi [e.g., Bianco
et al., 2011]. Blay-Carreras et al. [2014] found that the presence of large-scale subsidence can result in zi
decreases of 200m between the midafternoon and early evening. SIRTA zi data set as it continues will be a
suitable candidate to produce an observational climatology in future research. The linear regression analyses
that we presented using the deseasonalized data (anomalies) using conditional sampling provide hints about
the roles of different forcing for the boundary layer height development. Since multiple factors act together,
one-to-one relationships do not reveal high correlation so that the linear regression approach considered
here resulted in r< 0.5 (Table 3). In the future, we plan to apply other statistical tools like factor separation
approach and multiparameter regression analyses to explore further the impact of near-surface thermody-
namics on the zi variability on diurnal, seasonal, and interannual timescales.
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