
Boundary-Layer Meteorol (2014) 150:185–214
DOI 10.1007/s10546-013-9862-6

ARTICLE

Modelling of the Thermodynamical Diurnal Cycle
in the Lower Atmosphere: A Joint Evaluation of Four
Contrasted Regimes in the Tropics Over Land

F. Couvreux · F. Guichard · A. Gounou · D. Bouniol ·
P. Peyrillé · M. Köhler

Received: 20 November 2012 / Accepted: 12 August 2013 / Published online: 8 October 2013
© Springer Science+Business Media Dordrecht 2013

Abstract The diurnal cycle is an important mode of variability in the Tropics that is not
correctly predicted by numerical weather prediction models. The African Monsoon Multi-
disciplinary Analyses program provided for the first time a large dataset to document the
diurnal cycle over West Africa. In order to assess the processes and mechanisms that are
crucial for the representation of the diurnal cycle, four different regimes that characterize the
varying conditions encountered over land along a surface-temperature gradient are selected.
A single-column modelling framework is used in order to relate the features of the simulated
diurnal cycle to physical processes in these four distinct cases. Particular attention is given
to providing realistic initial and boundary conditions at the surface and in the atmosphere,
enabling the use of independent data for the evaluation of the simulations. The study focuses
on the simulation of the surface energy budget and low-level characteristics and analyzes
the balance between cloud/surface/boundary-layer processes at the sub-diurnal time scale.
The biases and drawbacks of the simulations are found to change along the temperature
gradient but they always involve the representation of clouds. They also explain parts of the
bias obtained with the same model when used in a less constrained configuration. Surface–
atmosphere–cloud interactions arising at the sub-diurnal time scale are invoked to explain
the distinct features of the low-level diurnal cycle observed over West Africa.

Keywords African Monsoon Multidisciplinary Analysis campaign · Diurnal cycle ·
Single-column model · Surface–atmosphere–cloud interactions

1 Introduction

The diurnal cycle is a dominant mode of variability in the Tropics (Hastenrath 1995) but
its accurate representation in numerical models is not yet reached. The representation of
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the diurnal cycle of precipitation (Yang and Slingo 2001; Betts and Jakob 2002a; Dai and
Trenberth 2004; Nikulin et al. 2012; Roehrig et al. 2013) is still a challenge for global
and regional models, which tend to simulate the maximum of precipitation a few hours too
early, too much in phase with the maximum insolation. This issue is particularly important
over land where the amplitude of the diurnal cycle is large (Dai 2001; Nesbitt and Zipser
2003; Medeiros et al. 2005). A number of studies highlighted the role of parametrizations in
shaping the simulated diurnal cycle of convection (Betts and Jakob 2002a; Guichard et al.
2004); these studies underline an absence or a poor representation of the growing cumulus
phase. Progress on the physics of convective parametrizations appears to correct at least
partially this drawback (Rio et al. 2009; Genio and Wu 2010; Stratton and Stirling 2012;
Rio et al. 2013). However the representation of the diurnal cycle remains an important issue
for numerical models, under convective cloudy as well as clear-sky conditions (Svensson
et al. 2011). Furthermore, because of its large amplitude, coherent phase and short time
scale, testing its representation in numerical models appears an attractive methodology for
evaluating model physics (Dai and Trenberth 2004).

Betts and Jakob (2002b) showed that several major global model deficiencies are repro-
duced when using a single-column model (SCM), in particular the diurnal error signature.
This type of model allows an independent evaluation of the model physics mainly active
in the vertical at global circulation model gridscale (on the order of a few tens of kilome-
tres) with respect to large-scale circulation (on the order of hundreds of kilometres) involv-
ing mainly the representation of the dynamics of the atmospheric flow. Other studies used
simplified models to evaluate model physics; for example, Santanello et al. (2007) used a
surface–atmosphere coupled SCM and observations from the Atmospheric Radiation Mea-
surement Southern Great Plains site to examine land–atmosphere coupling and its control on
atmospheric boundary-layer (ABL) development. They showed that atmospheric stability and
the soil moisture are key variables for boundary-layer growth. Schlemmer et al. (2011) used
an idealized cloud resolving model coupled to a land-surface model to analyze the sensitivity
of the diurnal cycle of convection to different initial temperature and moisture atmospheric
profiles and soil moisture conditions. They indicated that in the model equilibrium, the pre-
scribed stability was important while the initial profile of humidity had a negligible impact
because, at equilibrium, the moisture was mainly controlled by convection. However, this
conclusion is probably sensitive to the atmospheric profiles used for relaxation as well as the
soil properties. Here we propose to use a SCM to analyze the representation of the diurnal
cycle and to determine the main involved processes.

The diurnal cycle over West Africa has only recently been presented and studied as such
(Parker et al. 2005; Lothon et al. 2008; Gounou et al. 2012). Over land in general, and thus
over West Africa, the diurnal cycle of precipitation is poorly simulated in global and regional
models (Nikulin et al. 2012; Rio et al. 2013; Roehrig et al. 2013). Peyrillé and Lafore (2007)
compared the diurnal cycles in the Inter-Tropical Convergence Zone (ITCZ) and the Saharan
depression in numerical simulations but lacked observations to corroborate their results.
Parker et al. (2005) used observations to show that an acceleration of the monsoon flow occurs
at night whereas, during the day, the boundary-layer development inhibits the northward
propagation of this flow. A major interest of the field campaign of the African Monsoon
Multidisciplinary Analyses (AMMA) program (Redelsperger et al. 2006) was the collection
of a large dataset characterizing the diurnal cycle at low levels in West Africa, in particular
through an intensification of the radiosounding frequency (Parker et al. 2008). Gounou et al.
(2012, G12 in the following) analyzed radiosoundings, surface meteorological, radiative and
turbulent flux measurements and ceilometer data collected at four sites (Cotonou, Parakou,
Niamey and Agadez, see Fig. 1 of G12) during two periods of 10 days, one before the
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Thermodynamical Diurnal Cycle in the Lower Atmosphere 187

Fig. 1 Schematic of the different types used in this study. The four types are localized along a meridional
surface temperature gradient (with temperature increasing towards the north) at a varying distance from the
InterTropical Dis-continuity that marks the limit between the moist air advected from the south and the dry
air advected from the north

monsoon onset (20–29 June 2006) and one during the core of the monsoon (1–10 August
2006). The authors showed how the diurnal cycle at low levels varies with latitude and also
the season (before or during the monsoon). In particular, they identified four different regimes
that cover a large range of the observed diurnal-cycle variety; they are used here as a test-bed
for model evaluation. Those four regimes are well organized along a low-level temperature
gradient as illustrated in Fig. 1. The cloudy type is weakly precipitating and relatively cool
and moist. The convective wet type is also moist and heavily precipitating (it is typical of the
conditions observed in the core of the ITCZ). The convective type is warmer and precipitating
(it is typical of the full monsoon within the northern branch of the ITCZ). The semi-arid type
is hot and typical of semi-arid conditions encountered in the Sahel prior to the monsoon.
These findings are broadly consistent with recent studies of the annual cycle in the Sahel.
For instance, the diurnal cycle of surface thermodynamics and radiative fluxes explored by
Guichard et al. (2009) using data collected over the central Sahel displayed variations through
the year that involve strong couplings of thermodynamics and radiative parameters.

The diurnal cycle of clouds has also been recently investigated over this region. Bouniol
et al. (2012) showed, using observations from the atmospheric radiation measurement mobile
facility deployed in Niamey, Niger in 2006, that both low, mid, high and convective clouds
displayed a strong diurnal cycle. Knippertz et al. (2011) also showed that low clouds over
the southern West Africa peak at night and in the early morning, due to the ABL diurnal
cycle and the development of the nocturnal low-level jet, leading to the predominance of
fully overcast nights that are hardly predicted by climate models.

A major motivation of this study is the general need to improve the representation of the
diurnal cycle in models. The goals of the current study are, (i) to investigate the ability of
a research numerical model to represent the distinct diurnal cycle types of the atmospheric
low levels observed in West Africa, and (ii) to analyze the simulated balances between cloud,
surface and boundary-layer processes at the diurnal time scale and how they differ from
observations. In particular, we seek to determine whether model errors are similar or not for
the different cases. A specific modelling framework is developed taking advantage of the
numerous observations collected during the AMMA field campaign. The model is used in
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a single-column configuration with a full set of parametrizations including a land-surface
model, boundary-layer turbulence, shallow and deep convection and radiation schemes. The
paper is organized as follows: Sect. 2 presents an evaluation of numerical weather prediction
(NWP) model skills over the given cases as a motivation to investigate the representation
of the atmospheric low levels. Section 3 describes the proposed framework detailing the
model, the initial conditions and large-scale forcing, the different simulations as well as the
observations used for evaluation. Section 4 presents the simulation results and discusses the
balance between cloud, turbulent and radiative processes, while Sect. 5 presents sensitivity
results to the large-scale advection, the land–atmosphere coupling and the presence of the
diurnal cycle. The paper ends with conclusions and perspectives.

2 Evaluation of NWP Models

In order to highlight some difficulties in the use of NWP models to represent the different
diurnal cycles encountered over West Africa, we evaluate the characteristics of the low
levels simulated in two NWP models for the four cases. For this purpose, the 3-h frequency
radiosounding observations collected during AMMA are used. The simulations consist of
24-h forecast runs initiated every day at 0000 UTC from an analysis.

2.1 The Forecast Models

The two forecast models shown here are: the European Centre for Medium-Range Weather
Forecasts (ECMWF) model (Agusti-Panareda et al. 2010) and the Global French model
(Karbou et al. 2010). The ECMWF model (cycle 32) was run with a horizontal resolution
of about 40 km and 91 vertical levels. All observations available at the highest resolution
were assimilated to perform the analyses, in particular soundings. These are not the common
operational runs that are evaluated here but special simulations corresponding to the ECMWF
AMMA reanalyses (Agusti-Panareda et al. 2010). Note that, in the following, the profiles
from this reanalysis are used to derive initial conditions and large-scale advection for the SCM
simulations. The second model is the Météo-France assimilation and forecast system (Action
de Recherche Petite Echelle Grande Echelle, ARPEGE), and also assimilated additional data
as described in Karbou et al. (2010). Runs were performed with a horizontal resolution of
about 25 km and 61 vertical levels. Vertical profiles of the thermodynamic and dynamic
variables are extracted at the closest model grid point for both models for each type. The first
24 h of the forecast are evaluated.

2.2 Results

G12 already showed evaluations of NWP model representation of the diurnal dynamics
for the semi-arid case with poor representation of the fine structure observed at nighttime.
Here we focus on the representation of the diurnal thermodynamics for all four types by
comparing the diurnal cycle of different variables in the observations and NWP predictions
for the same 10-day periods. Both NWP models are able to distinguish the four cases and
reproduce broadly the differences between them besides some biases as shown in Fig. 2.
Note that Agusti-Panareda et al. (2009, 2010) and Karbou et al. (2010) emphasize the impact
of thermodynamical biases in current NWP forecasts on the boundary layer, precipitation
and large-scale circulations (e.g. Fig. 17 of Agusti-Panareda et al. (2009), or Fig. 17 of
Karbou et al. (2010)). Even after substantial improvements of the analyses (via a more
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(a) (b)

Fig. 2 Diurnal cycle of rv and θ in the 500 m lower levels for the four types in observations (full line) and
a ARPEGE (dotted line) and b ECMWF (dashed line). The dots corresponds to the values at 0600 and the
stars at 1800 UTC

careful assimilation of data or the assimilation of additional data), these studies underlined
the rapid development of biases in the forecast that they attributed to the parametrizations
of physical processes. Both NWP models have difficulties in representing the cloudy type.
This type is characterized by a diurnal cycle in the water vapour mixing ratio (rv) but weak
changes in potential temperature (θ) whereas both models predict a significant diurnal cycle
in both θ and rv.

In more detail, ARPEGE tends to be too cold (1–2 K) for all cases (especially for the con-
vective wet type, blue line), too moist (0.5–1 g kg−1) in the dry cases and too dry (0.5 g kg−1)

in the moist cases. All types, except semi-arid have a too small (large) rv (wind speed) diur-
nal cycles. The amplitude of the diurnal cycle of θ is underestimated in the convective wet
type (blue line). The maximum cooling (as well as the maximum nocturnal jet when present,
but not shown) tends to occur too early. Generally, the ARPEGE model underestimates
the boundary-layer development in semi-arid and convective types leading to a too small
boundary-layer height (which is consistent with the θ and rv bias).

The ECMWF analysis behaves slightly better both for the dynamic (not shown) and
thermodynamic components. Nevertheless, there is a cold bias (1 K) for the moist cases,
an underestimation of the amplitude of the diurnal cycle of specific humidity for all
cases except the semi-arid one and an overestimation of the amplitude of the θ diurnal
cycle for the cloudy type. The model has difficulties in reproducing the morning moist-
ening (observed for all cases except for the semi-arid). The ABL warms and grows too
quickly in the morning. The ABL height tends to be too high especially for the semi-arid
type, consistent with Agusti-Panareda et al. (2010). In addition, this model is not able to
reproduce the weakly stratified nighttime boundary layer observed in the semi-arid type
(G12).

The evaluated runs started at 0000 UTC and the conclusion might be slightly different
for runs starting at 1200 UTC. Nevertheless, smaller but qualitatively similar errors exist in
the model analysis (not shown) suggesting that the present results do not change much with
change in lead-time.

The errors in dynamics occur mainly at nighttime whereas errors in thermodynamics grow
during daytime, thus emphasizing the importance of analyzing the diurnal cycle. This section
suggests that there are still some weaknesses in the diurnal cycle of the processes operating at
low atmospheric levels in current NWP models. The following section proposes a modelling

123



190 F. Couvreux et al.

framework that allows us to tackle the different sources of errors of the diurnal cycle of θ

and rv at low levels.

3 The Proposed Framework

The proposed methodology involves the use of a SCM fed by the best estimates of the initial
conditions as well as the large-scale advection. Both are extracted from the specific re-analysis
forecasts carried out for the AMMA field campaign (which incorporates an unprecedented
amount of data over the region—Agusti-Panareda et al. 2010). The ECMWF re-analysis fore-
casts have been evaluated in the previous section and shown to be slightly better in reproducing
the diurnal cycle of the low levels than ARPEGE. The determination of realistic advection
fields is an important issue. Here, we use the advection fields of the ECMWF AMMA re-
analysis, because, to our knowledge, it provides the best available advection dataset for our
purpose. Note that the realism of the synoptic fluctuations in the advection terms has been
evaluated (not shown). Previous studies have used mixed-layer models to investigate the
observed behaviour above the Sahel, such as Goutorbe et al. (1997) and Van Heerwaarden
et al. (2010) but were limited to the daytime boundary layer. Couvreux et al. (2009) or Braam
and Vila-Guerau de Arellano (2011) proposed an intermediate complexity modelling frame-
work in order to tackle the origin of mesoscale boundary-layer heterogeneities or the role
of surface heterogeneities. The present framework represents a trade-off between idealized
single-column models (Santanello et al. 2007 for example) and full 3D model simulations.
The use of a SCM configuration allows us to investigate the representation of the physical
processes through the parametrizations within a realistic large-scale context (Betts and Jakob
2002a, b). This configuration is used here in order to investigate the coupling between the
surface, atmosphere and clouds over land at diurnal and synoptic time scales in the continental
Tropics.

3.1 The Mesoscale Research Model Meso-NH

The modelling framework is derived from a specific use of the Meso-NH model whose
dynamical part is described in Lafore et al. (1998). A turbulence parametrization based
on a prognostic equation of the turbulent kinetic energy (1.5-order closure scheme, Cuxart
et al. 2000) and a mass-flux scheme are activated in order to represent thermals (Pergaud
et al. 2009). The surface energy exchanges are represented according to four possible surface-
type patches (natural land surfaces, urban areas, ocean, lake) included in a grid mesh. The
interactions between soil, biosphere and atmosphere (ISBA) scheme (Noilhan and Planton
1989) is used for the natural land surfaces, and predicts prognostically surface fluxes and soil
temperature and moisture at two levels. The radiative scheme is basically the same model as in
the ECMWF model and includes the rapid radiative transfer model (RRTM) parametrization
(Mlawer et al. 1997) for longwave radiation. The effects of aerosols on radiation are taken
into account, using the climatological distribution of Tegen et al. (1997). The convection
scheme is described in Bechtold et al. (2001). The microphysical scheme includes the three
water phases with five species of precipitating and non-precipitating liquid and ice water
(Pinty and Jabouille 1998). In this study, the model is run in a single-column version with 97
vertical levels: the first level is 20 m thick and the levels above are thinner than 100 m up to
5,000 m. The model top is at 20 km with an absorbing layer in the upper 2.5 km.
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(a) (b)

Fig. 3 0600 UTC mean vertical profile of a potential temperature and b water vapour mixing ratio from
ECMWF AMMA reanalysis (full line) and from radiosoundings (dashed line) averaged over the 10-day
period for the four types (see legend). The following increments have been added in order to separate the
water vapour mixing ratio profiles (zero for semi-arid, 1 g kg−1 for cloudy, 2 g kg−1 for convective wet and
3 g kg−1 for convective)

3.2 Initial and Boundary Conditions

Vertical profiles from the ECMWF AMMA re-analysis (Agusti-Panareda et al. 2010) at
0600 UTC at the closest model grid-point are used as initial conditions. They are interpolated
at the SCM vertical grid (finer than the ECMWF AMMA re-analysis up to 8 km). Figure 3
presents the 10-day averaged profiles of θ and rv for the different cases. The sounding mea-
surements are overplotted (dotted lines). Both profiles are similar. Note the modification from
stable conditions for the cloudy type (black line, with a lapse rate of about 0.005 K m−1) to
less and less stable conditions for convective wet, convective and semi-arid types respectively.
The former presents a layer with a small lapse rate (0.002 K m−1) between 1 and 4.5 km
corresponding to the Saharan air layer (Parker et al. 2005). Concerning the rv profiles, only
the semi-arid type (red line) has a distinct profile with drier conditions. Those initial profiles
have the advantage to be smoother compared to radiosoundings and to be consistent with the
prescribed large-scale advection.

Soil properties and vegetation cover used to initialize the simulations come from the Eco-
climap database (Masson et al. 2003) and surface properties (soil moisture and temperature)
are extracted from the AMMA land-surface model intercomparison project (Boone et al.
2009). These data are described in Table 1.

The total advection is also extracted from the AMMA re-analysis for each day and
each case using an area roughly 40 km × 40 km wide around each site. The composite
10-day average diurnal cycle of total advection (vertical plus horizontal components) of θ

and rv for the different cases is shown in Fig. 4. For the semi-arid type, the total advection
mainly affects the low levels of the atmosphere with, in particular, a nighttime moistening
(0.7 g kg−1 h−1) and cooling (−0.8 K h−1) due to the acceleration of the monsoon flow
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4 Diurnal composite of potential temperature (in K s−1, left figures) and water vapour mixing ratio (in
g kg−1 s−1, right figures) large-scale advection derived from the AMMA ECMWF reanalysis for the different
types. The dashed vertical line separates the day and night

by the low-level jet (Lothon et al. 2008) and a daytime warming and drying up to 5,000 m
associated with the elevated return flow from the north-east. This is mainly horizontal advec-
tion at least for the low levels (not shown). For the convective type, a similar but weaker
low-level pattern is present linked to the advection by the nocturnal low-level jet as well as a
moistening/cooling in the early morning and the early afternoon in the upper levels linked to
deep convection and associated mainly with vertical advection. Note that a small correction
(of about 10 %, similar to Guichard et al. 2000) was applied to the advection here in order to
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Table 2 Summary of the set-up of the different simulations

Name of the simulation Advection Surface fluxes Radiation Reinitialized
every day

REF Synoptic Interactive Interactive Yes
COMPO Diurnal composite

advection
Interactive Interactive No

CST Diurnal averaged
composite advection

Interactive Interactive No

FLUX Diurnal composite
advection

Prescribed: diurnal
composite of surface
fluxes from REF

Prescribed: diurnal
composite of
radiative tendency
from REF

No

avoid the development of non-physical biases in the long duration simulation. For the convec-
tive wet type, the dominant advection (cooling, −0.9 K h−1 and moistening, 0.2 g kg−1 h−1)

is present in the mid-troposphere and is identified as vertical advection with a semi-diurnal
cycle maximized in the early afternoon and early morning, a timing that is tightly linked to
the moist convection simulated in the re-analysis. Note that this corresponds to a somewhat
too early onset of convection (Bechtold et al. 2004);the sensitivity to this diurnal timing is
addressed in Sect. 5. However, at the daily time scale, the large-scale vertical velocity is
consistent with the observed precipitation and brightness temperature, indicating that the
synoptic variability of the occurrence of deep convection is well reproduced by the AMMA
re-analysis (not shown). The cloudy type is characterized by relatively weak advection with
moist and cold advection in the lowest 500 m during the day linked to sea-breeze circulations,
and dry and warm advection between 1 and 3 km heights.

In all the simulations, the vertical profiles of wind are nudged towards the re-analysis
profiles with a constant damping time of 3 h.

3.3 The Simulations

Different simulations, presented in Table 2, are run for each case:

i a 10-day simulation, referred to as REF, using synoptically varying large-scale advection
(see details above) and reinitialized every day at 0600 UTC

ii a 10-day simulation, referred to as COMP, (without reinitialization) that uses a diurnal
composite of advection presented in Fig. 4 in order to identify the role of synoptically
varying large-scale advection as well as some biases that can develop in a longer duration
simulation. There is no synoptic variability of advection in the simulation.

iii a 10-day simulation, referred to as CST, with constant profiles of advection, obtained
from diurnally-averaging the advection used in COMP, in order to assess the role of the
diurnal cycle of the large-scale advection

iv a 10-day simulation, referred to as FLUX, using COMP advection with prescribed diurnal
surface fluxes composited from those simulated in REF. In these simulations, the radiation
scheme is not activated, but the diurnal composite of the θ tendency from radiation (also
computed from REF) is added to the large-scale advection. This simulation seeks to
assess the role of surface–atmosphere interaction.

We also discuss the results of the SCM framework in comparison with a 2D meridional-
vertical framework developed by Peyrillé and Lafore (2007) to study a typical monsoon
regime. This 2D framework seeks to represent the first-order dynamics of a simplified West
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African monsoon in an idealized configuration and has already been used to study the diurnal
cycle in two contrasted areas (ITCZ versus arid Sahara desert). The comparison of the 2D
and SCM approaches might give some insight into the significance of dynamical feedbacks
for the diurnal cycle since the host model and the physical package are the same for both
types of simulations.

3.4 Observations Used for Validation

Observations (radiosoundings, surface meteorological, radiative and turbulent flux measure-
ments, ceilometers) collected during the AMMA field campaign are used to evaluate the
model over the four different types. Those observations document the surface energy budget,
thermodynamic and dynamic vertical structures and cloud characteristics.

More detailed documentation on cloud characteristics are available for the convective
and semi-arid type, where the ground lidar and radar from the atmospheric radiation mea-
surement mobile facility (deployed in Niamey) provide information on the vertical profiles
of cloud fraction and occurrence as shown in Bouniol et al. (2012). In addition, vertical
composite profiles derived from the spaceborne cloud radar and lidar on board Cloudsat
and Calipso satellites (belonging to the A-Train constellation) averaged over a 10◦W–10◦E
section for a month are used to assess qualitatively the expected cloud fraction for the four
types.

Regarding the precipitation, ground observations (about 30 stations in the area of Niamey)
have been used as well as satellite estimates: rainfall estimation version 2.0 data (RFE2, Love
et al. 2004) with a resolution of 0.1 ◦ and 1 day and the Global Precipitation Climatology
Project (GPCP, Huffman et al. 2001) with a resolution of 1 ◦ and 1 day.

4 Evaluation of the Modelling Framework

In this section, the REF simulations for the different types are evaluated. We only focus on
the thermodynamical characteristics since the wind is controlled by nudging.

4.1 The Different Types: Reproducibility of Biases

As shown in Fig. 5a, the broad thermodynamical characteristics of the different types are
reproduced by the modelling framework with in particular the correct stratification in tem-
perature and a larger diurnal range of θ in the semi-arid type than in the convective wet
type. These features were at least qualitatively simulated in the 2D modelling framework of
Peyrillé and Lafore (2007) and further comparisons are presented in Sect. 4.6. For the two
warmest cases, there is an important drying of the boundary layer during the day due to the
large growth of the boundary layer that the model is able to reproduce (Fig. 5b). The impor-
tant drying is linked to the large sensible heat flux and small evaporative fraction (as shown
for example in a case study by Couvreux et al. 2012, see also Medeiros et al. 2005). This
differs from the diurnal cycle observed by Betts et al. (1996) in the mid-latitudes (Kansas,
grassland) in summer, which displayed an early morning moistening of the boundary layer
with only small fluctuations of the water vapour mixing ratio during the remainder of the day,
indicative of a balance between the entrainment and surface processes (Mahrt 1991). The
model is able to reasonably represent the increase of boundary-layer height (h, determined by
the level where θ > θm + 0.2 with θm the averaged virtual potential temperature of the lower
levels) for warmer cases in relationship with a larger sensible heat flux and lower stability.
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(a) (b)

Fig. 5 a Diurnal cycle of rv as a function of θ averaged in the first 500 m for the different types (same colour
code as Fig. 2) from observations (dotted lines) and REF simulation (full lines). The dashed lines correspond
to the saturation line for different pressure (950 hPa in purple, 970 hPa in light blue, 990 hPa in dark green,
1,015 hPa in light green). The averaged pressure of the first 500 m is about 990 hPa for cloudy and 960 hPa for
convective wet. The dots corresponds to the values at 0600 and the stars at 1800 UTC. b Daytime evolution
of the boundary-layer height for the different types in the observations (dashed line) and the REF simulations
(full line)

But the model systematically overestimates h as shown in Fig. 5b except for the cloudy type
(black line).

This modelling framework also reproduces some of the biases observed in NWP such as,
(i) the poor representation of the diurnal cycle of the cloudy type with a underestimation
(resp. overestimation) of the amplitude of the rv (resp. θ ) diurnal cycle, in relation with a
state closer to saturation in the models than in the observations, and (ii) a cold bias for the
convective wet type, linked to a too large impact of the convective scheme. The SCM also
appears too moist for the convective type. This result is sensitive to the prescribed advection.
Indeed, using the original advection derived from the AMMA re-analysis (without taking
into account the small correction presented in Sect. 2.3b) leads to an underestimation of the
occurrence of deep convection. The 10 % correction leads to a better prediction of the deep
convection but also to a moist bias and a too synchronous θ and rv diurnal cycle.

In the following, the vertical structures, the surface energy budget and the cloud charac-
teristics for each type are analyzed in more detail.

4.2 Vertical Structures

Figure 6 presents observed and simulated mean vertical profiles for the four types focusing on
the four synoptic hours 0600, 1200, 1800 and 0000 UTC. It illustrates the main differences in
the representation of the diurnal cycle and also relates the vertical structures to the observed
biases at low levels presented in Fig. 5a. Some differences already exist at 0600 UTC due to
the model initiation with the ECMWF re-analysis instead of the soundings, but they generally
remain small.

For the semi-arid type (Fig. 6a, b), at 1200 and 1800 UTC, the simulated boundary layer is
too warm and too deep, consistently with Fig. 5b. The fine vertical structure and in particular
the separation between the boundary layer and the Saharan air layer is not well simulated
despite the use of high vertical resolution. Most of the days, the model predicts a boundary-
layer height reaching the top of the Saharan air layer that also results in a too strong stratifica-
tion at its top. The excessive growth of the ABL leads to an overestimation/underestimation
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6 Vertical profiles of θ (left figures) and rv (right figures) of the diurnal composite for the semi-arid
(a, b), the convective (c, d), the convective wet (e, f) and the cloudy types (g, h) in the models (full line)
and in the observations (dashed lines). In order to make the profiles more visible, they have been offset by
1 K/+1 g kg−1 for the 0600 UTC profiles, +1 K/−1 g kg−1 for the 1800 UTC profiles and 2 K/+2 g kg−1

for the 0000 UTC profiles

of the ABL temperature/moisture during the course of the day. In contrast, the simulated
nocturnal boundary layer is always too thin at 0000 UTC and the observed nighttime cool-
ing extends over a much deeper layer. Explaining this difference is not straightforward and
involves limitations in the land-surface and turbulent parametrizations, but possibly also
involves an underestimation of the mixing by the nocturnal low-level jet (the winds being
nudged towards a re-analysis characterized by lower winds, G12). In addition, at night the
model underestimates the moistening at low levels, suggesting also an underestimation of
the advection by the monsoon flow.

For the convective type (Fig. 6c), the model becomes too warm at mid-day and in the
afternoon. The model reproduces to some extent the relatively stable and moist boundary
layer observed at 1800 UTC following daytime deep convection. The boundary-layer height
is still overestimated, especially at 1200 UTC, but to a lesser extent than for the semi-arid
case. Similarly, the cooling at night occurs within too thin a layer.
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Fig. 7 Daily averages of different variables for the four different types (‘Cl’ for cloudy, ‘CW’ for convective
wet, ‘Co’ for convective and ‘SA’ for semi- arid) in simulations (dark colours) and in observations (light
colours): incoming short-wave radiation (SWin), incoming long-wave radiation (LWin with a 200 W m−2

offset), net radiation (Rnet), sensible heat flux (H), latent heat flux (LE) and rainrate (multiplied by ten). The
bars materialize the synoptic variability among the different days (the average + or − the standard deviation
are drawn). For each type, different sources of observations are used: the Impetus data for the convective wet
and cloudy types, the AMMA catch for the convective wet type, the ARM Mobile Facility and the CEH data
for the convective and semi-arid types

For the convective wet type, the model also produces a too deep convective boundary
layer (Fig. 5b). At night, the cooling affects a thin or a deep layer, depending on the date,
which is in agreement with observations even though the exact time sequence is not precisely
reproduced (not shown). On the other hand, the low levels are now too cold (after mid-day)
and moist (Fig. 6e, f) instead of too warm and dry in the former cases.

For the cloudy type, the simulated profiles of θ are closer to observations. Note however
that the model tends to generate a stable nighttime layer at about 1800 m capped with cloud
deck, which is not observed. Such an inversion is observed, but for rv, and slightly higher
(2,200 m). In contrast with the other cases, below 500 m, the amplitude of the diurnal cycle
of rv (Fig. 6h) is underestimated as shown also in Fig. 5a with too moist profiles during the
day and too dry profiles during the night.

To summarize, for the two warmest types, the boundary-layer growth is excessive and
the stratification at night occurs over too thin a layer leading to an overestimation of the
amplitude of the diurnal cycle of θ . A cold bias characterizes the convective wet case and too
small an amplitude of the rv diurnal cycle for the cloudy type. In conclusion, distinct errors
are found for the four cases showing that the drawbacks are type-dependent.

4.3 Surface Energy Budgets

In this section, the representation of the surface energy budget is analyzed, since boundary-
layer behaviour is strongly framed by the surface fluxes and therefore the given surface energy
budget. Figure 7 presents the daily averages of radiative, turbulent fluxes and precipitation as
a function of the cases for the REF simulation and observations. Overall, the model is able
to represent the main characteristics of the different types such as the increase of incoming
solar radiation with temperature. The model also correctly reproduces the partitioning of
the net radiation into latent and sensible heat fluxes for the semi-arid and convective types.
However, some biases are highlighted below.

The model overestimates the incoming shortwave radiation (SWin) for all regimes except
the cloudy regime with different causes. The model largely (by 90 W m−2) overestimates
SWin for the convective wet type (also evident in Fig. 8) likely due to an underestimation of
the amount of deep convective clouds. This induces a maximum of net radiation (Rnet) for this

123



Thermodynamical Diurnal Cycle in the Lower Atmosphere 199

(a) (b)

(c) (d)

Fig. 8 Composite diurnal cycle of incoming shortwave radiation (black and grey), sensible heat flux (red and
orange) and latent heat flux (blue and cyan) for the different types with simulations in black/red/blue full lines
and observations in grey/orange/cyan dot or dashed lines. The dashed line corresponds to the ARM Mobile
Facility flux measurements at Niamey for (a) and (b) and the measurements from Nalohou (AMMA-Catch)
for (c). The dotted line corresponds to the measurement at Banizoumbou (from CEH) for (a) and (b) and from
the Impetus network for (c) and (d)

type, which is not observed. G12 highlighted the almost constant Rnet for the different types
as opposed to the set of simulations, which displays a sharp maximum for the convective
wet case. This has an impact on the surface energy partitioning between latent and sensible
heat fluxes. If the sensible heat flux is in the range of observations, the latent heat flux is
probably largely overestimated (as suggested by comparison to AMMA land-surface model
intercomparison project, not shown). The overestimation of SWin for the semi-arid type pos-
sibly involves the model climatological aerosol optical depth that is lower than observed (0.28
instead of 0.3–1). The low cloud fraction prevents any significant cloud radiative impact in
this case (G12). As may be expected, the model does not represent well the day-to-day vari-
ability of SWin for the semi-arid type since this variability (standard deviation of 15 W m−2)

is linked to synoptic fluctuations in aerosol concentration while, for simplicity, a fixed cli-
matological aerosol concentration was used in the present simulations. The overestimation
of the SWin and Rnet for the three warmest regimes is translated into an overestimation of
the dominant flux for each regime, namely a slight overestimation of the sensible heat flux
during the day for the semi-arid type (the latent heat flux is very low for this type) and an
overestimation of the latent heat flux for the convective types (Figs. 7, 8). Note that, for the
semi-arid regime, a large difference exists in the observational dataset of the sensible heat flux
collected at two different sites (one at the Niamey airport, dashed line in Fig. 8, characterized
by a lower albedo and larger sensible heat flux, and, the other in the shrublands, dotted line in
Fig. 8, characterized by a higher albedo; this basically reflects the importance of the surface
albedo for this case). For the cloudy type, the model presents too small a value, too large a
synoptic variability as well as too small a diurnal range (not shown) of SWin (Fig. 7). This
is linked to the overestimated cloud cover as shown in the next subsection. Note that this
error is compensated by errors in the upwelling longwave radiation leading to similar values
of Rnet. Note, however, that despite the large cloud-related errors, LWin is about the same
in the observations and the simulations for all cases. Furthermore, LWin is almost constant
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Fig. 9 Time series of the vertical profiles of cloud fraction simulated (b, d) and observed (a, c) at the ARM
Mobile Facility for the semi-arid and convective types. In a and c, observed precipitation by the ground
network is also indicated in dashed line with p in the x-axis indicating start of precipitating events. In c and
d, the convective tendency is also overplotted in contours

among the different sites besides the differences in the moisture profiles as discussed in G12
(see also Guichard et al. 2009). This particular feature involves compensations between the
impact of atmospheric temperature and humidity on radiative processes, and it appears to be
reasonably well simulated.

Overall, Rnet is overestimated for all cases apart for the cloudy type, and the positive bias
is the largest for the convective wet case. This overestimation of Rnet largely results from
errors in SWin. Errors in the radiative impact of aerosols are likely candidates for the semi-
arid case, but errors associated with the simulation of clouds appear to play an important role
elsewhere.

4.4 Cloud Cover and Precipitation

Since the cloud effect is a good candidate to explain the SWin bias, we evaluate the representa-
tion of clouds in the models for the semi-arid and convective types with respect to the dataset
presented in Bouniol et al. (2012). Some insights on the representation of clouds for the other
two types are also given even though less data are available for their characterization.

For the semi-arid case, during the 10-day period, there were four observed events of rain
that are indicated by ‘p’ in Fig. 9a. Among them, two events (the first and the third) correspond
to several convective cells initiated in the afternoon and concern about seven of 30 stations
within a 1◦×1◦ area. Those events are characterized by small amounts of precipitation (about
3 mm1 for each event). The occurrence and intensity of those events are correctly predicted by
the model (Fig. 9b) suggesting that they are embedded within synoptic disturbances captured

1 Those amounts of precipitation are relatively small but note that from 20 to 30 June 2006 there was a
large-scale subsidence over West Africa that inhibited convection as shown by Janicot et al. (2008).
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Table 3 Observed from satellite (RFE2, Love et al. 2004; GPCP, Huffman et al. 2001) and ground network
and simulated precipitation (mm) for each type

Type Cloudy Convective wet Convective Semi-arid

RFE2 observations 36 80 41 5

GPCP observations 73 56 25 9

Ground observations – – 45 5

REF simulation 21 111 34 9

by the ECMWF re-analysis. Nevertheless, for these two deep convective events, the model
strongly underestimates the cloud fraction (Fig. 9a,b). For the two other events, rainfall was
recorded by only one station. The simulation of such small convective events is challenging,
and it is not surprising that their timing is not well reproduced. In addition to deep convective
clouds, Bouniol et al. (2012) underlined the existence of two other types of clouds associated
with this semi-arid case, namely cirrus clouds (at about 12 km altitude) and mid-level clouds
(at about 6 km altitude) that are evident in Fig. 9a. As may be expected, the model strongly
underestimates the presence of cirrus as those types of clouds are often formed away from
the observed location and further advected into the domain, a process that is not explicitly
taken into account here. In five of the 10 days, mid-level clouds are simulated at the top of
the Saharan air layer around 5 km, but still less than observed and over a smaller depth. In
conclusion, the model manages to represent relatively well larger convective systems and their
associated rainfall, but underestimates the mid-level clouds and strongly underestimates the
cirrus clouds. The shallow cloud fraction is small in observations and null in the simulations.

For the convective case, four events generated rainfall at more than seven stations. Those
events bring larger quantities of rain (about 9–10 mm per event). The model predicts three of
these events even though too early for two of them. Overall, the occurrence and strength of
the simulated deep convection is strongly constrained by the large-scale advection. The cloud
fraction is better predicted but still underestimated for all cloud types. The model predicts
shallow clouds for only four days instead of seven days in the observations.

Concerning the convective wet type, the model better predicts the initiation of deep con-
vection, which occurred in most of the days and reproduces also a dry sequence at the end
of the period (not shown) but it overestimates the amount of precipitation (Table 3; Fig. 7).

For the cloudy type, the model simulates some cirrus clouds above 9,000 m every day (not
shown). Rapidly, a shallow cloud deck, reaching an altitude of about 1500–2000 m, develops.
At 1100 UTC, such cloud decks are present except for three days. During the night, the clouds
get thicker. Satellite observations suggest a deeper layer of shallow clouds but this could be
an artefact, due to the vertical resolution of those products. The importance of shallow clouds
in southern West Africa has been recently highlighted by Knippertz et al. (2011). In contrast
to the climate models evaluated in this former study, here the model tends to overpredict their
occurrence. Schrage and Fink (2012) showed that the formation of those stratiform clouds
is tied to the existence of the nocturnal low-level jet. In fact, our modelling framework does
reproduce this jet despite a small underestimation. This and the fine vertical resolution could
explain that those clouds are reproduced in our configuration.

Concerning the precipitation, the model reproduces the different cumulative amounts of
precipitation for the 10-day period as the simulated rainfall always stays within the range of
observational products for all types as well as the distinct amounts among the different types
as shown in Table 3 and Fig. 7.
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(a) (b)

(c) (d)

Fig. 10 Diurnal cycle of the low levels θ and rv (black lines) with the rate of change of mixing ratio with
potential temperature of each process: deep convection in dark blue, thermals and shallow convection in
green, radiation in grey, microphysics in purple and large-scale forcing in red. The averaged daytime (0600–
1800 UTC) rate of change of mixing ratio with potential temperature are plotted from the dot (0600 UTC
point) whereas the averaged nighttime (1800–0600 UTC) one are plotted from an asterisk sign (1800 UTC
point). The black dashed line corresponds to the diurnal cycle extracted from 2D simulation of Peyrillé and
Lafore (2007) taking the point that has a similar mean potential temperature in the low levels. The averaged
rate of change of mixing ratio with potential temperature from the same processes is also plotted. Note that, for
convective and convective wet, the diurnal cycle with the tendencies overplotted are displaced by respectively
+2 g kg−1, −2 g kg−1 for clarity purpose

4.5 Balance Between Cloud, Radiative and Surface Processes

Figure 10 summarizes the diurnal cycles of the θ and rv at low levels similar to Betts (1992);
Freedman and Fitzjarrald (2001), and Santanello et al. (2009) with colour lines indicating the
contribution of the different processes (plotted as a vector [�θ, �rv] for a 12-h period con-
sidering separately daytime and nighttime) namely boundary layer in green (which includes
turbulence and shallow convection), deep convection in dark blue, radiative processes in grey,
large-scale advection in red and microphysics in purple. All the contributions correspond to
the evolution of those variables provided by the different parametrizations except for the
large-scale advection, which corresponds to the term prescribed in the simulation. For com-
parison with observations, the reader is referred to Fig. 5a. In addition, the composite of the
diurnal cycle of SWin is plotted for each case in Fig. 8.

In the semi-arid type, at night advection and radiation are predominant, whereas during
the day, boundary-layer processes and radiation are active. This result is in line with Parker
et al. (2005), Peyrillé and Lafore (2007), and Lothon et al. (2008) who find that the moisture

123



Thermodynamical Diurnal Cycle in the Lower Atmosphere 203

advected by the low-level jet during the night is then vertically redistributed by boundary-
layer mixing during the day. The warming and drying biases discussed above account for the
non-closed diurnal cycle.

The convective type involves similar processes with, in addition, a small cooling and
drying induced by deep convective processes (namely convective downdrafts). The daytime
evolution of θ and rv is similar to the Santanello et al. (2009) results for summer in the
southern Great Plains with non-cloudy processes dominating. Also, the change of the diurnal
cycle in between semi-arid and convective types is linked to the difference in soil moisture
content (cf. Table 1) as in this former study. Advection is much less important than in the
semi-arid type in the low levels (below 500 m) analyzed here. It becomes more significant
higher up (see Fig. 4). The relative magnitude of the cooling and moistening operated by
advection also differs, i.e., the advected air is still cooler but somewhat less moist than in the
semi-arid case. This is consistent with both a weaker monsoon flow and a reduced meridional
gradient of rv during the full monsoon. Note also that the too low cloud cover leads to a large
overestimation of SWin at the surface as discussed previously, besides a reasonable simulation
of the magnitude of convective processes, especially in the morning during the growth of the
boundary layer.

In the convective wet type, above the boundary layer, a commonly found equilibrium
between vertical advection and deep convection is at play. Nevertheless, at low levels,
boundary-layer turbulent mixing still dominate. A major difference with the previous cases is
the moistening (instead of the drying) of the low levels by daytime turbulent mixing. For this
case, while the convection scheme is very frequently activated and induces a non-negligible
cooling and a drying of the low levels, the radiative impact of the associated clouds remains
weak. Overall, the feedback of clouds on the surface energy budget, and therefore on the
low levels, appears to be too weak, as shown in Fig. 7. In addition, the diurnal asymmetry
(Fig. 8) is different with a more reduced SWin in the morning in the observations (linked to
the development of shallow clouds in the morning attested by the ceilometer, see G12 for
more detail) compared to a larger reduction in the afternoon in the simulation. This suggests
an underestimation of the shallow cloud cover.

The cloudy type, with the large cloud cover simulated at low levels, is characterized by
a larger impact of radiative processes, especially at night. Contrary to the other types, they
induce a cooling at both night and day. In fact, the very large simulated cloud cover likely
accounts for the underestimation in SWin. During the day, boundary-layer processes are
balanced by advection, but also convective and radiative processes.

4.6 Comparing SCM Simulations with an Idealized Two-Dimensional Simulation

It is interesting to compare how these results stand with respect to those obtained with a more
complex configuration of the model, involving interactions with the larger scales. The point
here is to understand to what extent the diurnal-cycle characteristics are associated with the
local physics and/or involve feedbacks with the dynamics. For this purpose, we compare
the diurnal cycle obtained from an updated 2D simulation of Peyrillé and Lafore (2007).
Here, the same model (MesoNH) with exactly the same physical parametrizations is used to
explicitly simulate the large-scale atmospheric meridional circulation along a 2D latitude-
altitude transect over West Africa during the monsoon. Such an idealized configuration is
indeed able to reproduce major features of a mean summer monsoon from relatively simple
surface and boundary conditions (Zheng and Eltahir 1998; Peyrillé et al. 2007). Note that
as opposed to our simulations (through initial and boundary atmospheric conditions as well
as soil conditions), information from observations cannot be directly incorporated in the
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2D simulation. However, land-surface properties, sea-surface temperatures, and estimates of
zonal advection are all inferred from observational datasets (see Peyrillé and Lafore 2007 for
more detail).

In order to extract similar regimes from the 2D simulation, points with similar mean low-
level potential temperature of the different cases have been extracted and are shown as dotted
lines in Fig. 10. As expected since the large-scale meridional circulation is not constrained in
the 2D model, the different cases exhibit differences, notably in humidity in regard to the SCM
framework. The warmest type (semi-arid) is moister, and the convective wet and cloudy types
are drier. However, the shape and magnitude of the diurnal cycles are surprisingly similar;
apart from the semi-arid type. This suggests that the characteristics of the diurnal cycles for the
different climates can be thought of as mainly driven by local processes. This point will also
be addressed in more detail in the next section using sensitivity experiments. To go further,
the contribution of the different processes is also compared. The different contributions are
of same sign for the different types except for the convective type (Fig. 10b) for turbulent
and advective processes, which tend to moisten the low levels in the 2D runs (similarly to the
convective wet type, Fig. 10c) whereas there is drying at low levels in our framework. This
difference might result from interactions between the meridional circulation and the local
physics and this deserves further analysis. However, our simple SCM framework still appears
quite valuable to analyze and improve basic aspects of the physical behaviour depicted by
the model (with its parametrizations) over land under contrasted climates.

This section has demonstrated that this SCM framework allows us to reproduce many
observed features of the various types encountered over land. The biases discussed above
are tightly linked to the set of parametrizations of the model and are summarized in Fig. 11.
They depend on the type (and convective regime) and develop rapidly within 24 h, revealing
some complex and distinct interactions between processes. For the cloudy type, the model
has difficulties handling the stratiform cloud layer, which is too prominent. This excessively
reduces the SWin at the surface and leads to a cold bias. For the convective wet and convective
types, the cloud radiative impact is underestimated leading to a systematic overestimation
of the SWin and an overestimation of the latent heat flux. This leads to a moist bias. Finally,
for the semi-arid type, the model has difficulties to handle fine structures and the convective
boundary layer is too deep leading to a warm bias. The underestimation of cumulus cloud
and aerosols also contributes to this bias.

5 Sensitivity Tests

In this section, we investigate how the set-up of the framework can be simplified without
removing the main characteristics of the different types studied here. Therefore, we first
analyze the impact of having a longer simulation instead of a one-day simulation and the role
of diurnally varying advection. Eventually, the surface–atmosphere feedbacks are tackled by
prescribing surface fluxes from the 1-day simulations.

5.1 1-Day Versus 10-Day Simulations

In this sub-section, we investigate the differences between long and short duration simula-
tions. Instead of reinitializing the initial profiles every day as in REF, a single simulation
is run over the 10-day period (referred to as COMPO simulation), using each day the same
diurnal-varying composite large-scale advection shown in Fig. 4. For sake of simplicity, we
only present simulations with a composite of the large-scale advection. However, simulations
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Fig. 11 Schematic of the different feedbacks at play depending on the type

with synoptically varying large-scale advection present the same behaviour as shown here,
indicating that the differences between COMPO and REF are mainly related to the fact that
simulations are longer and not to the synoptic fluctuations of advection. Here, we compare
the COMPO simulations to the REF simulations for the four types.

In the semi-arid type, a warm and dry bias (Figs. 12, 13) develops rapidly below 3 km
due to too large the growth of the boundary layer as already discussed for REF. This drift is
not as pronounced in REF, because of the daily re-initialization, but it was identified by the
non-closed diurnal cycle (Figs. 5a, 9a). In the COMPO simulation, equilibrium is reached
after a few days, with a somewhat higher convective boundary layer than in REF (Fig. 14a).
During the night, the cooling only affects a relatively thin stable boundary layer. Therefore,
on the following day, this thin layer is eroded within a few hours, and after 0900/1000 UTC,
the convective boundary layer quickly develops up to the same height every day. Such a
development of the boundary layer has been observed but usually later in the day (Cuesta
et al. 2009). This explains both the dry and warm bias and leads to a more pronounced
and more humid residual layer top at about 5,000 m (Fig. 14a). This is also associated with
the larger amount of mid-level clouds than in REF (Fig. 14c). These results suggest that
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 12 Time evolution of the low-level (500 m) potential temperature (a, c, e, g) and water vapour mixing
ratio (b, d, f, h) for the different types and the different simulations: REF in green dashed line, COMPO in
black, CST in red and FLUX in blue

those mid-level clouds are strongly linked to the subtle vertical thermodynamical structure.
Nevertheless, they have a much smaller impact on the shortwave radiation budget compared
to observations (Bouniol et al. 2012).

In the convective type, the amplitude of the diurnal cycles of θ and rv at low levels is
similar to REF (Figs. 12, 13), but the low levels are slightly moister. Convection is more
active, leading to more precipitation (46 mm) and to a larger cloud fraction (Fig. 14). Note
also that, interestingly, convection is activated all along the 24 h instead of only during the
afternoon in REF as shown in Fig. 15a with a maximum in the afternoon and during the night.
This is related to the fact that the low levels which are never strongly stratified can quickly
become well mixed up to about 5,000 m, leading more easily to deep convection triggering.

In the convective wet type, the low levels are colder than in REF (Fig. 13c), this corre-
sponds to the signature of a few isolated days (Fig. 12e). Rain occurs every day in COMPO
whereas it does not happen for three days in REF resulting in a higher cumulative amount of
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(a) (b)

(c) (d)

Fig. 13 Diurnal cycle of the low levels θ and rv for the different types and the different simulations (green
dashed line for REF, black full line for COMPO, red full line for CST, blue full line for FLUX and cyan stars
for observations)

127 mm in COMPO (versus 111 mm in REF). COMPO displays higher values of soil mois-
ture accompanied by larger latent heat fluxes and reduced sensible heat fluxes that prevent the
boundary layer to warm as much during the day. The COMPO simulation predicts a too large
cloud fraction in the upper levels (above 8,000 m) but strongly underestimates the occur-
rence of clouds in the lower levels as shown in Fig. 14i. The diurnal cycle of deep convection
is also modified in COMPO compared to REF (Fig. 15b), with a 4 h earlier triggering of
convection, shortcutting the shallow convection phase. Therefore, allowing longer-duration
simulations induces substantial changes in the phasing of the diurnal cycle of deep convection
that involves coupling with the surface-energy budget and the sensitivity of deep convective
triggering to the atmospheric stability.

In the cloudy type, the COMPO simulation has a warm/moist bias compared to REF
(Fig. 12), also consistent with the budget analysis. In this case, the diurnal cycle is partly
framed by the saturation with a strong positive correlation between θ and rv during the night,
reflecting that rv remains at saturation as θ decreases (Fig. 14). There is less cloud formation
in the low levels with a strong diurnal cycle of shallow clouds (not shown) and precipitation
increases to 34 mm (compared to 21 mm in REF).

In these simulations, most of the differences compared to the REF simulations are linked
to the length of the simulation: longer simulation strengthens the biases already noticed in
REF; e.g. the warm and dry bias for the semi-arid type and the moist bias for the cloudy
type. For the convective wet case, part of the differences is also due to surface–atmosphere
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 14 Diurnally averaged vertical profiles for the last five days of θ, rv and the cloud fraction for the
different types. Green dashed line for REF, black full line for COMPO, red dotted line for CST, blue dash-dot
line for FLUX and grey line for observations (θ and rv profiles from radiosoundings and cloud fraction profiles
derived from satellite)
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Fig. 15 Diurnal cycle of deep convection temperature tendency averaged in-between 4,000 and 12,000 m for
the convective (in the left figure) and the convective wet (in the right figure) types. The green dashed line is
the averaged diurnal cycle from the REF simulation, the black line is from COMPO simulation and the red
line from CST simulation

feedbacks. It appears that several major features of the simulated 10-day period are already
present in the series of 1-day simulations. This result emphasizes the quick thermodynamical
drifts, which arise in the simulations during a few hours, especially during daytime.

5.2 Importance of the Diurnal Cycle of the Large-Scale Advection

In order to investigate the role of the large-scale advection diurnal cycle, 10-day long simu-
lations with constant profiles of the large-scale advection (CST) have been performed. The
synoptically varying large-scale advection controls the timing of deep convection in the
semi-arid case or the pause of convective events in the convective wet case as illustrated in
Sect. 4. Applying a diurnal composite of large-scale advection, without any synoptic varia-
tions, however, leads to relatively close mean diurnal cycles at low levels for the four types
as shown in the previous section. Using constant (i.e. without any diurnal cycle) profiles of
large-scale advection leads also to relatively small changes in the diurnal-averaged profiles
as illustrated in Fig. 13. However, the amplitude of the diurnal cycle at low levels for the
semi-arid and convective types is smaller by about 30 % in CST (Figs. 12, 13). This is con-
sistent with Parker et al. (2005), who highlighted a strong diurnal cycle of the large-scale
advection operated by the monsoon flow in the low levels. This is also evident in Fig. 10a,b,
where the nighttime cooling and moistening is mostly driven by the advection. Figure 14
shows that in those simulations, the averaged cloud fractions are larger (except for the semi-
arid type). A comparison of time–height budgets shows that there is no more erosion of the
upper cloud layer in the morning by the large-scale advection. This suggests that the large-
scale advection interacts with the cloud cover at sub-diurnal time scales. In agreement with
Betts and Jakob (2002b), changing the phase of the large-scale advection did not lead to a
strong modification of the diurnal case of deep convection, only the intensity of the different
peaks varies as shown in Fig. 15. In the cloudy type, the differences are very small: they
consist in a cold and dry bias in CST compared to COMPO (Fig. 13) due to the behaviour
of the last days (Fig. 12), in particular the seventh day where in CST a very thick low-
level cloud develops. This also explains the difference in the cloud fraction highlighted in
Fig. 14.

In summary, the diurnal cycle of the large-scale advection partly drives the diurnal cycle
for the semi-arid and convective cases, but it does not affect much the simulated diurnal
cycle of both the low-level thermodynamics and rainfall for the convective wet type. In this
latter case, the parametrized deep convection appears to respond more directly to surface and
boundary-layer processes. These results confirm that the diurnal cycle in the low levels is
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strongly controlled by processes operating at local scale rather than dictated by the large-scale
dynamics as already pointed out by the similar behaviour of the SCM and 2D frameworks.
On the other hand, the diurnal cycle of advection seems to at least partly shape and interact
with the cloud cover in all cases (Fig. 14f, i, l).

5.3 Importance of the Land–Atmosphere Coupling

In order to test the impact of the land–atmosphere coupling, long simulations (FLUX) have
been run with prescribed surface sensible and latent heat fluxes obtained from the composite
diurnal cycle of the interactive fluxes resolved in the REF simulations. Compared to the
COMPO simulations, the REF simulations generally display larger sensible heat fluxes (about
20 W m−2, in average for the warmest cases, less for the other cases) and smaller latent heat
fluxes (about 10 W m−2 reaching 40 for the convective case) for all types (not shown). In
the FLUX simulations, the amplitude of the diurnal cycle is stronger for the warmer types
namely the semi-arid and convective ones and weaker for the two coldest (convective wet
and cloudy types) (Fig. 13) compared to the COMPO simulations.

In the semi-arid case, the boundary layer of the FLUX simulation is warmer and slightly
higher than COMPO due to larger sensible heat fluxes. The top of the Saharan air layer has a
stronger inversion explaining clouds over a thinner layer due to the stronger lid. However, the
modifications of the clouds have no impact on the surface heat fluxes as they are prescribed.
Even though the surface fluxes are the same as in REF, the FLUX simulation is drier and
warmer. This is due to the long duration of the simulation as discussed in Sect. 5.1.

In the convective case, the boundary layer is drier and thicker in FLUX than COMPO due
to the higher sensible heat fluxes. The bias observed in the moisture content at low levels
of COMPO was probably due to the different surface fluxes as imposing fluxes from REF
reduces it strongly (Fig. 12). The simulated clouds are similar except the shallow clouds that
are absent in FLUX due to the higher lifting condensation level induced by the modification
of the boundary-layer characteristics.

In the convective wet case, the boundary layer is also warmer and drier leading to a higher
lifting condensation level and also no shallow clouds. In this simulation, the drift towards
drier condition suggests that the model is not in equilibrium with the prescribed surface fluxes.
For the cloudy type, the boundary layer is cooler from 1400 to 2300 UTC and this induces
a weaker amplitude of the θ diurnal cycle than in COMPO, but the differences are relatively
small. For this sensitivity test, most of the differences are explained by the differences in
surface sensible and latent heat fluxes between COMPO and REF. However, parts of these
differences are related to the cloud–land–atmosphere coupling: for example, we showed that
the bias in the convective case was due to erroneous surface fluxes.

6 Conclusions

The diurnal cycle is a dominant mode of variability in the lower atmosphere over land in
the Tropics. Operational models still have difficulties in representing the diurnal thermo-
dynamics at low levels and their distinct fluctuations in time and location. This study, based
on a large dataset collected over West Africa, used a single-column modelling framework
that allows us to reproduce the synoptic forcing and enables us to evaluate the behaviour
of a coupled surface–atmosphere model in different regimes encountered during summer
over West Africa, from cooler to warmer conditions at low levels. A primary purpose of
this multi-case approach is to allow for a more in-depth investigation of the interactions and
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coupling between parametrized processes in a specific model. The modelling framework has
been designed for single column models (SCM) or large-eddy simulation (LES) type models.
Here, the SCM version of the Meso-NH model has been used, in a fully coupled mode with
the surface scheme. Initial and boundary conditions have been designed from the AMMA
re-analysis and ALMIP off-line runs. This is a rather simple modelling framework, which is
however realistic enough to be able to capture the observed synoptic variability.

First, the modelling framework manages to roughly represent the different identified
regimes along a meridional gradient and shows how different balances of processes arise
from the colder to the warmer types. With this framework, we reproduce some of the biases
of operational models and have investigated the causes. At short time scales (sub-diurnal and
synoptic), important biases appear that are linked to an erroneous simulation of the surface–
atmosphere–cloud coupling. In particular, the models always underestimate the cloud frac-
tion, especially at low levels, except for the cloudiest case for which the low-level cloud
cover is too large. Moreover, the cloud radiative forcing is largely underestimated in the sim-
ulations. This leads to an overestimation of the incoming shortwave radiation and therefore
of the net radiation. How this bias translates into surface sensible and latent heat flux biases
largely depends on the surface properties. Overall, this leads to dry and warm biases over
relatively dry soil (semi-arid type) and cool and wet biases in wet soil conditions (convective
wet type). Eventually, this study stresses the importance of the cloud radiative forcing over
land, even for the drier cases: its representation needs to be accurate enough so as to avoid
the rapid development of biases.

The interest of designing the framework from observed cases is to allow for an assess-
ment of the performances of the model against observations. For further studies, a simpler
framework appears as a valuable tool, in so far as it does not modify the basic properties of
the simulated atmospheric low levels. This question was investigated with additional simu-
lations, and it appears that simplifying the framework does indeed maintain the main biases
as summarized below. Letting the simulations run for 10 days without daily reinitialization
induces a modification of the diurnal cycle of convection, and then the drawbacks already vis-
ible in the one-day simulations are amplified. Imposing a constant-in-time advection induces
a slightly reduced amplitude of the diurnal cycle for the two warmest types. This indicates
that the diurnal cycle of the monsoon flow (which partly accounts for large-scale advection
in these cases) plays a role in the observed diurnal cycle even if not a major one. In con-
trast, the diurnal cycle of large-scale advection has a very minor impact for the moistest
types.

This study shows that the database presented in G12 is suitable to evaluate the behaviour of
models regarding their simulation of the diurnal cycle displayed by the contrasted boundary-
layer types observed in West Africa. We have also shown that our approach could be used
to better understand the behaviour of more complex models such as the 2D monsoon model
of Peyrillé and Lafore (2007). Indeed, at first order, the diurnal cycle at low levels displays
similar behaviours in both SCM simulations presented here and 2D simulations using the
same set of physical parametrizations.

This comparison of SCM and 2D frameworks has highlighted that the diurnal cycle mainly
involves local processes with only limited feedbacks from the larger-scale circulations. In
other words, errors in the simulation of the diurnal cycle of the boundary layer are related
at first order to local processes, which involve physical parametrizations in the model. This
provides evidence for the relevance of the relatively simple approach developed here. In the
future, high-resolution simulations using the same set-up could be performed in order to
further explore the processes and coupling mechanisms involved in the diurnal cycle and to
assess the sources of biases arising in parametrized models.
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