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Abstract The identification of the land-atmosphere

interactions as one of the key source of uncertainty in

climate models calls for process-level assessment of the

coupled atmosphere/land continental surface system in

numerical climate models. To this end, we propose a novel

approach and apply it to evaluate the standard and new

parametrizations of boundary layer/convection/clouds in the

Earth System Model (ESM) of Institut Pierre Simon Laplace

(IPSL), which differentiate the IPSL-CM5A and IPSL-

CM5B climate change simulations produced for the

Coupled Model Inter-comparison Project phase 5 exercise.

Two different land surface hydrology parametrizations are

also considered to analyze different land-atmosphere inter-

actions. Ten-year simulations of the coupled land surface/

atmospheric ESM modules are confronted to observations

collected at the SIRTA (Site Instrumental de Recherche par

Télédection Atmosphérique), located near Paris (France).

For sounder evaluation of the physical parametrizations, the

grid of the model is stretched and refined in the vicinity of

the SIRTA, and the large scale component of the modeled

circulation is adjusted toward ERA-Interim reanalysis out-

side of the zoomed area. This allows us to detect situations

where the parametrizations do not perform satisfactorily and

can affect climate simulations at the regional/continental

scale, including in full 3D coupled runs. In particular, we

show how the biases in near surface state variables simulated

by the ESM are explained by (1) the sensible/latent heat

partitionning at the surface, (2) the low level cloudiness and

its radiative impact at the surface, (3) the parametrization of

turbulent transport in the surface layer, (4) the complex

interplay between these processes. We also show how the

new set of parametrizations can improve these biases.

Keywords Climate model � Boundary layer

parametrization � Evaluation � Land surface �
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1 Introduction

The land surface-atmosphere interactions and associated

boundary layer processes are crucial elements of the climate

system (e.g. Betts 2007). They play a major role in several

feedback processes (e.g. Seneviratne et al. 2006) and have

been identified as one of the key sources of uncertainty in

climate models (e.g. Koster et al. 2004b; Douville 2010).

Shortcomings in the parameterizations implemented in

coupled land surface-atmospheric models are among the

possible causes of uncertainty and have to be identified.

Single column models (SCMs) have been extensively

used in the last two decades as a framework for

This paper is a contribution to the special issue on the IPSL and

CNRM global climate and Earth System Models, both developed in

France and contributing to the 5th coupled model intercomparison

project.

F. Cheruy (&)
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improvement of atmospheric parameterizations and pro-

cess-oriented evaluation. In this approach, the model grid

of an atmospheric general circulation model (GCM) used

either for climate studies or numerical weather-forecast, is

restricted to one vertical column; the parameterizations of

sub-grid scale turbulent, convective or clouds processes are

integrated in time with prescribed large-scale forcing and

boundary conditions (e.g. Randall et al. 1996). SCMs are

computationally cheap and allow to easily access most of

the simulated variables at high frequency. SCM simula-

tions can also be confronted with explicit simulations of the

same phenomenon, using so-called cloud resolving models

or large eddy simulations (LES). A number of diagnostics

can be extracted from these explicit simulations, which

help identify the critical component of the parameteriza-

tions (e.g. Bechtold et al. 1996). The SCM approach is now

part of the standard tool kit of climate model developers.

The set-up of suitable cases, however, is a difficult task,

and their number is thus limited. In addition, data required

to force SCMs or LESs are often simplified, and may be

representative of neither real nor modeled atmospheres.

Some authors use the SCM approach on rather long periods

(Bony and Emanuel 2001; Neggers et al. 2011b). In these

long simulations (typically several months), the forcing

cannot be built with the same attention as for more clas-

sical short cases (typically from a few hours to several

days) but the statistical significance of the situations

explored is increased. However, in the case of continental

situations, this approach does not compensate for another

limitation of SCM case studies: the boundary conditions

being generally prescribed at the interface between the

surface and the atmosphere, it prevents possible surface-

atmosphere feedback from being activated.

In this paper, we promote an approach that allows a

continuous and detailed evaluation by direct comparison of

a full atmospheric GCM coupled with a land surface

model. In this approach, the 3D GCM is forced to follow

the sequence of observed synoptic situations by relaxing

the large scale circulation toward meteorological analyzes

outside a region of interest, for instance a region associated

with continuous in-situ observations or with a field cam-

paign experiment. This ‘‘nudging’’ approach has already

been used with the GCM of Laboratoire de Météorologie

Dynamique named LMDZ (the Z standing for the Zooming

capability of the horizontal grid) by Coindreau et al.

(2007), who demonstrated that model results remain highly

sensitive to the parametrization of the boundary layer and

surface processes. The zooming capability of LMDZ offers

the additional advantage of running very cheap simulations

with a rather fine horizontal resolution in the region of

interest. In the present study, this approach is used to

evaluate developments of atmospheric and land-surface

parameterization by comparison with the observations

recorded at the permanent SIRTA super-site (Haeffelin

et al. 2005), located near Paris (France). We evaluate more

precisely four versions of the LMDZ climate model,

combining two different parametrizations of atmospheric

physics, and two parametrizations of the land surface. The

two atmospheric physical packages define the LMDZ5A

and LMDZ5B versions, both used for climate change

projections with the IPSL (Institut Pierre Simon Laplace)

climate model in the frame of the Coupled Model Inter-

comparison Project (CMIP5) (Hourdin et al. 2012a; Duf-

resne et al. 2012, this issue1). The LMDZ5B version is the

result of a profound recast of the parameterizations of

boundary layer, turbulence, shallow and deep convection

parameterization (Grandpeix and Lafore 2010; Grandpeix

et al. 2010; Jam et al. 2012), (Hourdin et al. 2012b; Rio

et al. 2012, this issue). The two land surface schemes differ

by their description of the soil hydrology, following either

a 2-layer scheme (Ducoudré et al. 1993), or a physically-

based description of vertical water fluxes along 11 layers

(De Rosnay et al. 2002; d’Orgeval et al. 2008). The present

article provides the first evaluation of this 11-layer

hydrology parametrization coupled to an atmospheric

model. The four versions of the model are assessed for their

skills to simulate the near surface meteorology and surface

fluxes at SIRTA mid-latitude continental site.

Section 2 describes the observations performed at the

SIRTA instrumented site, and the resulting database dedi-

cated to the evaluation of climate models. Section 3 pre-

sents the numerical simulations, and describes the tested

atmospheric and land surface parametrizations as well as

the configuration retained for nudging and grid stretching.

Section 4 is devoted to the analysis of the simulations with

a focus on the seasonal and diurnal cycles. The link is made

between the observed differences and the content of the

parameterizations with a focus on the warm summer tem-

perature bias, a robust signature of the LMDZ model which

is present as well in 3D climate simulations with imposed

SSTs. We discuss both the relevance of the particular

parameterizations tested here and the one of the approach

proposed for the evaluation and improvement of global

climate models. Conclusions are proposed in Sect. 5.

2 SIRTA testbed for climate model evaluation

The observations used in this study are collected at the

SIRTA atmospheric research observatory, located in

Palaiseau, 20 km south of Paris, in France (Haeffelin et al.

2005). The coordinates of the SIRTA observatory are

2.208�E, 48.713�N, and the altitude is 160 m above sea

1 The drafts of the special issue papers can be found at http://icmc.

ipsl.fr/research/international-projects/cmip5/special-issue-cmip5.
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level. This observatory was created in 2002 and has since

then been collecting many co-localized observations. It

gathers in-situ sensors, active and passive remote sensing

instruments to monitor high-quality shortwave (SW) and

longwave (LW) downwelling and upwelling fluxes, surface

and vertical profiles of temperature, humidity and wind, as

well as cloud and aerosol macrophysical and optical

properties. These multi-sensor observations are used here

to analyze process influencing near-surface atmospheric

variables at diurnal and seasonal time scales, and to eval-

uate the related parameterizations in numerical models.

To make the SIRTA observations easily usable, impor-

tant work has been dedicated to their homogenization

based on a specific protocol that involves several steps:

(1) hourly averaging of the variables, (2) calculation of

geophysical variables that are not directly measured, but

are derived using a retrieval algorithm, (3) control of the

temporal variability and calculation of the standard devi-

ation, (4) quality control. When possible, the description of

each variable follows the CMIP-5 reference http://cmip-

pcmdi.llnl.gov/cmip5/docs/standard_output.pdf.

All variables, their description, their quality, their spa-

tio-temporal variability are written in a single NetCDF file

available on the web2 under the ’’ground EUROPEAN’’

tag. Quality control is performed on each variable to

identify and remove non-valid data at the highest resolution

available (typically 1–5 min), what leads to classify data

into four classes: (0) quality check is OK, (1) beware,

extreme values or low sampling are present (\50 %),

(2) values exceeding physical bounds, (3) value is missing

or non-valid. A quality control flag is then assigned to each

hourly averaged variable based on the following approach:

(1) data are divided into sets of 60 min; (2) for each

obtained times-series, data that are not within realistic

physical limits are eliminated; (3) data that exceed a set

temporal variability are eliminated; (4) the minimal and

maximal values are calculated; (5) the mean value and its

standard deviation are calculated; (6) the number of mea-

surements for the averaging is computed; (7) the flag is

assigned.

Among the variables contained in this file, the ones used

in this study are listed in Table 1. Some of them are

measured directly and can be easily understood, while

others require some explanation. Specific humidity at 2 m

(huss) is calculated from the 2-m relative humidity (hurs in

%), the surface atmospheric pressure (ps in hPa), and the

saturated water vapour pressure (eW in hPa) retrieved from

(Goff and Gratch 1946) equation. Solid and liquid precip-

itations (pr in kg m-2 s-1) are measured at SIRTA by a rain

gauge. The clear-sky downwelling shortwave flux (rsdscs)

is estimated using the (Long and Ackerman 2000) meth-

odology. It depends on a solar zenith angle parametrization

where parametric coefficients are fitted on clear-sky peri-

ods close to the time period considered. The curve-fit

values are then interpolated to the cloudy days to estimate

clear-sky downward shortwave fluxes that would be

observed under the assumption of constant aerosol optical

depth during the time period. The clear-sky downwelling

longwave flux (rldscs) is calculated from the near surface

air temperature and humidity measurements following the

Long method (Long and Turner 2008). The root mean

square errors for these calculations are around 10 W m-2

for the shortwave as for the longwave fluxes. The latent and

sensible heat fluxes are estimated with eddy-covariance

Table 1 Description of the variables in the SCTD database

Variable Units Description Instru. Uncert.

tas K Average 2-m air temperature ±0.2 K

hurs % 2-m relative humidity ±0.02 (%)

huss kg kg-1 2-m specific humidity

pr kg m-2 s-1 Precipitation (liquid ? solid) at surface ±0.2 mm

hfss W m-2 Surface upward sensible heat flux ±14 W m-2 at 20 W m-2, 32 W m-2 at 100 W m-2

hfls W m-2 Surface upward latent heat flux ±16 W m-2 at 20 W m-2, 42 W m-2 at 100 W m-2

rlds W m-2 Surface downwelling longwave radiation ±4 W m-2 at 1,000 W m-2

rlus W m-2 Surface upwelling longwave radiation ±8 W m-2 at 1,000 W m-2

rsds W m-2 Surface downwelling shortwave radiation ±5 W m-2 at 1,000 W m-2

rsus (W m-2) Surface upwelling shortwave radiation ±10 W m-2 at 1,000 W m-2

rldscs (W m-2) Surface downwelling longwave radiation, clear sky ±8–9 W m-2,

rsdscs (W m-2) Surface downwelling shortwave radiation, clear sky ±6–13 W m-2

sfcwind (m.s-1) 10 m wind 0.1 m.s-1

clt Total cloud fraction

cbh Cloud base height (1, 2, 3)

2 http://climserv.ipsl.polytechnique.fr/cfmip-obs.html.
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methods based on sonic anemometer measurements at

10 m above ground level. Vertical wind speed and

humidity fluctuations are combined to derive latent heat

fluxes (hfls in W m-2), while vertical wind speed and

temperature fluctuations are used to derive sensible heat

fluxes (hlss in W m-2) every 5 min. Further, surface area

cloud fraction and cloud base height altitude are derived by

combining a radiative flux analysis (Long et al. 2006) and

lidar retrieval of cloud layers (Morille et al. 2007). For

each hour, the data provided include a total cloud fraction

and up to three possible cloud base heights (in case of

multi-level clouds).

The quality of sampling over time is shown by the per-

centage of analyzed data with respect to the maximum

number of measurements. It appears as a dotted black line in

Figs. 3, 4, 5, 6, 9. Since 2004, the meteorological variables

(tas, hurs, huss, pr) and the downwelling radiative fluxes

measured at surface (rlds, rsds) and their associated clear

sky evaluation (rldscs, rsdscs), as well as cloud fraction and

cloud base height (cft, cbh), all have an annual occurrence

exceeding 80 %. For the sensible heat flux (hfls) and

upward radiative fluxes (rlus, rsus), it is also the case but

after 2007. The latent heat flux is not so well sampled (about

20 % from 2005 to 2009). Although the quality of the

closure of the SIRTA data measurement has not been

documented yet, one can refer to the literature: many field

studies (Foken 2008) report a significant imbalance in the

surface energy balance with almost always more net radi-

ation than total heat flux. As an example one can refer to

(Bosveld and Bouten 2001) who shows closure of 5 %, well

within the measurement error, for a forest site with high

aerodynamic roughness. Other studies show imbalances of

typical 10–20 % of the net radiation during daytime and up

to 50 % or more during night time.

The question of the spatial representativity of the point

measurement with respect to the LMDZ grid mesh is

addressed with the help of Météo-France stations that

monitor all state variables. Thiessen polygons (Thiessen

1911) are used to select 8 stations (Trappes, Orly, Paris-

Montsouris, Roissy, Melun, St. Quentin, Chartres and

Creil) with potential influence on spatial averages within

the LMDZ grid mesh containing the SIRTA site, the white

lines denotes the climate model grid (Fig. 1).

3 Numerical simulations

LMDZ is the atmospheric GCM that has been developed

for about thirty years at the LMD (Hourdin et al. 2006).

The horizontal grid is stretchable in both longitude and

latitude (Z in LMDZ, standing for Zoom capability). It is

part of the IPSL-CM coupled model (or Earth System

Model), which has been involved in all the CMIP climate

change projection exercises (e.g. Reichler and Kim 2008)

Two sets of parametrizations of atmospheric physics and

soil hydrology (Table 2) are evaluated in this paper. We

recall briefly the main features of each set of parameteri-

zation. In the following, we will often speak about

‘‘physics’’ when referring to the atmospheric physical

packages, omitting the fact that it concerns the atmosphere

Fig. 1 Location of the 8 Météo-

France stations (Trappes, Orly,

Paris-Montsouris, Roissy,

Melun, St. Quentin, Chartres

and Creil, in red) with potential

influence on spatial averages

within the LMDZ grid cell
containing the SIRTA site. The

white lines define the stretched

grid-mesh
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3.1 Two turbulence/convection/clouds

parametrizations

Two versions of the atmospheric physics are evaluated in

this paper: The Standard Physics (SP) version or LMDZ5A,

used in IPSL-CM5A is a robust version of the physics code

which was used to explore a large sample of the climate

change simulations defined by the CMIP5 project. The new

Physics (NP) version or LMDZ5B, is the result of signifi-

cant improvements in the parametrization of boundary

layer physics and the associated clouds and of the deep and

shallow convection. It was used to produce a subset of

CMIP5 simulation with IPSL-CM5B. The detailed

description of the physical parametrizations is out of the

scope of this paper, as the reader can found them in the

special issue (e.g. Hourdin et al. 2012b; Rio et al. 2012).

In the SP version, turbulent transport in the planetary

boundary layer is treated as a vertical diffusion with an eddy

diffusivity Kz which depends on the local Richardson

number according to (Laval et al. 1981). Up-gradient

transport of heat in the convective boundary layer is ensured

by adding a prescribed counter-gradient of 1 K km-1 to the

vertical derivative of potential temperature (Deardorff

1970). Unstable profiles are prevented using a dry convec-

tive adjustment. The surface boundary layer is treated

according to (Louis 1979). Condensation is parametrized

separately for convective and non-convective clouds. For

non convective clouds, as in several other GCMs, the cloud

cover and cloud water content are deduced from the large

scale total water (vapor ? condensed) qt and moisture at

saturation, qs, using a Probability Distribution Function

(PDF) for the sub-grid-scale total water qt. Following (Bony

and Emanuel 2001), we use a generalized log-normal PDF

defined on the positive axis. The distribution depends on one

single width parameter r. Both in-cloud water and cloud

fraction cover are predicted by the scheme. A fraction of the

liquid cloud water in excess of a prescribed threshold is then

precipitated. Precipitation is transported downward to the

next mesh where it can be partly re-evaporated. For deep

convection, the SP version uses the scheme of (Emanuel

1991). As most current parametrizations, it assumes quasi-

equilibrium between the convection and its environment and

rely on large-scale variables to determine the occurrence of

convection and its intensity, the so-called triggering and

closure problems respectively. In convective regions, large-

scale variables are poor predictors of the cloud fraction and

the parametrization of clouds needs to be coupled to the

convective parametrization. The same PDF function is used,

as for the stratiform clouds, to predict the cloud fraction,

with two differences: the parameter of the PDF is chosen so

as to obtain the in-cloud water content predicted by the

Emanuel scheme following (Bony and Emanuel 2001);

Contrarily to non convective clouds, the cloud scheme is not

used to predict condensation nor rainfall, which are funda-

mental outputs of the deep convection scheme.

In the NP version, we use in the boundary layer the

combination of the (Yamada 1983) scheme for small scale

turbulence, and of the thermal plume model (Rio and

Hourdin 2008) for the representation of the organized

structures of the convective boundary layer. The descrip-

tion of the entrainment and detrainment rates uses a new

conditional sampling approach of Large Eddy Simulations

(Couvreux et al. 2010), and is presented by Rio et al.

(2010). A revisited cloud scheme has also been coupled to

the thermal plume model. Instead of the PDF used in the

SP physics, a bi-Gaussian distribution is used, one for the

environment of the plume and the other one for the plume

itself. The mean values of the two distributions correspond

to the large scale and in-thermal specific humidity, qt and

qta. The width of each distribution is computed in terms of

deficit to saturation, with a parametrization coupled to the

thermal plume model (Jam et al. 2012). For grid meshes

where thermal plumes are not present, the parameters r of

the PDF is imposed as in the SP physics. When the mesh is

Table 2 LMDZ configurations used for the simulations

Name Surface hydrology Boundary layer Cloud scheme Convection scheme

SP-ORC2 Ducoudré et al. (1993) Louis (1979) Bony and Emanuel (2001) Emanuel (1991)

Choisnel et al. (1995) Laval et al. (1981)

SP-ORC11 De Rosnay et al. (2002) Louis (1979) Bony and Emanuel (2001) Emanuel (1991)

d’Orgeval et al. (2008) Laval et al. (1981)

NP-ORC2 Ducoudré et al. (1993) Rio et al. (2012) Jam et al. (2012) Hourdin et al. (2012b)

Choisnel et al. (1995) Yamada (1983) Grandpeix and Lafore (2010)

NP-ORC11 De Rosnay et al. (2002) Rio et al. (2012) Jam et al. (2012) Hourdin et al. (2012)

d’Orgeval et al. (2008) Yamada (1983) Grandpeix and Lafore (2010)

NP*-ORC11 De Rosnay et al. (2002) Rio et al. (2012) Jam et al. (2012) Hourdin et al. (2012b)

d’Orgeval et al.(2008) Louis (1979) Grandpeix and Lafore (2010)

The NP* physics is used in the sensitivity experiment described in Sect. 4.3
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concerned by the thermal plume, the PDF are used to

predict a cloud fraction wich matches the in-thermal liquid

water predicted by the thermal plume model (Rio and

Hourdin 2008) (as was done for convective clouds in the

SP version). For deep convection, Emanuel scheme is

modified in two ways: a parametrization of the wakes is

included, and the original Convective Available Potential

Energy (CAPE) closure is dropped for a new one that

depends on sub-cloud processes, namely wakes and ther-

mals (Grandpeix and Lafore 2010; Grandpeix et al. 2010).

3.2 Two soil hydrology parametrizations

The land surface is described in LMDZ by the ORCHIDEE

model Krinner et al. (2005). The carbon cycle and dynamic

vegetation modules are not activated here, and the water

and energy budgets are computed at the same time step as

the atmospheric physics using classical soil-vegetation-

atmosphere transfer (SVAT) parametrizations. The vege-

tation properties are defined by plant functional types

(PFTs) and their fraction within each grid cell is globally

set from the IGBP vegetation map (Olson et al. 2001).

Regarding soil hydrology, two different parametrizations

are compared in this paper.

The first one, called ORC2 in the following, is a 2-layer

parametrization, also known as the Choisnel model

(Ducoudré et al. 1993; Choisnel et al. 1995). As described

in Ducharne and Laval (2000), the upper layer has a vari-

able depth and can disappear after dry spells. It is created by

rainfall, in which case the layer is saturated, and if this top

layer is already present, rainfall can either fill it or make it

deeper. Runoff is only produced when the entire soil col-

umn is saturated, as in the bucket scheme (Manabe 1969).

The second parametrization of soil hydrology, called

ORC11, allows for a physically-based description of ver-

tical water fluxes, using the Richard’s equation (De Rosnay

et al. 2002; d’Orgeval et al. 2008). It is discretized with 11

nodes defining layers of geometrically increasing thick-

ness, and the non saturated hydraulic properties are defined

from the van Genuchten (1980)—Mualem (1976) formu-

lation. The related parameters for three main soil textures

(coarse, medium and fine) come from Carsel and Parrish

(1988). The soil boundary conditions are gravitational

drainage at the bottom, and the difference between infil-

tration and soil evaporation at the surface. Runoff is

comprised of drainage and surface runoff, which occurs

when throughfall rates exceed infiltration capacity.

In the present study, the depth of active soil is globally

set to 2 m with both parametrizations. In ORC2, the vol-

umetric water-holding capacity is 150 kg m-3. In ORC11,

the texture over the continents is derived from Reynolds

et al. (2000), what defines clay (fine) as the dominant

texture in the SIRTA grid cell. The total water-holding

capacity in this cell is 324 kg m-3, and the available water-

holding capacity (between field capacity and wilting point)

is 220 kg m-3.

3.3 Simulation with stretched grid and nudging

The LMDZ model is run here in forced mode, with sea

surface temperatures derived from observed monthly means

between 2000 and 2009. The chosen grid has 48 points in

latitude and 32 in longitude (grid mesh of 1.875� 9 5�).

The vertical grid has 39 levels. This spatial resolution is

stretched up with a zoom factor of 5, centered in the

instrumented site area. This allows to reach spatial resolu-

tion around 120 Km in the area of interest. This configu-

ration has been successfully used to evaluate the

preliminary developments of the thermal plume model

(Coindreau et al. 2007). The time step of the physical core

is 15 min. The small number of grid points (48 9 32)

allows a series of pluriannual simulations to be performed

even on standard personal computers with a mesh size

which is typical in the zoomed area of state-of-the-art cli-

mate models. Four numerical experiments are conducted by

combining the above parametrizations of atmospheric

physics (SP and NP) and soil hydrology (ORC2 and

ORC11). The simulations initiate in January 2000, when

SIRTA observations started. The 2000 year is run 3 times to

allow the land surface hydrological model to reach equi-

librium, and the first 2 years, corresponding to the spin-up

time of the hydrological model, are disregarded in the

analysis. Hourly averaged output variables are saved for the

grid box including the SIRTA. Simulated and observed

times series are compared based on hourly averages.

The model trajectory is forced to follow the real syn-

optic evolution by relaxing the large scale circulation

towards meteorological analyzes outside of the zoomed

area (Coindreau et al. 2007). Here, only temperature and

wind are relaxed toward the ERA-Interim reanalysis, with a

time constant varying from 10 days in the free area to one

hour outside of it. This nudging technique is well known in

the community of transport modelers and can be seen as a

poor version of data assimilation (Jeuken et al. 1996),

where all observations are replaced by the results of a

former assimilation procedure. By constraining large scale

features (temperature and dynamics) to be close to the

observed ones, nudging allows to derive meteorological

time series which can be confronted on a day-by-day basis

to observations with much smaller errors than using a free

GCM. It is illustrated in Fig. 2. This figure shows the daily

time evolution of moisture atmospheric transport, air

temperature, relative humidity at 2 m, and precipitation,

for the main four model runs in summer 2009 compared to

the ERA-Interim value corresponding to the considered

LMDZ grid mesh for the moisture transport and to the

F. Cheruy et al.
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mean values of Météo-France station measurement with

potential influence on spatial averages within the LMDZ

grid mesh containing the SIRTA (Fig. 1) for the rest of the

variables. The simulations are able to follow the observed

synoptic variability but each model configuration has its

own signature which affects the behavior of the near sur-

face variables in summer in a consistent manner. Note that

the moisture transport, constrained by the relaxation of the

zonal and meridional winds toward reanalysis is quite

consistent with the ERA-Interim values, even-though

humidity is not directly relaxed toward reanalysis. This

configuration of the model will be referred as NZ in the rest

of the paper.

3.4 Interest of NZ configuration

Figure 3 shows the time evolution of air temperature, rel-

ative humidity at 2 m for the main four model runs, since

the beginning of the SIRTA record. The percent of available

SIRTA observations (see Sect. 2) appears as a black dotted

line on the figure. Note that, for all reported analyzes, the

time averages of the simulated time series are restricted to

the hours when SIRTA observations are available. It is

verified that the application of this mask does not notably

change the results. When SIRTA observations are too

sparse, the results with and without mask are firstly com-

pared, in order to ensure that the conclusions are robust.

(a)

(b)

(c)

(d)

Fig. 2 Daily water vapor transport, 2 m-temperature, 2 m-relative

humidity and precipitation in the LMDZ grid mesh containing the

SIRTA site for the 2009 summer. The black plain line gives the

average from 8 neighbouring Météo-France stations (see Fig. 1), and

the black dashed line gives the moisture transport from ERA-Interim
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The gray shaded area in Fig. 3 corresponds to the min and

max of the monthly mean values among the 8 Météo-France

stations with potential influence on spatial averages within

the LMDZ grid mesh containing the SIRTA site.

The comparison to SIRTA measurements further shows

the interest of the NZ configuration of LMDZ. Thanks to

nudging, the simulations are able to follow the observed

inter-annual to seasonal variability, but clear biases arising

from model errors remain. They show a marked signature

characteristic of each configuration in agreement with

Coindreau et al. (2007), who already underlined that despite

nudging model results were highly sensitive to the para-

metrizations of the boundary layer and surface processes.

The configurations of LMDZ referring to the ORC2

hydrological model, exhibit a marked warm bias in summer,

this bias disappears when the ORC11 hydrological model is

used. The near surface relative humidity is highly variable

from a set of parametrizations to the other, the differences

reaching 30 % in summer and 15 % in winter. For some of

the variables (radiation, turbulent fluxes, not shown here),

the SIRTA record is relatively short but even so, the biases

appear quite robust from one year to the other.

4 Results and discussion

4.1 Seasonal and diurnal cycle of near surface

meteorological variables

In order to analyze the numerical experiments, the time

series of the near surface meteorological variables are

broken down into seasonal and diurnal cycle and compared

with SIRTA observations (Fig. 4). The sensitivity of the

biases to atmospheric physics and to soil hydrology para-

metrizations is discussed.

4.1.1 2-m temperature

In summer, the ORC2 hydrological package produces a

warm bias whatever the atmospheric physics package is.

This bias is canceled when ORC11 is used. The NP atmo-

spheric physics tends to induce near surface atmosphere

warmer than the SP physics. In winter, a marked cold bias

shows up when NP physics is used with ORC11 while a

slight warm bias appears with the SP physics, whatever the

hydrological model is. Concerning the diurnal cycles: the SP

atmospheric physics tends to under-estimate the amplitude

of the diurnal cycle, for all seasons and both hydrological

packages. The warm bias observed in summer with ORC2 is

present all along the day for NP while it shows up only during

the night with SP. NP-ORC11 gives the best amplitude for all

the seasons except winter, but the diurnal warming tends to

be under-estimated and the nocturnal cooling over-estimated

(especially in autumn and spring, not shown). In winter,

NP-ORC11 has a marked cold bias all along the day and

under-estimates the amplitude of the diurnal variations while

NP-ORC2 performs satisfactory well.

4.1.2 2-m relative humidity

For a given physics package, ORC11 tends to humidify the

surface layer, increasing by 15–20 % the mean relative

(a)

(b)

Fig. 3 Monthly means time series for the 2-m temperature, 2-m relative humidity. The grey shaded area corresponds to the min and max

monthly mean values of 8 neighbouring Météo-France stations
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humidity in summer and by slightly less than 10 % in

winter. For a given hydrological scheme, the NP physics

tends to dry out the surface layer in summer, while in

winter it tends to humidify it. NP-ORC11 is far too moist in

winter, when SP-ORC2 is closer to observations, but this

simulation suffers from a dry bias in summer (to be asso-

ciated to the warm bias previously mentioned). None of the

experiment produces a satisfactory diurnal cycle all the

Fig. 4 Mean seasonal and diurnal cycle (DJF and JJA) of the main

meteorological variables. The dotted black line is the percentage of

analyzed data with respect to the maximum number of measurements.

The shaded area is deduced from the temporal variability attributed to

each hourly estimation in the SCTD database. It is calculated as the

standard deviation of each variable at the highest measurement

frequency—typically 1–5 min-in one hour time interval (Table 2)
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year long. The wettest (respectively driest) experiments

exhibit the bias all the day long: NP and SP coupled with

ORC11 in winter, NP-ORC2 (respectively SP-ORC11) in

summer. The other model configurations generally perform

well during the day and exhibit a bias during the night.

Note that NP-ORC2, which performed reasonably well

for the diurnal cycle of the 2-m temperature in winter,

exhibits a humid bias during the night in winter. The SP-

ORC2 performs the best here but has a warm bias at night.

4.1.3 2-m specific humidity

Since relative humidity bias may be affected by tempera-

ture bias, the specific humidity is interesting to look at in

order to get information on the water budget of the atmo-

spheric surface layer. For the annual cycle, the 2-m specific

humidity exhibits a behavior similar to the one of the rel-

ative humidity, with one exception observed in winter,

when the SP-ORC11 humidity becomes greater than the

NP-ORC11. This is consistent with the cold bias observed

for NP-ORC11 at this season. In all seasons except in

winter, NP and SP modulate the diurnal cycle of the spe-

cific humidity differently; two maxima around 8 am and

18 pm show up with NP, while SP shows a unique maxi-

mum around noon. In the SIRTA observations, the maxi-

mum around 8 am is also present, but the second maximum

around 18PM is much less marked. NP-ORC11 is closest to

the observations in summer (with a slight over-estimation

of the specific humidity at the beginning of the night), in

spring and in autumn. NP-ORC2 is more similar to the

observations, but the specific humidity is under-estimated

during the day.

4.1.4 Precipitation

This variable does not exhibit any clear seasonal cycle.

Besides their impact on the mean values, both the hydro-

logical and the atmospheric package modulate the fre-

quency and the intensity of the precipitation at the daily

time scale; in summer, NP physics tends to reduce the

number of rainy days while ORC11 tends to increase it

independently of the atmospheric physics, so that

SP-ORC11 is the most rainy model. However, all config-

urations tend to under-estimate moderate precipitation rate

(7–14 mm/day) with respect to SIRTA measurement. This

is suggestive of regional moisture recycling by evapo-

transpiration, which is known to be a significant contribu-

tion to precipitation in semi-arid areas (Koster et al. 2004a)

as well as in the mid-latitude rain-belts in summer

(Brubaker et al. 2001; Schär et al. 1999) and in monsoon

areas (Dirmeyer et al. 2009). However, a detailed analysis

of the recycling hypothesis is beyond the scope of the

present work. An interesting feature concerns the diurnal

cycle in summer when the convection is mostly responsible

for the precipitation events. While SP gives a diurnal cycle

with a marked peak at noon, in phase with insolation, NP

attenuates this maximum, in closer agreement with the

observations. The hydrological package does not impact

the form of the diurnal cycle. The fact that the diurnal cycle

is not in phase with the maximum insolation with the NP

parametrizations can be attributed to the key role played by

shallow cumulus in preconditioning deep convection and

by gust fronts in the self-sustaining of thunderstorms in the

afternoon (Rio et al. 2009).

4.1.5 10-m winds

The mean amplitude of the 10-m wind is over-estimated by

all models. On the one hand, SIRTA observations are in

good agreement with the Météo-France values in the

LMDZ grid mesh, indicating that the over-estimation

cannot be attributed to a particular site effect of SIRTA. On

the other hand, we verified that the LMDZ values are in

good agreement with the ERA-Interim reanalysis values

and that the amplitude of the low level wind can be reduced

by increasing the roughness length in the model calcula-

tions. This might indicate that the point/grid mesh com-

parison is particularly complicated for the low level winds.

Note that the NP package, which allows for a physically-

based description of the up-gradient transport in the con-

vective boundary layer, amplifies significantly the diurnal

cycle of the low-level winds, while the SP physics under-

estimates it.

4.2 Summer biases

The impact of the hydrological package on the near surface

warm bias in summer and the better performances of

ORC11 have been underlined in the previous section.

(Coindreau et al. 2007) suggested that this warm bias could

be due to an inability of ORC2 to release enough water

from its lower reservoir in summer, thus drastically

restricting the evapotranspiration. The observations of

surface turbulent fluxes were not available at this time but

can now be used. ORC11 allows a significant increase of

evaporation in summer, reducing at the same time the

sensible heat flux, in better agreement with the SIRTA

observations (Fig. 5). The atmospheric physics modulates

the results. Here, the SP physics performs best. However,

the sensible heat flux is still over-estimated especially in

the second part of summer, indicating that ORC11 is not

evaporating enough. Note that an increased evaporation

would probably further decrease the near surface temper-

ature making it colder than the SIRTA observations and

breaking the agreement found for the NP-ORC11 simula-

tions. At this point, site effect impacts on the turbulent

F. Cheruy et al.

123



fluxes measurements can not be disregarded. More flux

stations might be required to give an accurate estimate of

the turbulent fluxes for the grid mesh of LMDZ.

The examination of the radiation budget at the surface

(Fig. 5), which balances the turbulent fluxes and the

(residual) heat flux into the ground, shows that all the

estimations of the net radiation at the surface are positively

biased, even if NP physics and ORC11 hydrological

parametrization lower the bias, so that NP-ORC11 is closer

to the observations at the limit of the shaded area. The

cloud radiative forcing (Fig. 6) is under-estimated by all

models, SP-ORC2 being more biased and NP-ORC11

being less biased. Chéruy and Aires (2009) noted a marked

low-level cloud deficit over Europe with the SP-ORC2

configuration. The better performances of the NP-ORC11

configuration, can be attributed to the fact that more clouds

are created. The seasonal cycle of the low and mid level

cloudiness (not shown) indicates that NP creates more

(with respect to SP) low and mid-level clouds and that

ORC11 further increases the low-level cloud cover.

However, the mean diurnal cycle of LW cloud radiative

forcing (Fig. 6) is over estimated at the end of night and

Fig. 5 Mean seasonal cycle of the main variables of the surface energy budget.n. For other explanations, refer to Fig. 4

Fig. 6 Mean seasonal and diurnal cycle of the longwave cloud radiative forcing. For other explanations, refer to Fig. 4

LMDZ simulated meteorology at SIRTA instrumented site

123



under-estimated the rest of the time, suggesting that the

agreement achieved with NP-ORC11 is partially the result

of compensating errors.

Two hypotheses can explain the under-estimation of the

cloud radiative forcing. The first one is that the radiative

impact of the clouds is too small, as already proposed by

several authors. For instance, (Brooks et al. 2005) derived

cloud fraction from lidar and radar observations at

Chibolton in southern England. They showed that for

the vertical resolution chosen for LMDZ5 (39 levels

corresponding to layer depths between 100 and 400 m in

the boundary layer), the hypothesis that a cloud when

present full fill the layer on the vertical leads to under-

estimating the cloud fraction by about 10 %, this under-

estimation being most significant for liquid water clouds

with wind shear. (Neggers et al. 2011a), limited their study

to shallow cumulus and used detailed calculations of a LES

to further study the vertical overlap in cloud regimes, their

results are in good agreement with the ones of (Brooks

et al. 2005) for water clouds with low level cloud fraction.

Fig. 7 Upper four panels time series of the vertical profiles of cloud

fraction from July 7th to July 9th 2009 for the four model

configurations. The cloud base height derived from SIRTA lidar

observations using the Morille et al. (2007) signal processing

algorithm is also shown (small circles). For each one-hour period,

120 lidar profiles are analyzed, and the two most frequently observed

cloud base heights are derived and reported. A cloud imager is used to

establish the types of clouds present from sunrise to sunset. Lower
panel, corresponding time series of the profile of back-scattered lidar

signal (Range Corrected Signal) used for detecting the cloud base

heights
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The second hypothesis is that cloudiness is not enough in

summer, even with the NP-ORC11 version. The exami-

nation of individual days helps to investigate this further.

We analyze the SP-ORC2, SP-ORC11, NP-ORC2,

NP-ORC11 simulations for 3 days in July 2009 (7th–9th),

when boundary layer clouds are observed at SIRTA

(Fig. 7). Observations on July 7 and 8 reveal that the

beginning of the night (20-24UTC) is mostly clear. Then,

later at night and until sunrise, overcast stratiform clouds

are detected near 2 km, which is typically the top of the

residual layer. On July 7 and 8, shallow cumulus clouds

develop before sunrise at the top of the boundary layer near

500 m. This low cloud cover is partial, and cloud base

height rises during the day with the development of the

boundary layer, typically from 500 to 1,500 m between

9 and 12 UTC. From 12 to 16 UTC, the cloud fraction

ranges between 0.5 and 0.9 and the cloud base height from

1,500 to 3,000 m. Later in the day, clouds are found at the

top of the residual layer (2 km), until they dissipate early in

the evening. These boundary layer clouds precipitate on

several occasions on July 7 and 8. On July 9, stratiform

clouds are present at 2 km from 01 to 07 UTC, but shallow

cumulus clouds form 2 h after sunrise at the top of

developing convective boundary layer.

The SP and NP atmospheric physics compare differently

to these observations: SP tends to produce low level clouds

(a)

(b)

(c)

(d)

Fig. 8 Comparaison of simulations NP-ORC11 and NP*-ORC11

with the Louis vertical diffusion to SIRTA observations, from

February the 1st to February 16th 2008, when NP-ORC11 is strongly

cold biased: sensible heat flux, surface downwelling LW radiation,

2-m relative humidity, and 2-m temperature. In the lower panel, the

dashed green line shows the surface temperature for NP-ORC11
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with a base almost constantly around 500 m until late

morning. In the afternoon, higher level clouds are produced

with a very low value of the cloud fraction. The coupling

with ORC11 makes the lowest clouds last longer (July 7

and 8) but does not affect the type of cloud. The NP

atmospheric physics is more sensitive to the hydrological

package. When coupled with ORC11, it tends to produce

very low clouds, not unlike fog, on both July 7 and 8 in the

second part of the night, and these clouds disappear at sun

rise. During the day, as documented by the SIRTA obser-

vations, shallow cumulus type clouds develop, following

the growth of the boundary layer. The coupling with

ORC11 slightly deepens these clouds.

Several useful conclusions for understanding the summer

bias can be drawn from this analysis. The ORC11 hydro-

logical package allows a significant increase of evaporation

in summer for both atmospheric packages and consequently a

cooling a the near surface layer, in better agreement with the

SIRTA observations. However, even-though the NP atmo-

spheric physics is able to simulate a more realistic daily life

cycle of boundary layer clouds, the clouds do not last long

enough during the afternoon. This is likely to explain the

strong negative bias observed in the LW cloud radiative

forcing (Fig. 6) and the excess of radiation at the surface.

This later should also affect the near surface temperature.

4.3 Winter biases

In winter, the SP atmospheric physics tends to produce

a warm bias, especially when coupled with ORC2. In

contrast, the NP atmospheric physics produces a humid

biases, which is amplified when the model is coupled with

ORC11, what leads to a cold bias which occurs during cold

events (low winds situation) with near zero or below zero

temperature. A long event of this type occurs in February

2008 and is well documented by the SIRTA observations.

Contrarily to observations (Fig. 8c), the near surface

atmosphere is saturated all the day long in NP-ORC11 and

the 2-m and surface temperature are below zero all the

night long and in the morning. The soil temperature is

always warmer than the near surface air temperature

(Fig. 8d), leading to sensible heat fluxes always positive

and greater than 40 W/m2 (Fig. 8a). The boundary layer

shows a very strong inversion near the surface, which is not

detected in the sounding registered at the Trappes Météo

France station in the vicinity of the SIRTA site (see Fig. 1).

The combination of saturated near surface conditions with

the strong temperature inversion allows persistent fog

formation in the simulations. Yet, the downward LW

radiation observed at SIRTA does not indicate the presence

of fog (Fig. 8b).

The very humid near-surface layer and over-stabilized

boundary layer created with the NP-ORC11 package can

have various origins. One of them might be a vertical

diffusion which is too weak, preventing the boundary layer

from growing correctly. To test this assumption, we con-

ducted a sensitivity experiments by replacing the surface

layer vertical diffusion scheme of the NP package (based

on Yamada (1983) by the scheme based on Louis (1979),

implemented in the SP package. The Louis (1979) scheme

(a)

(b)

Fig. 9 Impact of modifying the vertical diffusion scheme in the NP

atmospheric physics on the mean seasonal cycle of the 2-m

temperature and relative humidity at SIRTA:anomalies between the

four simulations tested, the NP*-ORC11 simulation and SIRTA

observations. For other explanations, refer to Fig. 4
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is less favourable to fog formation than the Yamada (1983)

scheme while ORC11 creates favorable conditions for fog

formation in winter. When the Louis (1979) scheme is used

in the NP*-ORC11 configuration (Table 2), the persistent

fog disappears (Fig. 8b) and the cold bias is removed

(Figs. 8d, 9). The surface energy budget then resembles the

one observed at SIRTA, and the boundary layer structure is

also in better agreement with the observations. However a

warm bias shows up, as in the SP simulations, and even

though the humidity in the surface layer has been reduced,

preventing the frequent formation of fog, it is still too high

for both relative and specific humidity. In addition, the

Louis (1979) vertical diffusion scheme induces a negative

bias in the winter sensible heat fluxes which has two

components: the under-estimation of the diurnal maximum

of the sensible fluxes (e.g. day 7–15, blue curve, upper

panel of Fig. 8), and the frequent occurrence of negative

sensible fluxes (e.g. day 3, 5). The latter characteristics is

verified with in all simulations but is more pronounced

with the Louis (1979) scheme. The negative values of the

upwelling sensible fluxes obtained with the SP atmospheric

physics are mostly balanced by an increased evaporation.

These results suggest shortcomings in the parametriza-

tion of turbulent transport in the surface layer which is

highly sensitive to the partition between sensible and latent

heat fluxes, thus also controlled by the hydrological model.

Further work is required to improve these aspects.

4.4 Fingerprint of the NZ LMDZ characteristics

detected at SIRTA in AMIP-type simulations

in Europe

The purpose of the present section is to investigate to

which extent the previous diagnostics help to understand

the biases of full climate simulations: To this end, we

consider 10-year long AMIP-type runs done with the

Fig. 10 Comparison of 10-year AMIP-type runs (JJA:1982–1991) to

global scale observations over Europe, for 2 m-temperature, precip-

itation, and net surface SW radiation: (left) observations from CRU,

GPCP and SRB respectively, (right) differences between SP-ORC2

and observations
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NP-ORC2, SP-ORC2 and the NP-ORC11 parameteriza-

tions configurations. Sea surface temperatures are pre-

scribed from observed monthly means (1982–1991) but

nudging and grid stretching are not activated. The chosen

grid has 96 points in latitude and 95 in longitude. The

simulations are confronted to each other and to the large

scale observations: CRU for the 2 m-temperature (Jones

et al. 1999), Global Precipitation Climatology Project

(GPCP) database (Adler et al. 2003) for the precipitation

and Surface Radiation Budget (SRB) dataset produced

using cloud parameters derived from International Satellite

Cloud Climatology Project (ISCCP) products and meteo-

rological inputs from reanalysis datasets with radiative

transfer algorithms for the radiative budget.

When compared with observations for the summer

season (Fig. 10), SP-ORC2 (i.e. the standard LMDZ5A

version used for CMIP5) (Hourdin et al. 2012b, this issue)

exhibits a marked warm bias in the 2 m-temperature, a

strong positive bias in the net SW radiation and an overall

deficit in precipitation. All these features are consistent

with the diagnostics inferred with the NZ approach and the

SIRTA observations. Note that the bias in radiation is huge

despite the fact that the cloud radiative forcing was care-

fully tuned at global scale as explained by Hourdin et al.

(2012b).

We now compare AMIP type runs for the various

parameterizations configuration (Fig. 11). In summer, over

a large part of Europe, the ORC11 hydrological package

tends to increase the evaporation leading to the cooling of

the near surface layer and thus reducing the warm bias

(without cancelling it). The increase of evaporation is

associated with a decrease of sensible heat flux and an

increase of precipitation. Over the Northern and Eastern

part of the domain, NP-ORC11 introduces a slight decrease

in latent heat and an increase in sensible heat and near

surface temperature, indicating that other sources of error

than the one diagnosed at SIRTA are operating, either

coming from the large-scale dynamics or from different

Fig. 11 10-year AMIP-type runs (JJA:1982–1991) over Europe: differences between NP-ORC11 and NP-ORC2 for 2-m temperature,

precipitation and turbulent fluxes, and between SP-ORC2 and NP-ORC2 for net surface SW radiation
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surface/atmosphere feedbacks. The ORC2 and ORC11

hydrological models do not induce marked differences in

the surface radiative budget (not shown), however, con-

sistently with the findings of the NZ approach (particularly

concerning the cloud radiative forcing), the NP physics

slightly reduces the SW surface radiation with respect the

SP physics.

The following conclusions can been drawn from this

analysis: (1) the comparison of the nudged and zoomed

LMDZ simulation with the SIRTA observations allows to

identify biases that are present in typical climate simula-

tions; (2) the use of the ORC11 hydrology package par-

tially corrects a warm bias over the European continent in

summer; (3) a huge overestimation of the surface net

radiation is present in all the LMDZ configurations tested

here and is likely to positively bias the near surface tem-

perature. This is consistent with the persistence of the

warm bias in the AMIP-like NP-ORC11 simulations.

One has to keep in mind that large-scale dynamics

uncertainties and their feedback on the physics are likely to

affect the AMIP runs, even if they can not impact the NZ

simulations. But, even if it is the case, the fact that the

same version of the model physics can be tested with

coupled or imposed (through nudging of the large scale

horizontal winds) large-scale dynamics allows to isolate

the impact of the change of the atmospheric column

physics from that of the dynamical feedbacks, offering a

very efficient tool for model improvements and evaluation.

5 Conclusions

The conclusions which can be drawn from the above

analyses concern the modeling of the coupled atmosphere

as well as methodological aspects.

The study underlines first the potential of continuous

multivariate observations at instrumented sites to evaluate

model biases and detect particular situations where para-

metrizations do not perform satisfactorily and deteriorate

the climate simulations. Our results show that the NZ

approach is an appropriate methodology to take full benefit

from detailed super-site observations (e.g. turbulent and

radiative fluxes at the surface, cloud information), which

are not available at global scale. This allows for state-

variable oriented diagnostics (e.g. near surface tempera-

ture) as well as process-oriented diagnostics (e.g. fluxes)

concerning the facets of the parametrizations which impact

on climate simulations. The following points are stressed.

In the above example, several model biases can be

identified as robust as they are present both in the NZ

simulations when compared to SIRTA observations and at

the continental scale in AMIP-like climate runs. This is the

case for the cold bias of NP-ORC11 in winter, and, more

importantly, for the 1K warm bias found in summer in the

SP-ORC2 version, which is used in the IPSL CMIP5A

climate change projections.

With the proposed methodology, it is also possible to

assess the full model physics, including the coupling

between land surface hydrology and the atmosphere. The

NZ approach intrinsically retains this coupling, what is not

so easy in other popular approaches such as SCMs or

Transpose-AMIP, which consists in running climate mod-

els in weather-forecast mode (Philips et al. 2004). An

important problem faced by these approaches with respect

to land surface/atmosphere coupling is about soil moisture

initialization (e.g. Dirmeyer 1995), because of the mis-

match between the forcing and initialization fields and

because the soil moisture generated by one model is not

directly transferable to another model (Koster and Milly

1997). When it is forced by surface fluxes, SCM allows to

bypass this latter issue but then the coupling between the

surface and the atmosphere cannot be assessed. In the NZ

approach, as in full climate simulations, the model soil

moisture can drift far away from the observed values,

which allows testing the long term behavior of the system

that arise from the long time constant of the sub-surface

hydrology. Such an effect would be difficult to assess with

poorly-initialized short-term simulations.

Overall, the quality of the climate change projection

might be impacted by the better representation of low to

mid-level clouds with the NP package and of summer time

evaporation with ORC11, and their consequences on the

warm near-surface bias of the IPSL ESM. This question

will be explored as soon as climate change projections

performed with the NP physics and the ORC11 land sur-

face hydrology are available. Regions where the soil

moisture/temperature coupling is strong (e.g. Seneviratne

et al. 2010) will then be considered with attention. The

tested parametrizations can also impact climate change

projections via their influence on the strength of the soil-

moisture/precipitation coupling, since both the atmospheric

and the hydrological modules control the monthly mean

value of the simulated precipitation (Fig. 4). In this case,

the NZ approach, with an increased free domain is prob-

ably an interesting configuration to explore the validity of

the moisture recycling hypothesis and its sensitivity to the

physical parameterizations (e.g. Schär et al. 1999).
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