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Abstract. A modelling study is performed in order to quan- (Tenhunen et al., 1998; Valentini et al., 1999; Wilson and
tify the relative effect of allowing for the physiological prop- Baldocchi, 2000; Wilson et al., 2001; Anthoni et al., 2002).
erties of an undergrowth grass sward on total canopy wateThese data represented an opportunity to test and modify
and carbon fluxes of the Le-Bray forest (Les-Landes, South-Soil-Vegetation-Atmosphere Transfer (SVAT) schemes, and,
western France). The Le-Bray forest consists of maritimein particular, to study the vegetation response to various cli-
pine and an herbaceous undergrowth (purple moor-grassjnatic conditions in terms of the heat, water and carbon bud-
which is characterised by a low stomatal control of tran- get (Baldocchi and Wilson, 2001). These long- term mea-
spiration, in contrast to maritime pine. A G@esponsive surements also allowed for the investigation of the mod-
land surface model is used that includes responses of woodglling of biological processes like photosynthesis, transpi-
and herbaceous species to water stress. An attempt is madation, plant growth, and vegetation sensitivity to climatic
to represent the properties of the undergrowth vegetation irevents (drought in particular). The SVAT scheme ISBA-A-
the land surface model Interactions between Soil, Biosphereg, (Calvet et al., 1998) is a version of the ISBA land surface
and Atmosphere, C&responsive, ISBA-A-g The new ad- model (Noilhan and Planton, 1989; Noilhan and Mahfouf,
justment allows for a fairly different environmental response 1996) of Meteo-France, coupled with an A-gAppendix A)
between the forest canopy and the understory in a simplghotosynthesis model (Jacobs et al., 1996). In ISBA;A-g
manner. The model’'s simulations are compared with longthe net photosynthetic assimilation,() response to environ-
term (1997 and 1998) micro-meteorological measurementsnental factors is modelled in a rather mechanistic way and
over the Le-Bray site. The fluxes of energy, water anbCO the stomatal conductancg;f is derived fromA,, (Collatz et

are simulated with and without the improved representational., 1991). ISBA-A-g is a research SVAT scheme used in the
of the undergrowth vegetation, and the two simulations areatmospheric model Meso-NH (Lafore et al., 1998).
compared wi_th the obgervations. Accounting for the u.nder- In a previous study, the ISBA-Asgnodel was improved
growth permits one to improve the model's scores. A simplejp, terms of water balance and plant response to water stress:
sensitivity experiment shows the behaviour of the model inj, calvet et al. (2004) the water stress parameterisation pro-

response to climate change conditions, and the understory,sed for herbaceous species by Calvet (2000) was adapted
effect on the water balance and carbon storage of the foresiq ihe case of woody plants. A large number of data were
Accounting for the distinct characteristics of the undergrowth,5a4 to determine the response of woody species to soil mois-
has a substantial and positive effect on the model accuracyre stress. In particular, the leaf-scale measurements per-
and leads to a different response to climate change scenariog,ymed by Picon et al. (1996) over two tree species, pre-

senting contrasting responses to drought (maritime pine —
Key words. Hydrology (Surface processes; Soil moisture; Pinus pinaster- and sessile oak Quercus petraga were
Evapotranspiration) employed. In response to water stress, maritime pine pre-
sented higher values of the water use efficiency (WUE), a
drought-avoiding strategy, while sessile oak presented little
change in WUE, a drought-tolerant strategy.

In this study, we performed, for the first time, a detailed
In the past few years, an increasing number of |0ng_valldat|on of the model by using long time series of measured

term studies on the energy and mass exchange betwedater vapour and Cg&fluxes. In particular, we attempted to

forest canopies and the atmosphere have been conductdgtermine to what extent the hypothesis of homogeneous leaf
properties could be used in ISBA-A-gThe response to soil

Correspondence tal.-Ch. Calvet moisture stress presented in Calvet et al. (2004) was used in
(jean-christophe.calvet@meteo.fr) ISBA-A-g, and the simulations were compared to measured

1 Introduction
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Table 1. The ISBA scheme soil and vegetation structure parameters over the Le-Bray forest. The values are either prescribed, measured, ol
calibrated.

Symbol Definition Value Source

Soil parameters

do Soil root-zone depth 0.8 m Measured —&@cet al., 2003

CLAY Clay fraction 2% Measured — @g et al., 2003

SAND Sand fraction 98% Measured — &get al., 2003

Wils Wilting point 0.03mm—3 Measured — Loustau et al., 1990

w e Field Capacity 0.17 fim=3 Measured — Loustau et al., 1990
Wsar Saturation 0.43/m=3 Measured — Berbigier et al., 2001
C3 Drainage coefficient  0.012 Calibrated —&get al., 2001
Vegetation parameters

h Vegetation height 18m Measured — Berbigier et al., 2001
veg Vegetation coverage  100% Prescribed

o Albedo 0.11 Measured — Berbigier et al., 2001
& Emissivity 0.98 Prescribed

Cy Thermal coefficient  1.%10°Km~2J1 cCalibrated — Sect. 2.6

20 Roughness length 2.0m Measured -e@gt al., 2003
In(zo/zon) kB~ term 3 Measured — Lagouarde et al., 1994
d Displacement height 16.6m Measured €@t al., 2003

fluxes at one FLUXNET (Valentini et al., 1999) long-term The simulations performed by ISBA-A;@re presented and
site in France: the Le-Bray forest (maritime pinePinus  analysed in Sect. 3.
pinaste). The Le-Bray forest data set permitted one to as-
sess different parameterisations of the biological processe®.1 The Le-Bray site
and to simulate the canopy energy, water and carbon bal-
ance. In particular, the Le-Bray forest presents a separaté this study, the maritime pine forest of Le-Bray was studied
grass understory, and an intercomparison of two versions ofor two annual cycles (1997 and 1998). The measurements
ISBA-A-g,, with and without a representation of distinct leaf were performed by INRA-Bordeaux. Table 1 summarizes
characteristics of trees and grass, was performed. Finally, &e soil and vegetation parameters of the forest. The Le-Bray
sensitivity study was carried out with the Le-Bray forest site Site (Berbigier et al., 2001) is located in the Les-Landes for-
data in order to investigate the effect of climate change orest at about 20 km from Bordeaux (4¥N, 0°46W, altitude
water budget, net assimilation and net ecosystem exchang@2 m). The Le-Bray forest consists of a maritime pine stand
of CO,. of about 30 years and 18-19m tall. The forest canopy ex-
hibits two well-separated foliage layers. The upper one, be-
tween 12 and 18 m, consists of tree crowns with a maximum
2 Material and methods leaf area index (LAI) of 2.8 thm~2. The undergrowth forms
, , the lowest layer and consists of purple moor-gradslipia
In this section, the data are presented, as well as the method$ o, jeal . Moench). The purple moor-grass is perennial
we used in order to: but the leaves are green only from April to September, with a
. .. maximum LAl and height of 1.45 Am~2 and 0.7 m, respec-
— Characterise the canopy response to water stress (e'th%(/el (Loustau and Cochard, 1991). The resulting total green
modelled or observed), yit T 9 5 9
LAl varies between 1.8 Am~2 in winter and 4.2 Am~—2 in
— model the specific characteristics of the undergrowthsSummer (Po#, 1999; Oge et al., 2003). It reaches its max-
vegetation, imum value in August and, during this period, the purple
moor-grass LAl represents one-third of the total LAI (Fig. 1).
— model the specific soil drainage properties of Le-Bray, The soil is a sandy hydromorphic podzol and a compact sand-
) " .layer called Alios is found at a depth of about 0.8 m. The
— characterise the energy transfer within the vegetation, r4ness and chemical composition of this layer makes it
canopy, barely penetrable by the roots, so that the extractable water
— model the ecosystem respiration, content is low (about 115 mm). The soil moisture variation
(Fig. 1) was measured above the Alios layer. Because of
— assess the model accuracy. the low hydraulic conductivity of the Alios layer, the vertical
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Fig. 1. ObservedA) leaf area index (LAI) an@B) root-zone soil moisture for Le-Bray. The Le-Bray LAl is the sum of the pine and purple
moor-grass LAl (long- and short- dashed lines, respectively). Soil moisture measurements concern the 0.8 m soil column.

drainage is limited (Oge and Brunet, 2002), and during win- measurements performed by Picon et al. (1996) was em-
ter and spring, the soil water content is generally above fieldployed to analyse the micrometeorological FLUXNET data,
capacity. During the two winters of the study, the water ta-

ble level reached the soil surface. However, 1998 was drier — by implementing the improved leaf-level A-garame-
than 1997 (the cumulative annual precipitation was 846 and  terisation in the ISBA-A-g model of the canopy,

998 mm, respectively). The average annual precipitation and
air temperature for this site are 930 mm and 1€.5espec-
tively.

— by comparing the response of the leaf- to canopy-level
stomatal conductanceg;(andg’, respectively), either
observed or modelled, to leaf- and canopy-to-air satura-

2.2 Micro-meteorological observations tion deficits (O, and D;, respectively), and to the soil

moisture availability.

Eddy fluxes of momentum, sensible he#t)( water vapour

(E) and CQ (F.) were measured above the tree crown at!n order to assess the effect of the purple moor-grass under-

25 and 18 m above ground (Berbigier et al., 2001), as well9rowth on the Le-Bray forest, the leaf-level A-gnodule

as net radiation§,). Heat storage terms (air, vegetation (Producingg, — D relationships) was compared with the

and soil) were estimated from temperature profiles measure§&n0Py-level observations of Le-Bray and with the canopy-

by thermocouples placed at different levels in the soil and!€ve! simulations of ISBA-A-g (producing g,—Dy rela-

in the canopy. The meteorological variables (precipitation,ionships).  The technique employed to obtgin-D; re-

solar radiationR,, air temperaturd, relative humidityg,, lationships at the canopy scale, for various soil moisture

and wind speed) were monitored on a 30-min basis. Surfac&€onditions, is described in Appendix C. All the micro-

infrared temperature, atmospheric pressure and atmospherf@€teorological measurements required to perforgg-aD;

downward long-wave radiatiorR(,) were measured. analysis at the canopy §cale (heat and water vapour fluxes,
surface temperature, air temperature and humidity, LAI)

2.3 Comparing leaf and canopy responses to water stressWwere available for Le-Bray. The parameters of the Arpd-

ule are the unstressed mesophyll conductance g5,

The parameterisation of soil moisture stress (Appendix B)the maximum ratio between the intercellular and the atmo-

obtained by Calvet et al. (2004) from leaf-level gas-exchangespheric CQ concentrationf,*, the maximum leaf-to-air
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Table 2. Typical values of the variables of the A-gs model for
C3 plants, and temperature response. Notedhat the maximum
quantum use efficiencyl” the compensation pointd,; max the
maximum net assimilation of the leaf, agg, the mesophyll con-

V. Rivalland et al.: Transpiration and @@uxes of a pine forest

for undergrowth vegetation while using a single-layer SVAT
model. These changes only affected the computation of net
assimilation and stomatal conductance; other variables of the
ISBA-A-g; model, like surface temperature, g@oncen-

ductance (* denotes unstressed soil moisture conditions). The tentration or saturation deficit, remained representative for the

perature dependence Bfis described by means of@; response

function X(Ts):X(@ZaQ%‘fzs)/lo. T: and T, denote tem-

whole canopy.
Purple moor-grass is characterised by a large value of the

peratures that enable a description of temperature inhibition charminimum conductancg.. Theg. value given by Kerstiens

acteristics: X (Ty)=X (@25 Q{52710 ({14 exp{0.3(T1—T)}]

[14 exp{0.3(Ty—T2)}1} 1, whereX (7) and X (@25 are the val-
ues of the variables corresponding to the leaf temperatirend
25°C, respectively.

Parameter (X) Xos5 Q10 T1(°C) T»(°C)
g0 (Mg J1 PAR) 0.017 - - -

I (xmolmol=1) 45 15 - _

Am max (mg m—2 S_l) 2.2 2.0 8 38

gm Ofgm* (Mms™) X5 20 5 36

saturation deficitD,,,,,*, the cuticular (or minimum) con-
ductance;. and the critical extractable soil moisture. The

corresponding parameter values for maritime pine are (Cal

vet et al., 2004) 1.58 mnT$, 0.61, 100gkg!, Omms1,
and 0.10, respectively. These values are listed in Table 3.

2.4 Modelling the undergrowth effect

(1996) for this species is more than 1 mmt §Table 3). This
value is consistent with the high values of leaf conductance
observed by Loustau and Cochard (1991) for the Le-Bray
forest undergrowth, during dry periods characterised by high
D, values. Several simulations were made with the modified
ISBA-A-g;,, in order to estimate the other A-parameters of
the undergrowthd’, D, .., 6c). The effect of soil moisture

on theg,, and D,,,, variables was described by using the
parameterisation proposed by Calvet (2000) farherba-
ceous plants. The drought-tolerant responsgafnd A,, to

soil water stress was found to provide better results than the
drought-avoiding strategy. The following unstressed parame-
ters were used (Table 3};; =1.79 mm s1 (at a temperature

of 25°C), D} .. =19gkg™!, with a value ofdc of 0.3. The

low value of D} .. obtained for purple moor-grass (Table 3)
is characteristic of a high sensitivity of stomatal aperture to
leaf-to-air saturation deficit, as opposed to the low sensitivity
of the water use efficiency to the soil water stress, character-
istic of a drought-tolerant strategy. The other parameters of
the A-g, model listed in Table 2, were prescribed according

to typical values given in Calvet et al. (1998) fog @lants.

Previous studies have shown that the Le-Bray purple moor- . ]
grass undergrowth represents about 1/3 of the summertimé-5 Modelling the Alios effect

total LAl and contributes 1/3 of the total stand evapotran-

spiration (Loustau and Cochard, 1991), whereas only 2094 he Le-Bray soil moisture evolution is driven, to a Iarge ex-
of the incident PAR reaches the undergrowth (Hassika et al.lent, by the presence of a near-surface water table in win-

1997).
In ISBA-A-g;, the effect of PAR extinction by the vege-

tation canopy is accounted for by using a simple radiative

transfer model and by integrating, andg, over the vertical.

A homogeneous leaf vertical distribution is assumed and th

ter, due to the Alios layer (Sect. 2.1) acting as an obstacle to
drainage at the bottom of the root zone. Consequently, the
effective soil hydraulic conductivity for Le-Bray (Delpech,
1996) is much smaller (0.28 ntd)) than for a usual sandy

Soil (15m d1). In such conditions, the texture-driven value

integration is performed by using a Gauss three-point quadra®f the drainage coefficiertts proposed by Noilhan and Plan-

ture (Calvet et al., 1998). In order to account for the specific
behaviour of the undergrowth, different leaf properties were

prescribed:

ton (1989) and used in the ISBA-A-gnodel was not appli-
cable and had to be calibrated. Drainage was not measured
at Le-Bray but it was the only unknown term of the water
balance equation. The available measurements of precipita-

— at the two highest integration Gauss levels (Ap- tion, evapotranspiration, and soil water content, were used by

pendix D) of the radiative transfer module of ISBA-

Ocke et al. (2001) to estimate tlig; parameter:C3=0.012

A-g,, the parameters of maritime pine were prescribed(Table 1), a value about 215 times lower than the ISBA value

in the A-g; module, using the woody drought-avoiding
strategy described in Calvet et al. (2004),

for a sandy soil.

2.6 Forest heat transfer parameters

— at the lowest Gauss level both the herbaceous drought-
tolerant and drought-avoiding strategies were tested;The vegetation heat transfer coeffici€ntused in the ISBA
with specific parameters corresponding to purple moor-model and the logarithmic ratio between momentum and

grass.

This new version of ISBA-A-gis described in Appendix D.

heat roughness lengthg(@ndzoy, respectively), also called
kB~1, had to be estimated. For open canopies, an empir-
ical value ofkB=1=2.3 is often assumed, but significantly

This simple and pragmatic method allowed us to accounthigher values were obtain by calibration (Calvet et al., 1998)
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Table 3. Values of the parameters for the trees and undergrowth of Le-Bray.

Note thatg,, is the mesophyll conductancgé; the maximum potential value of the ratio between internal and external leaf concentration of
COy, Dyax the maximum value of air saturation deficit (* denotes unstressed soil moisture conditiotisg, leaf cuticular conductance
andé.. the critical extractable soil moisture.

Plant species gm* fox  Dmaxx* gc O Response to soil Source

(mms1 (gkg™ b (mms1)  moisture stress
Maritime pine 1.58 0.61 100 0.0 0.10 Drought-avoiding Calvet et al., 2004
Purple moor-grass  1.79 095 19 1.07 0.30 Drought-tol@rantKerstiens (1996) fop,

Optimisation of the
model’s score on fluxes
for the other parameters

a Stress response for woody species by Calvet et al., 2004
b Stress response for herbaceous species by Calvet, 2000
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Fig. 2. Observed and simulated stomatal conductance of the Le-Bray forest versus leaf-to-air saturation deficit, for various soil mois-
ture conditions: values of the normalised extractable soil moisture content, comprised in the intervals 0.10-0.25, 0.30-0.45, 0.70-0.80,
0.9-1.0 (solid circles, pluses, points, and open circles, respectivély).C, D) Canopy-level conductancg, vs. effective leaf-to-air
saturation deficitD},(B) leaf-scalegs vs. Ds. The observed and simulated estimates were obtained from (A) micrometeorological mea-
surements of Berbigier et al. (2001), (B) leaf-scale simulations by thg Agdel using the Picon drought-avoiding parameterisation

(g, =1.58mm si f5=0.61, Dpmax=100gkgl, 6.=0.10), and from ISBA-A-g simulations using the Picon drought-avoiding param-
eterisation, considering (C) a representation of the purple moor-grass undergrowth in the pine forest, or (D) a single layer of maritime pine.
Theg; and D; values were obtained by using the method described in Appendix C, for both the model (C, D) and the observations (A).
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or experimental measurements (Verhoef et al.,, 1997). Avalues ofEf close to 0 correspond to a basic representation
value of 3, consistent with measurements of Lagouarde ebf x by its constant average value. ValuesEfflower than
al. (1994) over Le-Bray, was used in our simulations. about 0.2 show that the model is not adequate.
The paramete€, was estimated by minimizing the rms
error between simulated and observed half-hourly averaged
total storage flux (in the ground and in different compart- 3 Results
ments of the canopy) given by Lamaud et al. (2001). The op-
timal valueC,=1.2x10°Km~—2J1, is similar to the value, The ISBA-A-g model simulations for the Le-Bray forest
found by Delire et al. (1997) for an Amazonian forest site. were performed for the two years 1997 and 1998, by using
the parameters given in Tables 1-3. The model was run by

2.7 Estimating the ecosystem respiration prescribing the LAI series presented in Fig. 1. An adaptation

) ] ) of ISBA-A-g; to the presence of a contrasting vegetation un-
In-situ eddy correlation measurements provided ha”'hou”ydergrowth (Sect. 2.4) was used, and the stomatal behaviour

estimates of the net GAlux, F. (in this study, positive val- 4t the pines was described by using the results of Calvet et
ues of F,. correspond to a downward flux), representing the 5 (2004) at the leaf level.

difference between ecosystem gross primary productipn
(i.e. the sum of net assimilatiofy, and autotrophic dark res- 3.1 Undergrowth contribution for Le-Bray
piration R;) and the ecosystem respirati&y:

Fe=Ag—R,. Q) The purple moor-grass undergrqwth had a pronounce_d effect
on the canopy conductangé. This conclusion was derived

The R, values were estimated with nighttime net £fuxes  from the analysis of the relationship betwegnand D}, ei-

on turbulent nights (friction velocity*>0.4) by Berbigier et  ther observed or modelled. For optimal PAR and temperature

al. (2001). The obtained expression is given by Eq. (2), inconditions,g; depends mainly on water stress, i.e. on atmo-

units of mgCQm—2s1: spheric humidity and on soil water availability. The water
stress is represented by two variables: the canopy-level sat-

Re = 0.0422ex0.105T soi1-L5) » ) uration deficitD, and the soil moisture index (Egs. (C2)

where Ts,ii_1 5 represents the in-situ surface soil tempera-2and (B1), respectively). Analysing—D{ relationships at
ture €C), at the soil-litter interface (Berbigier at al., 2001). contrasting values o, is a way to characterise the canopy

In order to account for the difference betwegyy;;_, 5 and  €SPONse to water stress.

the soil temperature valuegy) produced by ISBA-A-g, a In order to assess the stomatal sensitivity to air humidity of
QlO temperature_response function was used to repr&ent the Le-BI’ay forest for various soil moisture COﬂditiOhS, and
in ISBA-A-g,: the impact of the undergrowth vegetation, the canopy-level

g, and D/ derived from the measurements (and obtained by
R, = R.25- Q(1€2_25)/10. 3) the method described in Sect. 2.3 and Appendix C) were

compared with theg, and D; values produced by ISBA-
A-g,, with and without the improved representation of the
undergrowth vegetation. In Fig. 2a, the observed Le-Bray
g. — D, relationship, based on the micrometeorological mea-
surements, is shown for four classes of soil moisture. The
different levels of soil water stress had an effectgrand

D}: while the ordinary decrease @f, in response to in-
creasingD;, was observed, a slight but noticeable difference
appeared in the relative position of stressed and unstressed
conditions. However, the obtaineg and D; values dis-
agreed with the behaviour modelled in Calvet et al. (2004),
using the leaf-level measurements of Picon et al. (1996) over

The employed statistics to assess the model performanc@aritime pine (Fig. 2b). The leaf-level A-gimulations ob-
were the rms difference, the mean bias, and the skill scorel@in€d by using the Picon leaf-level parameters given in Ta-

The model skill scor&f (or Nash criterium) is defined as: ~ Plé 3 predicted a less marked responsgofo saturation
deficit, and a clear, independent soil moisture effect. Fig-

Best-fit R.25 and Q19 parameters of Eq. (3) were obtained by
minimizing the rms error between thie estimates given by
Eqg. (2), based on the measurég,;;_; g, and the values of
R. given by Eq. (3), based on the modellEd Equation (3)
was found to be a good approximation of Eq. (2), with rms er-
rors less than 0.03mg G@n—2s 1, and a square correlation
coefficient value higher than 0.85. TlReos value of Eq. (3)
obtained for Le-Bray was 0.39 mg G@—2s1, with a Q19
value of 2.22.

2.8 Model statistics

> (xioBs — XimoD)? ure 2c and d show that the difference between the model
Ef =1—— > (4) and the observations could be explained by including the
> (XioBs — X0Bs) undergrowth contribution in ISBA-A-g while the model

i

response at the canopy level, considering a single layer of
wherex are the values of the considered variable, either meapine (Fig. 2d), was very similar to leaf-level simulations, ac-

sured or simulateddBSandMOD subscripts, respectively). counting for the purple moor-grass layer in the model as de-
A value of Ef of 1 corresponds to a perfect simulation and scribed in Sect. 2.4 (Fig. 2c) permitted one to simulate the
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Table 4. Errors affecting the simulated Le-Bray site half-hourly outputs in 1997 and 1998 for different ISBA parameterisations in terms of
rms error, mean bias (simulated minus observed), and skill score on evapotranspiatibadt flux (), net radiation §,), heat storage
flux (G), surface temperatur€y), soil water storageu{s xdo) and net ecosystem GQlux (F,).

ISBA Statistics E H Ry G Ts wox 0y F,
Version 1997/1998

Standar® rmserror  38/38Wm2  43/50WnT2  13/15WnT2  35/23WnT2 1.8/1.0C 49/31mm -
mean bias  3/2 W m? 22/23WnT2  -8-11Wnr2 -17/1WnT2 1.2/0.#C 39/3mm

skill score  0.81/0.77 0.75/0.66 1/0.99 0.33/0.49 0.93/0.98 0.67/0.92 -
A-g,P° rmserror  43/48Wm2 53/57Wnt2  12/14WnT2  34/24WnT2 1.8/1.2C 57/27mm 0.215/0.212
m —2 1
gmcs
mean bias -2/-2 W 2526 WnT2 —8/~10WnT2 -152WnT2 1.2/0.6C 50/9mm 0.010/0.029
m —2 «—1
gm<s
skill score  0.76/0.63 0.62/0.55 1/0.99 0.36/0.44 0.93/0.97 0.54/0.94 0.46/0.47
A-g,© rmserror  40/40Wm2  43/46 WnT2  12/14WnT2  34/22WnT2  1.7/1.0C  30/25mm 0.204/0.198
m —2 —1
gmcs
mean bias  8/8 Wm?2 16/17WnT2  -7/~9Wnt2  —-16/2WnT2 1.1/0.£#C 10/~18mm  -0.015/0.003
mam-2s-1
gm “s
skill score  0.79/0.75 0.75/0.71 171 0.38/0.52 0.94/0.98 0.87/0.95 0.51/0.54

a1SBA (Noilhan and Mahfouf, 1996), no representation of photosynthesis, Minimum stomatal resR&gpee200 s nl
b ISBA-A-g;, one layer of maritime pine, drought-avoiding parameterisation

(g),=1.58mmsL, f¥=0.6, Dinar=100gkg L, 6,=0.1)

€ ISBA-A-g,, including the characteristics of the purple moor-grass undergrowth

0.5
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R - - - ,V ,,,,,,,,,,,,,,,,,,,,,,,,

A ° X‘\/ o\ ( .
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O‘O 1 Il Il Il Il
Mar Jun Sept

Fig. 3. Comparison of the ISBA-A-gsimulations of soil moisture with the measurements (lines and circles, respectively), in 1997 and 1998,

for Le-Bray. Two simulations are compared: considering a single layer of maritime pine, or a layer of maritime pine and an additional layer
representing the purple moor-grass undergrowth (long-dashed and solid lines, respectively). The dashed lines indicate (from top to bottom)
different soil water contents: saturation, field capacity, wilting point. Soil moisture measurements concern the 0.8 m soil column.
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Fig. 4. Seasonal performance of the ISBA-A1model over the Le-Bray forest, in terms of (A, C) evapotranspiration and (B, C) nefl@0
(A, B) comparison of simulations with eddy covariance measurements (grey and dark lines, respe(giyski)l score (Nash criterium)
for evapotranspiration and net G@ux (thick and fine lines, respectively). The simulated £fdix was obtained by using the ecosystem

respiration of Berbigier et al., 2001. The flux and skill score values are smoothed using a 30-day moving average, in order to show the
general trend.

increased sensitivity to saturation deficit and the lower soilthe gross photosynthetic rate in the absence of stress (Calvet

moisture control which was observed over Le-Bray (Fig. 2a).et al., 2004) reached 1.37 mmsfor the purple moor-grass,

Therefore, the low apparent sensitivity of the Le-Bray for- against 0.96 mmst for maritime pine. Hence, accounting

est to soil moisture stress, and its apparent high sensitivityfor the specific characteristics of the undergrowth is likely to

to saturation deficit, could be explained by the presence ohave animpact on the simulation of the £flux (see below).

undergrowth species presenting a large stomatal sensitivity

to saturation deficit and a high minimum conductance (Ta-3.2 Surface water and energy budget

ble 3). Note also that the parameters of Table 3 describin o )

the purple moor-grass denoted a high photosynthesis capa%ﬂ order. to test the suitability of the two versions of ISBA-

ity of the undergrowth: the,,* £,* variable, which controls A-g, (with and without the properties of undergrowth vege-
tation), the model outputs (water vapour and heat fluxes, soil
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Table 5. Observed and simulated terms of the carbon and water budgets of the Le-Bray forest: Gross Primary Productivity (GPP), ecosystem
respiration R.), Net Ecosystem Exchange (NEE), evapotranspiratiyn énd occurrence of normalized extractable soil moistiyedlues
lower than 0.3 and 0.6. Values are presented for 1997 (from March to December) and 1998 (from January to November).

Source Climat2 GPP R, NEE E Occurrence Occurrence
(gCm2yrl (@cm2yrl) (@gCm2yrly (mmyrl) ofo<0.3(%) 0f9<0.6(%)

Observations 350 2300/— 1680/- 623/536 546/469 14/22 34/27

(Berbigier et al., 2001)

ISBA-A-gsP 350 2079/1718 1390/1017 689/701 472/449 0/10 18/20
700 3551/2922 1401/1023 2150/1899 467/354 0/1 2/12
700+ 3503/2933 1691/1225 1812/1708 544/413 3/13 24/25
700+pp 3444/2858 1696/1227 1748/1630 429/406 15/17 31/26

ISBA-A-gs© 350 1900/1558 1372/1002 528/556 573/435 26/24 38/31
700 3455/2663 1379/1010 2076/1654 625/495 13/17 25/25
700+ 3025/2661 1653/1194 1371/1467 627/561 32/26 45/33
700+pp 2855/2545 1662/1196 1193/1349 606/549 34/27 48/41

& Climate scenario: 350 stands for the observed atmospheric forcing
700 stands for a C®doubling scenario
700+ stands for a C&doubling scenario combined with an air temperature increase®f 3
700+pp stands for a G2doubling scenario combined with an air temperature increase@fa precipitation
wintertime (DJF) increase of 40% and summertime (JJA) and autumn (SON) decrease of 10 and 20%, respectively,
adapted from the Southwestern Europe scenaricgnfi®et al. (1998).
b 1SBA-A-gy, one layer of maritime pine, drought-avoiding parameterisatigi=(.58 mm s, £3=0.6, Dyax=100gkg 2, 6,=0.1)
CISBA-A-g;, including the characteristics of the purple moor-grass undergrowth

moisture, and C@fluxes) were compared with the 2-year 3.3 Net ecosystem GQexchange
field measurements (Table 4). The results obtained by us-

ing the standard version of ISBA (without a description of Figure 4 shows that the model skill score Brwas generally

photosynthesis nor the ability to simulate the£JDxes) are  |oyer than the model skill score a. In particular,F. was

presented, as well. , _ poorly simulated in some situations because the employed
Accounting for the undergrowth permitted one to improve yogpiration model (Eq. 3) was probably too simple to account

a_II the scores o_f ISBA-A-ginghtIy. _In particular, the best for the complex interaction between climate and the biolog-
simulation of soil moisture was obtained (rms error of 30 mm 4 phenomena involved in the respiration. Also, owing to

in 1997, against 49 mm for the standard version of ISBA), the nonlinear nature of Eq. (3), a small deviationRobs or

while also performing well in terms of fluxes and surface ( - may have caused a significant bias in the estimation of
temperature. However, the model predicted soil moisturey,o ecosystem respiration.

values lower than the wilting-point at the end of the summer _ .
(Fig. 3), in contradiction with the measurements performed Acco_untmg for the undergrowth for ITe-Bray permitted
above the compact Alios layer. This behaviour was proba—one.tO Improve Fhe model skill score dh: (.)'5.1 for 1997,

bly caused by the simplified modelling of the undergrowth against 9'46 without undergrpvvth description (_Table 5)
contribution which did not permit one to simulate precisely A]so, the improvement was noticeable for cu.mulatlve values.
the senescence of the purple moor-grass in September (i_g_lgure 5 compares the observed and the simulated cumula-
the fraction of LAI attributed to the undergrowth was over- t|ye carbon storage or net ecosystem exchange (NEE.)' The
estimated by the model). The non-stomatal evaporation Oislmulated.NEE at Le-Bray corres.ponds tp a large net S"?k of
the undergrowth (due to the high valuegf then triggered carbon (Fig. 5 and Tat_)le 5), consistent with the observations.
below wilting-point evaporation. This problem was particu- However, the cumulatlve NEE, at Fhe end of the two-year pe-
larly acute at the end of the summer of 1998, as shown b)f'Od’ was overestimated b.y the smgle layer model. In spl'te
the fall in seasonal skill score of the model éhand F, of the high phot(_)_synthess capamty of the_ur_1dergrowth n
(Fig. 4c). Note that this poorly simulated period was partunstressed conditions, accounting for the distinct character-

of the general trend of the model to overestimatat sum- istics of the undergrowth in the model simulations, triggered
mertime (Fig. 4a).

a decrease of about 20% in the modelled NEE (Fig. 5 and Ta-
ble 5). This was caused by the higher sensitivity of the purple
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Fig. 5. The 2-year evolution of the cumulative daily net carbon storage (NEE) for the Le-Bray forest, as estimated from eddy correlation
measurements and ISBA-A-gimulations (solid and dotted or dashed lines, respectively). The missing half-hourly data of the observed
time series (9.4%) and the corresponding simulated values were replaced by zero values. Two simulations are displayed: assuming that th
canopy consists of either a single layer of maritime pine or accounting for the characteristics of the purple moor-grass undergrowth (dotted
and dash-dotted lines, respectively).
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Fig. 6. Modelled leaf-net assimilationd(,) of Le-Bray, for different climate scenarios, 350, 700, 700+ and 700+pp (solid, dotted, dashed,
and dash-dotted lines, respectively). The ISBA-Argpdel was run using the Picon drought-avoiding parameterisation (gm*=1.58ms
f0*=0.6, D;nar=100g kg1, 6.=0.01), consideringA) a single layer of maritime pine, ¢B) a layer of maritime pine and an additional layer
representing the purple moor-grass undergrowth. Ahealues are smoothed using a 30-day moving average, in order to show the general
trend.
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Fig. 7. Modelled ecosystem evapotranspiratid) ©f Le-Bray, for different climate scenarios, 350, 700, 700+ and 700+pp (solid, dotted,
dashed, and dash-dotted lines, respectively). Model parameterization used for these runs are identical to those of Fig. 6, cONsalering:
single layer of maritime pine, dB) a layer of maritime pine and an additional layer representing the purple moor-grass undergrowth. The
E values are smoothed using a 30-day moving average, in order to show the general trend.

moor-grass to the air humidity deficit and by the accelera- — CO»-doubling scenario combined with an air tempera-
tion of the soil water depletion, related to the non-stomatal ture increase of X, and a seasonal redistribution of the
evaporation of the grass. The daytinfig flux was overes- precipitation regime (wintertime (DJF) increase of 40%,
timated by the model during the growing period and under- summertime (JJA) decrease of 10% and autumn (SON)

estimated during autumn (Fig. 4). Attempts were made (not decrease of 20%), respectively.

shown) to reduce the summertime overestimation of daytime .

F, by prescribing lower values gf,,* for pines: net assim- The latier scenario (7OQ+pp) was adapted from the South-
ilation diminished and the skill score (Eq. (1)) di was western Eu_rope scenario oBQLe et al. (1998). .
improved. On the other hand, this correction tended to de- Irrespective of contrasting undergrowth characteristics, the

grade the model performance in terms of mean bias and O§imulations predicted a large effect of g@oubling on GPP,
I 0 .
cumulative values. In particular, the pre-existing underesti-Whﬂ:Egcreased by 50 to d70/°‘ The7ggect of le)_ub_lrlngl 5
mation of the annual gross primary productivity GPP (Ta- on was even more ramat_lc ( scenario n table )
rtfut was limited by the 3C warming and by the redistribu-

ble 5) was increased, causing a significant underestimatio L : :
of NE)E g g tion of precipitation (700+ and 700+pp scenarios). Figure 6

In spite of the improved description of the undergrowth shows that the first-order response of leaf-net assimilation

water vapour fluxes are better simulated tharp©@es. The An was gove(rjnﬁd gg C%%?]/Ub”rjr%ége pea_k value dog"
simplicity of the respiration model is at least partly to blame, Vas Increased by & to 0). ->warming tended to
accelerate the growing phaseAyf during spring.

On the other hand, the advantage of a reduction in evap-
4 Forest sensitivity to climate change otranspiration caused by G@oubling (Fig. 7) was lost in
the 700+ and 700+pp scenarios, and the occurrence of dry
A sensitivity study was performed (Table 5 and Fig. 6), in periods was increased (Table 5). This phenomenon triggered
order to highlight first-order responses to climate change ofthe acceleration of the decreasing phas&,ofluring autumn
the Le-Bray forest, on both water and g@uxes, and the (Fig. 6). The comparison between Figs. 6a and b shows that
impact of the undergrowth vegetation. Three climate changehe purple moor-grass undergrowth was largely responsible.

scenarios (700, 700+, and 700+pp) were considered: Finally, prescribing in ISBA-A-g a climate change sce-
nario, including CQ-doubling, temperature increase, and re-
— COy-doubling; distribution of the precipitation regime, led to the following

. . . . . conclusions for Le-Bray:
— COy-doubling combined with an air temperature in- Y

crease of 3C; — Anincrease of GPP of about 50 to 70%,
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— A marked increase of NEE of about 130%, the CQ concentration at the surface of the can@ghyandI’

through the following closure equation
— An increase (about 20%) of ecosystem respiration,

Ci=fC+A-T, (A2)
— A significant increase of the annual evapotranspiration . ) - . o
and of the occurrence of drought periods. where the coupling factof is sensitive to air humidity and
depends on the cuticular conductaggand ong,,*, f,*, and
Dmax* by

> Conclusion =13 (L= Do/ Disd + (/8 + 23]) (Ds/Dipad - (A3)

The ISBA-A-g; SVAT model was parameterised for the Le- where £,* is the value of f for D,=0g kg~! in unstressed

B.ray forest, consisting of a coniferous species mar't'mecondnmns. The net assimilation is limited by a light deficit
pine — and a herbaceous undergrowth. Most model param: ) . : ;

: ha according to a saturation equation applied to the photosyn-
eters could be estimated from in-situ measurements rath

than derived from model calibration. In particular, the physi—etlhetlcally active radiatior,:

ological A-g; module of the model, assessed using indepen-4 — (A,,+R,) [1—exp{—el./(Am + R)}] —Ra, (A4)
dent leaf-level measurements and a functional parameterisa-
tion of the woody plant responses to water stress (Calvet ewhere leaf respiration is given by,=A,,/9, and the light
al., 2004), was used. This stress model was successfully agonversion efficiency by=eq(C; — F)/(C,- + 2I'), where
plied to Le-Bray. This application study demonstrated theeo is the maximum quantum use efficiency (Table 2). Finally,
usefulness of introducing more complexity in the models of D A 4R
plant stomata response to atmospheric humidity and soil wag, = g. + 1.6 <An — Apin—— ("—d>
ter availability: accounting for the undergrowth permitted Dpax \Am + Ra
one to improve the simulation of the surface fluxes, and root- 4R <1 _Ant+ Ry >> /(Cs - C) (A5)
zone soil moisture. d A + Ry s
In a multi-layer stand like the Le-Bray forest, comprising _ .
a dense herbaceous undergrowth, the response to soil and _her eA’.’”'” represents the res@ual p-hotosynthe5|s rate (at
mospheric water stress of each canopy layer was differen ull light intensity) associated with cutlpular transfers whqn
and had to be characterized. Note, however, that the purpl e stomata are closed because of a high saturation deficit:
moor-grass undergrowth of Le-Bray is a particularly extremeAmin — ¢* g.(Cs — F)/(g* T gc). (A6)
case since this species presents unusually high values of the " "
leaf-minimum conductance.
The cumulated NEE was correctly described, although theAppendix B
simulated half-hourly net C®flux was not as good as the Forest response to soil moisture stress
simulated evapotranspiration. Finally, the sensitivity of the
model simulations to climate change was assessed and it wakhe results presented in Calvet et al. (2004) for maritime pine
shown that accounting (or not) for the undergrowth may af-and sessile oak were used to build a general schematic pa-
fect the conclusions of a climate change impact study. rameterisation of the effects of the soil moisture stress in the
A-g; model, for trees. The stress function is expressed as a
relative extractable soil water content, defined as
Appendix A W — W
The A-g; model g = —  Twilt_ (B1)
Wfe — Wuwilt
The A-g, approach employed to describe the leaf-scale physyherey, is the soil volumetric moisture in the root-zone, and
iological processes in ISBA-Azg(Calvet et al., 1998) was w s andwy,;; (Table 1) are the root-zone moisture content
the model proposed by Jacobs et al. (1996). at field capacity and wilting point, respectively.
The photosynthesis rate in light-saturating conditions is Tpe parameterisation was the following:
expressed as
et (Ci - T) — In the drought-avoiding strategy, for valueseohigher
A = Am.max [1 _ exp{ "8 \Li T 1) H ) (A1) than the critical extractable soil moistugg; (that is for
m,max moderate soil moisture stresgh (Appendix A) devi-

The g,,* variable (the unstressed mesophyll conductance) ~ ated fromiits unstressed valyg* through

is corrected for leaf temperature using ao@ype function, N . N

together with the maximum photosynthesig .. and the ~ fo= /o' + (fo —fo ) 0 — QC)/(l —0c) . (B2)
compensation poinf'. Typical values ofA,, ., andI" at

a temperature of 2%, for C3 plants, are given in Table 2. where fév is the stressed value fif corresponding to the
The internal CQ concentratiorC; is obtained by combining  constant unstressed mesophyll conductapgé,
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— Inthe drought-tolerant strategy,, deviated fromitsun- low for forest canopies because the litter layer reduces the

stressed valug,,* through water vapour exchanges between the soil and the atmosphere.
The effective saturation deficit of the canopy was obtained
_ N * N i i i -
gn =g + (gm — gm) O — gc)/(1 —60), (B3) from meteorological variables (air temperatdig and spe

cific humidity ¢,) measured on the flux tower, together with

wheregf,\l’ is the stressed value gf corresponding to the th(.a infrared temperaturg;, evaporationt and heat fluxes

constant unstressed coupling facyor.

E
— For values of9 belowéc, (i.e. for more pronounced Dj = {gsa: (Ts) — qa} — ¢p {ﬁ} {Ty — T}, (C2)
water stress)

wherec,, andgs,; are the specific heat of air, and the spe-

&m = 8m ‘9/9C (B4) cific air humidity at saturation, respectively. In this equation,
) i vertical temperature gradients in the canopy are assumed to
in the drought-tolerant strategy, while be small
’ ’ . . _
gm = g5, 0/0c (B5) The values oD, andg; were calculated for all soil mois

ture situations, in conditions which were favourable to the ex-

in the drought-avoiding strategy, arfglwas derived frong,, pression of a significant physiological response of the canopy

by inverting the stressed regression line relating the values ofo soil and atmospheric water stress: no rain, values of in-

gm 10 foin stressed conditions: coming solar radiationKp), latent flux (£) and sensible flux
(H) higher than 400, 40 and 10 WA, respectively.

In (gn) = 2.8 — 7.0 fo (n — 29 R? = 76%) . (B6)

This regression equation was obtained by Calvet et
al. (2004) by pooling the,, and fy estimates of both mar-
itime pine and sessile oak for low values of extractable soi
moisture ¢ < 0.13).

|Appendix D
Accounting for undergrowth vegetation in ISBA-A-g;

In ISBA-A-g, (Calvet et al., 1998), photosynthesis and leaf
conductance are calculated at several levels in the canopy,
and the obtained values are combined to obtain the canopy
integrated net assimilation and conductandg;(and g, ,
respectively). The integration is performed through a 3-point
Gauss quadrature method, following Jacobs (1995):

— For the lowest values af the value offy was forced to
be lower than 0.99 in order to avoid non-physical val-
ues ofgs (in Eqg. (A5) Cy must be higher thag;). In
stressed conditions, the valuesgf* and fo* in Egs.
(A1), (A3), and (A6) were replaced kg, and fo. The
value of D,,,,* remained unchanged.

3
Ay =L x Wi Ay (2i) (D1)
Appendix C ! ; B
Estimating canopy conductance from flux measurements
3
All the micrometeorological measurements required to per-gs1 = L X Z Wi gs (zi), (D2)
form ag; — D, analysis at the canopy scale (heat and wa- i=1

ter vapour fluxes, surface temperature, air temperature an\%herez»
humidity, LAI) were available for the Le-Bray experimen- ’
tal stand. Following Calvet (2000), it was possible to es-
timate the equivalent stomatal conductance at the canop
scale g) using estimates of the effective saturation deficit
of the canopy P;), and measurements of LAl and evapora-
tive fluxes:

and W; are the Gauss levels and weights, respec-
tively, andL represents total LAI.

In the case of Le-Bray, a simple way of including the dis-
¥inct behaviour of the purple moor-grass undergrowth is to
run the A-g model with the purple moor-grass parameters
for the near-floor Gauss level, corresponding to the lowest in-
cident radiation. The proportion of LAl corresponding to the

, E purple moor-grass undergrowth is 1/3, and measurements in-
8 = pa LD’ (C1) dicate that about 20% of the incident solar radiation reached
the undergrowth. Since the lowest-level Gauss weight is
whereE, L andp, represent transpiration, LAl, and air den- gpoyt 1/3 i3=0.28), and since the employed radiative trans-
sity, respectively. The value of the canopy transpiration  fer equations predict a residual solar radiation at the lowest
was not measured directly but rainless days were consideredgyss level of about 20%, Egs. (D1-2) should be sufficient
and it was assumed that the evapotranspiration measuremergsaccount for the effect of the undergrowth vegetation on the
could be used to estimate the forest transpiration. Indeed, fofjxes. Note that the total LAl value is the same whether the

rainless days, there is no evaporation from the water interproperties of the undergrowth are accounted for or not.
cepted by the leaves, and direct soil evaporation is generally
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