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Tout changement dans la structure d’une forêt (éclaircie, contrôle du sous-bois, etc.) 
influence le microclimat en forêt selon des processus physiques bien documentés
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Exemple en forêt méditerranéenne (Saint-Mitre) de pins d’Alep 
(~ 60 ans après recolonisation) avec sous-étage de feuillus (chênes…) 

Prévosto et al. (2020) Microclimate in Mediterranean pine forests: what is the 
influence of the shrub layer?, Agric. For., Meteorol. 282-3, 107856.

were recorded during two successive clear days of April 2017. Light was
also measured simultaneously in the open area as a proxy of above tree
canopy light availability (full light conditions) using two solarimeters.
Light transmittance was computed as the ratio of below canopy light
availability at each forest point to light availability in the open.

2.2.2. Light transmittance of the shrub cover
To accurately investigate the interception of light by the shrub layer

in the forest area, we measured the light under shrubs using two dif-
ferent methods. Light availability above and below the shrub canopy
was measured at 314 points distributed in the different plots with shrub
manipulation (M+S, L+S, O+S) with a PAR ceptometer (AccuPAR LP
80, METER Group, Inc. USA). Because shrub transmittance may
strongly vary within the day, we additionally measured shrub trans-
mittance using continuous measurements over 24 hours on 17 addi-
tional points, using light sensors (SKP 215, Skye Instrument, UK, Supp.
Fig. S1C) installed above and below the shrub canopy. At each mea-
surement point, shrub cover was visually estimated in 5% classes using
a 1 m2 square grid. Light transmittance (below/above) of the shrub
layer was established by computing the mean values for each 5% shrub

cover class.
Finally, in the open area, light availability below shrub canopy was

measured using a PAR ceptometer during a clear day in July. A total of
24 shrubs of the same species as those recorded in the forest area were
selected and light was measured above and below the canopy at dif-
ferent time intervals during the day. The light transmittance was then
computed for each shrub.

2.2.3. Air temperature and relative air humidity
We used 26 loggers (DS1923, iButton®, Maxim int., USA) in the

forest plots to measure air temperature (T,± 0.06°C) and relative air
humidity (RH,± 0.04%), distributed among the different treatments
and 6 additional loggers distributed in the O and O+S treatments. The
loggers were placed in a small meteorological shelter 30 cm above the
ground, below the shrub canopy (M+S, L+S, O+S) and outside shrub
influence (D, M, L, O). Data were collected from June 2016 to
November 2018 at a one-hour time interval.

2.2.4. Soil water content
Soil volumetric water content (%, SWC) was monitored from June

Fig. 1. Location of the 12 plots (squares) in the forest area and the open treeless area (in the insert). Treatments are as follows: low pine cover (L, after heavy
thinning, white squares), medium pine cover (M, after medium thinning, grey squares) and dense cover (D, no thinning = control, black squares).

Table 1
Mean characteristics (mean± se) of the plots in 2016.

Treatment Pine density (/ha) Basal area (m2/ha) Pine circumference (cm) Cover of the shrub layer (%) Height of the shrub layer (cm)

Dense cover 1192 (±111) 37 (± 0.9) 58.2 (±1.3) 12.5 (± 2.9) 47.6 (± 7.6)
Medium cover 632 (± 47) 28 (± 1.5) 70.8 (±1.8) 33.1 (± 2.9) 92.7 (± 5.4)
Low cover 236 (± 30) 17 (± 0.3) 91.4 (±2.9) 46.8 (± 2.8) 107.0 (± 6.1)
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Exemple en forêt méditerranéenne (Saint-Mitre) de pins d’Alep 
(~ 60 ans après recolonisation) avec sous-étage de feuillus (chênes…) 

Prévosto et al. (2020) Microclimate in Mediterranean pine forests: what is the 
influence of the shrub layer?, Agric. For., Meteorol. 282-3, 107856.

were recorded during two successive clear days of April 2017. Light was
also measured simultaneously in the open area as a proxy of above tree
canopy light availability (full light conditions) using two solarimeters.
Light transmittance was computed as the ratio of below canopy light
availability at each forest point to light availability in the open.

2.2.2. Light transmittance of the shrub cover
To accurately investigate the interception of light by the shrub layer

in the forest area, we measured the light under shrubs using two dif-
ferent methods. Light availability above and below the shrub canopy
was measured at 314 points distributed in the different plots with shrub
manipulation (M+S, L+S, O+S) with a PAR ceptometer (AccuPAR LP
80, METER Group, Inc. USA). Because shrub transmittance may
strongly vary within the day, we additionally measured shrub trans-
mittance using continuous measurements over 24 hours on 17 addi-
tional points, using light sensors (SKP 215, Skye Instrument, UK, Supp.
Fig. S1C) installed above and below the shrub canopy. At each mea-
surement point, shrub cover was visually estimated in 5% classes using
a 1 m2 square grid. Light transmittance (below/above) of the shrub
layer was established by computing the mean values for each 5% shrub

cover class.
Finally, in the open area, light availability below shrub canopy was

measured using a PAR ceptometer during a clear day in July. A total of
24 shrubs of the same species as those recorded in the forest area were
selected and light was measured above and below the canopy at dif-
ferent time intervals during the day. The light transmittance was then
computed for each shrub.

2.2.3. Air temperature and relative air humidity
We used 26 loggers (DS1923, iButton®, Maxim int., USA) in the

forest plots to measure air temperature (T,± 0.06°C) and relative air
humidity (RH,± 0.04%), distributed among the different treatments
and 6 additional loggers distributed in the O and O+S treatments. The
loggers were placed in a small meteorological shelter 30 cm above the
ground, below the shrub canopy (M+S, L+S, O+S) and outside shrub
influence (D, M, L, O). Data were collected from June 2016 to
November 2018 at a one-hour time interval.

2.2.4. Soil water content
Soil volumetric water content (%, SWC) was monitored from June

Fig. 1. Location of the 12 plots (squares) in the forest area and the open treeless area (in the insert). Treatments are as follows: low pine cover (L, after heavy
thinning, white squares), medium pine cover (M, after medium thinning, grey squares) and dense cover (D, no thinning = control, black squares).

Table 1
Mean characteristics (mean± se) of the plots in 2016.

Treatment Pine density (/ha) Basal area (m2/ha) Pine circumference (cm) Cover of the shrub layer (%) Height of the shrub layer (cm)

Dense cover 1192 (±111) 37 (± 0.9) 58.2 (±1.3) 12.5 (± 2.9) 47.6 (± 7.6)
Medium cover 632 (± 47) 28 (± 1.5) 70.8 (±1.8) 33.1 (± 2.9) 92.7 (± 5.4)
Low cover 236 (± 30) 17 (± 0.3) 91.4 (±2.9) 46.8 (± 2.8) 107.0 (± 6.1)
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Cooper et al. (2014) recorded in Israel a transmittance of 14-23% for a
basal area between 14 and 16 m2 ha−1, while in Spain, it ranged from
14.7% in dense closed pine stands (32 m2 ha−1) to 36% in more open
stands (12.4 m2 ha−1) (Gavinet et al., 2015). The shrub transmittance
was strongly correlated with its cover percentage following the form-
alism of the Beer-Lambert's law (Fig. 2B). The extinction coefficient (k)
of 0.019 found in this study indicates moderate light interception
compared to other species. For instance, in temperate forests, the
transmittance of Calluna vulgaris (L.) Hull was found to be very high (k
between 0.004 and 0.012) but it was considerably reduced by Rubus
fruticosus L. (k=0.074) (Gaudio et al., 2011; Balandier et al., 2013). The
influence of the understory vegetation on transmittance was only
clearly marked in the light pine cover treatment and in the open
treatment, whereas in the medium pine cover treatment the moderately
developed understory only had a weak effect on light interception.

The increase in transmittance with decreasing pine cover mainly
explains the gradient of increased T and VPD and decreased RH from
closed canopies (D) to open conditions (O). The effect of the shrub layer
on the microclimate was also consistently significant and more pro-
nounced in the light pine cover and open treatments. This is probably
linked to a shading effect and the reduction of air movement, leading to
higher humidity and a reduced temperature gradient (Kovács et al.,
2017; Unterseher and Tal, 2006). In mixed oak stands, Clinton (2003)
also found that the sclerophyllous evergreen shrub Rhododendron
maximum L. significantly lowered air temperature; while Williams and
Ward (2010) found that relative air humidity was positively related to
the development of a thorny invasive shrub (Berberis thunbergiide DC.)
in eastern USA. These gradients are more pronounced during the
summer season than the whole year due to stronger solar radiation,
which varies on average from 269 W/m2 in summer to 168 W/m2 for
the whole year in our study area.

4.2. The effect of the vegetation cover on daily range and the buffering
capacity

The daily ranges for T, RH and VPD (Fig. 4) increased along a de-
creasing vegetation gradient (from D to O). Shading provided by the
overstory and understory vegetation cover, prevents the solar short-
wave radiation from reaching the forest floor and warms up the near-
surface air, resulting in lower Tmax and VPDmax values, and higher
RHmin values. Furthermore, fluctuations are dampened in the presence
of vegetation cover due to the reduction of the longwave radiative
losses during the night (Rambo and North, 2009). Amplitudes are also
higher during the summer season. This is mainly driven by the increase
in solar radiation during the summer period which results in a stronger
buffering effect of the vegetation layers, as has been reported in pre-
vious studies (Renaud and Rebetez, 2009; Renaud et al., 2011; von Arx
et al., 2012).

The buffering capacity (Fig. 5) was more significant under dense
cover than under sparse cover (Renaud and Rebetez, 2009; De Frenne
et al., 2013; von Arx et al., 2013). This buffering capacity was also more
intense during the dry summer period for VPDmax compared to the
whole year. In contrast, in sparse evergreen temperate forests in Swit-
zerland, von Arx et al. (2013) noted an absent or very low buffering
capacity during the summer dry season on Tmax and VPDmax. They
attributed this finding to more intense solar radiation during this period
and less cooling by soil evaporation. The ΔTmax, contrary to ΔVPDmax
and ΔRHmax, showed similar values in summer and in the whole year,
a result also reported in a previous study (von Arx et al., 2012). Certain
factors could have played a role, such as lower soil moisture in summer
resulting in an attenuation of the evaporative cooling effect (von Arx
et al., 2012).

The effect of the shrub layer on buffering capacity was particularly
marked where there was a well-developed shrub layer i.e. in the open

Fig. 2. (A) Light transmittance (mean±SE) according to the treatments, com-
puted as the ratio of light availability below canopy compared to open conditions
(O). D=dense cover, M=medium cover, L=low cover, O=open, S=presence of
the shrub layer. Letters indicate statistically significant differences according to
Tukey's post-hoc test (F= 30.2, P<0.001). (B) Light transmittance according to
shrub cover class in the forest area. The corresponding regression curve is shown
(y = exp(-0.019 × cover class), R2=0.35, P<0.001). The black squares indicate
the daily measurements based on SKP sensors, whereas the white circles indicate
the instantaneous ceptometer measurements.
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Prévosto et al. (unpublished)

were recorded during two successive clear days of April 2017. Light was
also measured simultaneously in the open area as a proxy of above tree
canopy light availability (full light conditions) using two solarimeters.
Light transmittance was computed as the ratio of below canopy light
availability at each forest point to light availability in the open.

2.2.2. Light transmittance of the shrub cover
To accurately investigate the interception of light by the shrub layer

in the forest area, we measured the light under shrubs using two dif-
ferent methods. Light availability above and below the shrub canopy
was measured at 314 points distributed in the different plots with shrub
manipulation (M+S, L+S, O+S) with a PAR ceptometer (AccuPAR LP
80, METER Group, Inc. USA). Because shrub transmittance may
strongly vary within the day, we additionally measured shrub trans-
mittance using continuous measurements over 24 hours on 17 addi-
tional points, using light sensors (SKP 215, Skye Instrument, UK, Supp.
Fig. S1C) installed above and below the shrub canopy. At each mea-
surement point, shrub cover was visually estimated in 5% classes using
a 1 m2 square grid. Light transmittance (below/above) of the shrub
layer was established by computing the mean values for each 5% shrub

cover class.
Finally, in the open area, light availability below shrub canopy was

measured using a PAR ceptometer during a clear day in July. A total of
24 shrubs of the same species as those recorded in the forest area were
selected and light was measured above and below the canopy at dif-
ferent time intervals during the day. The light transmittance was then
computed for each shrub.

2.2.3. Air temperature and relative air humidity
We used 26 loggers (DS1923, iButton®, Maxim int., USA) in the

forest plots to measure air temperature (T,± 0.06°C) and relative air
humidity (RH,± 0.04%), distributed among the different treatments
and 6 additional loggers distributed in the O and O+S treatments. The
loggers were placed in a small meteorological shelter 30 cm above the
ground, below the shrub canopy (M+S, L+S, O+S) and outside shrub
influence (D, M, L, O). Data were collected from June 2016 to
November 2018 at a one-hour time interval.

2.2.4. Soil water content
Soil volumetric water content (%, SWC) was monitored from June

Fig. 1. Location of the 12 plots (squares) in the forest area and the open treeless area (in the insert). Treatments are as follows: low pine cover (L, after heavy
thinning, white squares), medium pine cover (M, after medium thinning, grey squares) and dense cover (D, no thinning = control, black squares).

Table 1
Mean characteristics (mean± se) of the plots in 2016.

Treatment Pine density (/ha) Basal area (m2/ha) Pine circumference (cm) Cover of the shrub layer (%) Height of the shrub layer (cm)

Dense cover 1192 (±111) 37 (± 0.9) 58.2 (±1.3) 12.5 (± 2.9) 47.6 (± 7.6)
Medium cover 632 (± 47) 28 (± 1.5) 70.8 (±1.8) 33.1 (± 2.9) 92.7 (± 5.4)
Low cover 236 (± 30) 17 (± 0.3) 91.4 (±2.9) 46.8 (± 2.8) 107.0 (± 6.1)
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L’atténuation des extrêmes climatiques par le couvert est plus importante encore 
que les valeurs moyennes: exemple sur 4 sites européens

Bouwen et al. (unpublished)



3°C buffering and weak coupling

De Lombaerde et al. (Science Total Env. 2022)

4. Discussion

Our predictions of temperature offsets for the 1970–2000 climatol-
ogy and for forests having at least 50% tree cover during the year 2000
(Hansen et al., 2013) show that mean temperatures are on average
cooler below canopies (at 1 m height) than in open habitats across all
forested grid cells (De Frenne et al., 2019; Li et al., 2015). Our results
also support the fact that temperature extremes are mainly buffered

in forests; Tmax is on average lower inside forests, whereas Tmin is
warmer. Nevertheless, strong biome-specific variation was observed:
while in boreal forests, Tmean offsets were slightly positive, they
became overall negative towards the tropics. Tmax offsets were
negative across the three biomes with the most negative values in the
(warmer) tropics, whereas Tmin offsets were positive in the cooler
boreal and temperate forests, and negative in the warm tropics.
Furthermore, the difference between growing and non-growing season

Fig. 2. Left panels: Violin and box plots showing the distribution of predicted below-canopy forest temperature offsets of (A) Tmax, (C) Tmean, and (E) Tmin across boreal, temperate and
tropical forests classified following Olson et al. (2001). Right panels: density plots for the predicted offsets of (B) Tmax, (D) Tmean, and (F) Tmin. Dashed vertical lines represent global
mean offset values for the three temperature responses for past, and the future RCP2.6 and RCP8.5 scenarios. Note that bimodality is observed in the density plots, resulting from the
difference between offsets in temperate and boreal versus tropical forests (see Fig. 1). For all plots, different colours and line types represent predictions for past climatic conditions
(macroclimate temperature and precipitation, grey), for RCP2.6 (orange) and RCP8.5 scenarios (blue). Data points to draw these plots are subsamples (105 pixels) derived from the
global predictions in Fig. 1.

E. De Lombaerde, P. Vangansbeke, J. Lenoir et al. Science of the Total Environment 810 (2022) 151338
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Future scenarios of forest microclimates using a Land Surface Model 8

Figure 2. Global maps of simulated historical (1995-2014) soil temperature o↵set
(forest - grassland; �Tg) for maximum (�Tg,max; a), mean (�Tg,mean; b) and
minimum (�Tg,min; c) soil temperature. The di↵erence between future (2080-2099)
and historical (1995-2014) o↵set for maximum (d), mean (e) and minimum (f) soil
temperature. Stippling marks areas where the di↵erence is not statistically significant
according to the Wilcoxon signed rank test (p-value>0.05). �Tg distributions for
historical (light blue) and future (dark blue) periods for maximum (g), mean (h) and
minimum (i) soil temperature. Inner lines show distribution quartiles.

(Figure C1), albeit with larger magnitudes, especially in boreal regions for which min-

imum Tc and maximum Tc are strongly amplified. However, Tc and Tg o↵sets di↵er in

the tropics and subtropics where only maxima are dampened for Tc (Figure C1(g) and

(i)) whereas both extremes are systematically bu↵ered for Tg (Figure 2(g) and (i)).

Next, we compared the future period (2080-2099) forced by the high emission

SSP5-8.5 scenario (⇠+4.4 K in global mean surface temperature, (IPCC; 2021)), to the

historical one (period 1850–1900). We calculated the di↵erence between the temperature

o↵set in the future relative to the historical baseline (Figure 2(d),(e),(f)).

We found a significant negative di↵erence for maximum Tg in the tropics, suggesting

that under high warming levels, tropical forests increase their bu↵ering capacity for

high temperature extremes by an average of 0.55 °C. This result is underlined by the

shift in the distribution of tropical �Tg,max Figure 2(g). In addition, a small shift of

�Tg,min towards a zero-centered distribution in boreal forests imply less amplification

of minimum soil temperatures during the future period.

Future changes for canopy air temperature o↵sets (Figure C1) are qualitatively

Différence des temp. max. mensuelles 
entre forêt et non forêt (°C)

Hes et al. (unpublished)

Comment va évoluer cette atténuation des extrêmes 
climatiques par le couvert sous climat futur?
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Réseau de capteurs microclimatiques sur tout un bassin versant forestier montagneux, avec de 
fortes variations d’élévation (400-1600m), mais aussi de microtopographie et de structure 

(caractérisées par LiDAR), avec notamment un mélanges de forêts anciennes (photo de gauche) et 
de plantations jeunes et matures (photo de droite)

Fig. 3. Spatially predicted maps of minimum temperature of the coldest month and maximum temperature of the warmest month (in degrees
Celsius) based on BRT models. Minimum temperatures (A) were primarily influenced by elevation (B), but maximum temperatures (C) were primarily a
function of vegetation andmicrotopography (D). Maps of the elevational gradient (B; inmeters) and canopy height (D; inmeters) based on LiDAR from2008 at
the HJA. Black dots show the 183 temperature sampling locations. The location of the HJA in the western United States is shown in (A).

Fig. 2. Relative influence (RI) of variables describing elevation (ELV), microtopography (TOPO), and vegetation structure (VEG) for each
temperature metric. RI values for 2012 (A) and 2013 (B) were derived from the number of times each variable was selected in the process of model
building using boosted regression trees (BRTs). Overall, elevation had the strongest influence on air temperature patterns in the HJA, but micro-
topography and vegetation also exerted important effects, particularly for maximum temperature of the warmest month, variability measures, and
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les températures mensuelles 
minimales du mois le plus froid 
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variations d’élévation (ELV)
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aussi, ainsi que la macro- et micro- topographie: exemple en Oregon
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Temp. de l’air minimale du mois le plus froid (°C) Temp. de l’air maximale du mois le plus chaud (°C)

les températures mensuelles maximales du 
mois le plus chaud répondent en grande 

partie aux variations de microtopographie
(TOPO) et de structure (VEG)



Autre exemple ou le type de canopée végétale et la microtopographie jouent 
beaucoup: la vallée du Ciron

Réseau de capteurs microclimatiques le long du Ciron et ses affluents, répartis selon trois secteurs géographiques, 
et un gradient de microtopographie et de structure, entre ripisylve de feuillus et plantations de pins maritimes
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Les gorges du Ciron abritent une population relictuelle de hêtres 
isolée et datée du dernier maximum glaciaire

Ogée et al. (unpublished)



topography

M
ea

n 
JJ

A 
da

ily
 m

ax
. T

 o
ffs

et
 fo

r 5
%

 h
ot

te
st

 d
ay

s 
(°

C)

Bottom Midslope Top Plateau

−4
−3

−2
−1

0
1

n = 7

n = 4

n = 4

n = 9

canopy

M
ea

n 
JJ

A 
da

ily
 m

ax
. T

 o
ffs

et
 fo

r 5
%

 h
ot

te
st

 d
ay

s 
(°

C)

Deciduous Mixed Pine Open

n = 17

n = 2

n = 4
n = 1

topography

M
ea

n 
JJ

A 
da

ily
 m

in
. R

H 
of

fs
et

 fo
r 5

%
 d

rie
st

 d
ay

s 
(%

)

Bottom Midslope Top Plateau

0
5

10
15

n = 7

n = 4

n = 4 n = 9

canopy

M
ea

n 
JJ

A 
da

ily
 m

in
. R

H 
of

fs
et

 fo
r 5

%
 d

rie
st

 d
ay

s 
(%

)

Deciduous Mixed Pine Open

n = 17

n = 2
n = 4

n = 1

~3°C cooler

~13% more humid

La microtopographie (plus que 
d’autres cofacteurs comme le type 

de canopée ou la distance au 
cours d’eau) a une forte influence 

sur le microclimat en été

Ogée et al. (unpublished)

Autre exemple ou le type de canopée végétale et la microtopographie jouent 
beaucoup: la vallée du Ciron



Le long de transects 
individuels (pointillés), la 

microtopographie (hauteur 
au-dessus du cours d’eau) 

semble être le facteur 
principal influençant le 

microclimat en été

−3

−2

−1

0

10 20 30 40 50
Summertime gap fraction (%)

JJ
A 

da
ily

 m
ax

. T
 o

ffs
et

 fo
r f

ul
l p

er
io

d 
(°

C)

a

−3

−2

−1

0

5 10 15
Elevation above stream (m)

b

−3

−2

−1

0

70 80 90 100
Woodland fraction within 300m (%)

Canopy type
Deciduous

Mixed

Pine

Open

c

0

5

10

10 20 30 40 50
Summertime gap fraction (%)

JJ
A 

da
ily

 m
in

. R
H 

of
fs

et
 fo

r f
ul

l p
er

io
d 

(%
)

d

0

5

10

5 10 15
Elevation above stream (m)

e

0

5

10

70 80 90 100
Woodland fraction within 300m (%)

Canopy type
Deciduous

Mixed

Pine

Open

f

plus frais

moins frais

plus humide

moins humide

−3

−2

−1

0

10 20 30 40 50
Summertime gap fraction (%)

JJ
A 

da
ily

 m
ax

. T
 o

ffs
et

 fo
r f

ul
l p

er
io

d 
(°

C)

a

−3

−2

−1

0

5 10 15
Elevation above stream (m)

b

−3

−2

−1

0

70 80 90 100
Woodland fraction within 300m (%)

Canopy type
Deciduous

Mixed

Pine

Open

c

0

5

10

10 20 30 40 50
Summertime gap fraction (%)

JJ
A 

da
ily

 m
in

. R
H 

of
fs

et
 fo

r f
ul

l p
er

io
d 

(%
)

d

0

5

10

5 10 15
Elevation above stream (m)

e

0

5

10

70 80 90 100
Woodland fraction within 300m (%)

Canopy type
Deciduous

Mixed

Pine

Open

f

lignes 
« cassées »

lignes 
« cassées »

lignes 
« continues »

lignes 
« continues »

Ogée et al. (unpublished)

Autre exemple ou le type de canopée végétale et la microtopographie jouent 
beaucoup: la vallée du Ciron
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(a) (b)

(c) (d)

Figure 7. Vertical cross-sections across the valley showing hourly averaged θ (colour shading and white line contours, interval 0.5 K), wind vectors
projected on to the vertical plane and the component of the wind perpendicular to the plane (line contours, interval 0.25 m s−1). Solid line contours
indicate positive values (out of the plane and down-valley). Dashed contours indicate negative values. The thick contour denotes zero values. The
location of the cross-section is shown in Figure 5. The south side of the valley is to the left. Results are shown during IOP 16 for (a) 1700–1800 UTC, (b)
1800–1900 UTC, (c) 1900–2000 UTC and (d) 2100–2200 UTC on 4 March 2010.

itself, simply because this allows a common shading scheme
to be used in Figure 8. We also adopt the convention that
a positive heat flux corresponds to upwards transport of
heat, away from the ground. Between 1600 and 1700 UTC
(Figure 8(a)), the mean heat-flux pattern contains both
positive and negative values, with negative values mostly
confined to north-facing slopes where the ground surface
temperature is relatively low (Figure 8(b)). Note that the
heat fluxes are relatively large and positive during the first
part of the hour over the whole domain. Consistent with
the stable stratification seen in Figure 6, by 1700 UTC the
heat fluxes are predominantly negative but are small. The
resulting hourly average fluxes are therefore skewed by
the large positive values. Over the period 1800–1900 UTC
(Figure 8(c)), the mean surface heat flux is negative
almost everywhere, with the strongest fluxes located across
the exposed hillsides and summits. These relatively large
downward heat fluxes will act to reduce the cooling of the
ground surface and result in small (∼1 K) positive T ′

∗ values
across the hill summits (Figure 8(d)). Sheltering within the
valley clearly reduces the surface heat flux and this results
in a more rapid cooling of the ground within the valley
(Figure 6) up to this point in time. However, whilst the air
temperature in the valley is already lower than that outside
by this time (Figure 5(a)), the higher surface temperatures
in the late afternoon mean that the ground is still relatively
warm over a large proportion of the valley bottom. The
surface-temperature variations do not change dramatically
between 1800–1900 and 2100–2200 UTC (Figure 8(f)). The

ground is still warmer over the hill summits, although the
higher temperatures on the south-facing slopes of the valley
are somewhat reduced. The eastern portion of the floor of
the Clun Valley still remains relatively warm. Figure 8(e)
shows that although small (∼ −10 W m−2), a downward
surface heat flux appears to be sustained in this part of the
valley, which presumably suppresses the ground cooling.
This heat flux is associated with the along-valley westerly
drainage current, which has become established by this time
(see Figure 7(d)) and continues through the night. Note that
patches of positive surface heat flux can be seen in the upper
part of the Clun Valley, to the north west of Duffryn at this
time. The near-surface air is cooler than the ground in these
patches, presumably because the air has drained down to
the valley floor from the (relatively cold) valley sides in this
part of the valley. The significance of this transport of cold
air for the overall cold-pool heat budget will be examined
further in section 5.

5. The heat budget

The various mechanisms that contribute to the formation of
the simulated cold pools are now examined in the context of
the model potential-temperature budget. The contributions
to the local rate of change of θ in the model can be broken
down as follows:

∂θ

∂t
= ∂θ

∂t adv
+ ∂θ

∂t mix
+ ∂θ

∂t rad
+ ∂θ

∂t cld
, (1)

c© 2013 Crown Copyright, the Met Office
Quarterly Journal of the Royal Meteorological Society c© 2013 Royal Meteorological Society

Q. J. R. Meteorol. Soc. 140: 699–714 (2014)
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Figure 5. Model flow fields across the Clun Valley during IOP 16. Quantities shown are hourly mean 2 m θ (colour shading, units ◦C) and 10 m winds
(vectors, units m s−1) for (a) 1800–1900 UTC, (b) 1900–2000 UTC, (c) 2000–2100 UTC, (d) 2100–2200 UTC and (e) 2300–0000 UTC on 4 March and
(f) 0200–0300 UTC on 5 March 2010. Line contours show the terrain heights (interval 20 m). A key wind vector for a wind speed of 5 m s−1 is shown.
The white line marks the orientation of the cross-sections shown in Figures 6 and 7. Note that only a portion of the innermost model domain is shown.

c© 2013 Crown Copyright, the Met Office
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Vosper et al. (2014) Cold-pool formation in a narrow 
valley, Q.J.R. Meteorol. Soc., 140, 699–714.

Les mécanismes de formation de poches d’air froid sont bien connus mais sur des 
dénivelés généralement importants (>100m) et en atmosphère stable (la nuit)

Température de l’air (°C)

• Principalement étudiés pour 
les risques de gels.

• En journée ensoleillée d’été, la 
couche limite est bien 
mélangée et les gradients de 
températures sont a priori 
moins marqués



Les mécanismes de formation d’écarts de température en journée d’été caniculaire 
(convection libre) sont beaucoup moins bien compris

• La prise en compte du découplage des écoulements sous et au-dessus de la canopée est essentielle

• La continuité du couvert forestier pourrait être un facteur essentiel expliquant le rafraichissement des 
berges observé en été

de périodes d’engorgement et de dessiccation permettant l’individualisation d’un horizon éluvial
et favorisant la consolidation des horizons spodiques en alios. Les sols développés dans ces
conditions sont qualifiés de Podzosols Duriques (podzols humiques à alios et hydromorphie de
profondeur). La végétation caractéristique de la lande mésophile est dominée par la Fougère
aigle (Pteridium aquilinum). Au cœur du massif landais, on retrouve également des secteurs de
lande mésophile liés à la présence très localisée de lagunes associées à un micro-relief caracté-
ristique, avec des amplitudes topographiques plus importantes qu’en lande humide (> 1 m). Ces
situations permettent de définir une variante régionale de la lande mésophile dite “à lagunes”.

La lande humide sensu lato (ou hygrophile)

La majeure partie du massif landais est occupée par de vastes étendues planes, mal drainées.
Dans ces interfluves, le niveau de la nappe fluctue lentement et elle affleure à la surface lors des
périodes de forte pluviosité printanière et automnale. Elle atteint son niveau bas assez souvent
entre 1 et 2 mètres sous la surface. Cette unité pédopaysagère est caractérisée par une végéta-
tion dominée par la Molinie (Molinia caerulea) et par des associations de Podzosols et de sols
hydromorphes organisés en toposéquences.

• Variabilité spatiale des pédopaysages landais

Bien que ces associations sol-végétation soient relativement bien caractérisées, et sous une
apparente uniformité, liée à la dominance dans le paysage des pinèdes monospécifiques
équiennes, les pédopaysages du massif forestier landais présentent une forte variabilité spatiale
à l’échelle parcellaire. Cette variabilité, qui s’observe particulièrement au sein des stations de
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+2°C
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Sondes microclimatiquesHêtres adultes (en 2017)

Mean JJA daily max. T offset for 5% hottest days (°C)Mean JJA daily max. VPD offset for 5% driest days (kPa)

Par application de modèles statistiques de microclimat tenant compte des facteurs paysagers, on peut 
essayer d’identifier des zones (cercles) dans le paysage propices pour la régénération du Hêtre

Marion Desale (rapport de stage 2ème année BSA)

Autre exemple ou le type de canopée végétale et la microtopographie jouent 
beaucoup: la vallée du Ciron



↓ arbres/ha et 
densité du couvert

↑ teneur en
eau du sol

Redrawn from 
Bigelow and North (For. Ecol. Manag. 2012)

↑ statut hydrique
de la végétation

augmentation de l’eau 
du sol, donc de l’état 
hydrique des arbres 

restants, ce qui réduit 
l’intensité du feu

réduction du 
combustible vivant et 
mort, ce qui réduit 
l’intensité du feu

De la compréhension de l’influence de la structure du couvert et la microtopographie 
sur le microclimat … à la gestion du risque en forêt: exemple du risque incendie



↓ arbres/ha et 
densité du couvert

↑ insolation du
sous-bois

↑ vent dans le
sous-bois

↑ teneur en
eau du sol

↓ teneur en
eau de l’humus?

↓ teneur en eau
du bois mort

↑ risque 
incendie??

↑ température
et VPD du
sous-bois

Redrawn from 
Bigelow and North (For. Ecol. Manag. 2012)

↑ statut hydrique
de la végétation

augmentation de l’eau 
du sol, donc de l’état 
hydrique des arbres 

restants, ce qui réduit 
l’intensité du feu

Augmentation du 
rayonnement rend le bois 
mort plus sec et chaud, 
ce qui augmente leur 

flammabilité

Vents plus forts ce qui fournit 
plus d’oxygène au feu et rend 
les flammes plus horizontales, 

ce qui augmente la 
propagation du feu

réduction du 
combustible vivant et 
mort, ce qui réduit 
l’intensité du feu

De la compréhension de l’influence de la structure du couvert et la microtopographie 
sur le microclimat … à la gestion du risque en forêt: exemple du risque incendie

…jusqu’à quel degré?

…quelles certitudes?



Crit. wind
% damage

<0.1%
0.1%
1%
2%
5%
10%
20%

(Gardiner 2022) 

Percentage damage by 
storm

• Possibilité d’évaluer le risque à l’échelle parcelle 
mais aussi individus

• Vitesse de vent critique (pour le Chablis) dépend de 
facteurs à l’échelle individu (hauteur h et DBH) et 
parcelle (surface terrière BA, indice de compétition)

𝑈!"#$ ∝
1
𝑇𝑀𝐶

𝑤𝑖𝑡ℎ 𝑇𝑀𝐶 ≈ 114𝐷%ℎ − 20.5&!"#'(

(TMC = turning moment coefficient)

Critical wind speed for 
breakage

3 Results

3.1 Canopy height model

In a Lrst step, we present the results for Scenario 1 where the FCN model was trained using 

all  Sentinel-1 and Sentinel-2 layers (as shown later in a detailed comparison (Section 3.4) 

between the seven scenarios, Scenario 1 provided best prediction results).  Fig. 6 illustrates 

four  examples  of  predictions for  diHerent  types of  forested areas,  while Fig.  7 shows our 

prediction map for the whole Landes forest in 2020.

 

Figure 6. Model input data and model predictions on four diCerent areas in the Test tiles. The Drst three  

columns correspond to Google Map, Sentinel-2 RGB, and Sentinel-1 VH ascending images and the last column 

corresponds to our predicted map of forest  height  where GEDI height  values (RH
95
) can be identiDed by 

circles. When the predicted and the GEDI height are diCerent by at least 5 meters, the GEDI footprint is  

circled in blue. (a) and (b): maritime pine forest stands of diCerent heights. (c) old forest stands of maritime  

pine. (d) deciduous forest.
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Figure 8. Comparison of the GEDI height (RH
95
) in the Test dataset and predicted values from the FCN 

prediction model for Scenario 1. (a) Histogram with box plots that show the diCerences between predicted and 

GEDI height per height range of 5 meters. The red lines represent median values. The upper and lower edges  

are the upper and lower quartiles and whiskers symbolize the 5th and 95th percentiles. (b) Density scatterplot.  

The dashed line corresponds to the x = y axis. 
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Overall, even though our FCN prediction model was trained on sparse reference data (eg. 

rasterized GEDI RH95 values in the Train tiles), it is able to predict a continuous canopy 

height map, where forest structures and other landscape features are recognizable and look 

similar to the image input. Fig. 6a shows that the FCN model is able to retrieve high height 

diHerences between forest from non-forest areas. When compared to the GEDI Test dataset for 

maritime pine plantations (Fig. 6a, b, c), most errors are below 5 m except in areas close to 

forest borders. The within-stand homogeneity and across-stand heterogeneity are well captured 

by the FCN model over coniferous forest stands with diHerent ages and heights (Fig.6b). Fig. 

6d shows an example obtained in an area including deciduous trees along a river path. We can 

see  a  higher  number  of  diHerences  higher  than  5  m when comparing  to  the  GEDI Test 

footprints and the predicted forest delimitations are less precise. 

Figure 7. Map of forest predicted canopy height over the Landes forest for 2020 by the FCN model for the 

Training Scenario 1: 10 layers from Sentinel-2 + 4 layers from Sentinel-1.

3.2 GEDI Test set evaluation

We compared the predictions of our FCN model (Scenario 1) to the RH95 values for the Test 

dataset. We obtained a Mean Absolute Error (MAE) of 2.02 m, RMSE = 2.98 m, and RJ = 

0.73 (Fig. 8). The FCN model has a slight tendency to underestimate higher heights (ME = - 

2.5 m for trees between 20m and 25 m) and predictions for lower heights start around 2.5 m 

due to the RH95 properties (see 2.2.1). Predictions are relatively well scattered around the y=x 

axis with the exception of a group of points located on the left part of the graph where the 

predictions overestimated the reference height values. Boxplots in Fig.8a reveal almost no bias 

for height values between 5 m and 20 m (ME = - 0.36 m, MAE = 1.80 m) which accounts for  

79% of the GEDI footprints. 
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(Schwartz et al. 2023) 

• Nouveaux aglorithmes IA permettent d’estimer la hauteur des arbres à 10m de resolution, à l’echelle nationale

(Height from GEDI waveforms (m)

(P
re

di
ct

ed
 h

ei
gh

t (
m

)

De la compréhension de l’influence de la structure du couvert et la microtopographie 
sur le microclimat … à la gestion du risque en forêt: exemple du risque tempête



climat global
(~50km)

climat régional 
(≤8km)

modèle d’impact

autres données 
(produits télédétection, etc.)

Service climatique = outil numérique basé sur un modèle 
d’impact dépendant de prévisions climatiques

Vers un service climatique pour la gestion du multirisque en forêt?

Exemple pour la gestion forestière: « ForestForeward », qui prédit comment la distribution d’essences 
d’arbres « commercialement importantes » changera à l’horizon 2100 sous deux scénarios 
(https://climate.copernicus.eu/forestry-services-based-c3s-data)

https://climate.copernicus.eu/forestry-services-based-c3s-data


Prévision décennale du risque en forêt

• Qu’est-ce que la prévision climatique décennale?

échelle de temps

prévisions
« météo »

prévisions 
saisonnières

prévisions 
décennales

projections 
centennales

cycles glaciaire-
interglaciaire

jour semaine mois année décennie siècle millénaire

sensibilité aux forçages externes  (ex. scénarios d’émissions)

sensibilité aux conditions initiales

Hawkins & Sutton 2009

incertitudes liées 
essentiellement à la 

physique du modèle et aux 
conditions initiales

Trois types d’incertitudes:
• variabilité interne (sensibilité aux conditions initiales)
• physique du modèle
• scénarios (d’émissions de GES, etc.)

sensibilité à la physique du modèle 
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La WMO réunit les 
prévisions de 10+ modèles 
(dont IPSL), avec mises à 

jour annuelles 
(hadleyserver.metoffice.gov.uk/wmolc/)

Prévision décennale du risque en forêt

• Qu’est-ce que la prévision climatique décennale?

https://hadleyserver.metoffice.gov.uk/wmolc/


• Les mécanismes régissant le microclimat en forêt sont globalement bien 
connus, et étudiés depuis longtemps pour la régénération (besoins en eau 
et lumière surtout) et les risques de gel;

• Regain d’intérêt du fait du réchauffement climatique, d’échecs de 
régénération croissants et de l’impact reconnu du microclimat sur la 
biodiversité (cf. présentation de Jonathan Lenoir);

• Il reste encore quelques « trous dans la raquette », notamment concernant 
les atténuations des extrêmes climatiques en été, en lien avec la 
microtopographie et la continuité du couvert arboré;

• Les développements récents de modèles d’impact de certains évènements 
climatiques extrêmes, de l’imagerie satellitaire et la prévision climatique 
décennale ouvrent des voies pour plus d’outils de « service climatique » 
pour la gestion forestière, à coconstruire avec les acteurs de terrain.

Résumé et remarques de conclusion


