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Abstract. This study investigates the difference in land-
atmosphere interactions between grassland and forest dur-
ing typical heat wave conditions in order to understand the
controversial results of Teuling et al. (2010) (T10, hereafter),
who have found the systematic occurrence of higher sensible5

heat fluxes over forest than over grassland during heat waves.
With a simple, but accurate coupled land-atmosphere model,
we are able to reproduce the findings of T10 for normal sum-
mer and heat wave conditions, and to demonstrate the sen-
sitivity of the coupled system to changes in incoming ra-10

diation and early-morning temperature typical for European
heatwaves. Our results emphasize the importance of fast in-
teractions (time scales up to minutes) between vegetation and
the atmosphere in creating the differences between grassland
and forest. As our parametrization for stomatal resistance is15

empirical rather than mechanical, our study stresses the de-
mand for a better mechanistic understanding of physiological
processes in plants.

In order to disentangle the contributions of differences
in several static and dynamic properties between forest and20

grassland, we have performed a virtual experiment in which
new land use types are created that are equal to grassland,
but with one of its properties replaced by that of forest. From
these, we confirm the important role of the fast physiological
processes that lead to the closure of stomata. Nonetheless,25

for a full explanation of T10’s results the other properties
(albedo, roughness and the ratio of minimum stomatal resis-
tance to leaf-area index) play an important, but indirect role;
their influences mainly consist of strengthening the feedback
that leads to the closure of the stomata by providing more30

energy that can be converted into sensible heat. The model
experiment also confirms that, in line with the larger sensible
heat flux, higher atmospheric temperatures occur over forest.

1 Introduction35

There are strong indications that the intensity and fre-
quency of mid-latitude heat waves has increased over the
last decades, but the degree to which this can be attributed
to human influence on the climate is uncertain (IPCC, 2013).
Since local land surface conditions can strongly impact tem-40

peratures during heatwaves (Fischer et al., 2007; Miralles
et al., 2012), any changes in land surface conditions, for in-
stance through land use change, have the potential to impact
temperature extremes. Probably the most striking example
of land-use change in the world is deforestation; in many45

parts of the world forests have been converted into grassland
over the last centuries (e.g., Christidis et al., 2013). Despite
the fact that deforestation has been recognized as an impor-
tant driver of local climate change (Davin and de Noblet-
Ducoudré, 2010; Bonan, 2008), its effect on heat waves50

is still poorly understood. Until now it is unclear whether
forests reach higher or lower temperatures than grassland
during warm summer conditions or heat waves (Zaitchik
et al., 2006; Teuling et al., 2010; Anderson et al., 2010). One
of the major open questions is how and to which extent land-55

use affects temperature extremes during heat waves. This is
shown to depend strongly on feedbacks between the land sur-
face and the atmospheric boundary layer (Stap et al., 2014).

The recent study of Teuling et al. (2010) (hereafter T10)
showed that during the early stages of a heat wave the sen-60

sible heat fluxes above forests can far exceed those over
grassland, despite the common belief that forests with their
deeper root systems would maintain higher evapotranspira-
tion rates and thus dampen the strength of heat waves (Bo-
nan, 2008). To illustrate this, Figure 1 shows the compos-65

ite relationship between midday temperature and incoming
short wave radiation and the preceding midday (9-12 h UTC)



2 van Heerwaarden and Teuling: Forest and grassland energy exchange response to heatwaves

Fig. 1. Observed midday sensible heat fluxes H (a) and latent heat
fluxes LE (b) over forest and grassland sites as a function of daily
maximum air temperature and averaged incoming shortwave radia-
tion. Curves have been derived using locally weighted polynomial
regression (LOESS) on all midday data (9:00-–13:00 UTC), heat
wave days included, in the months June-–August for all European
FLUXNET sites analysed in T10. Uncertainty bounds reflect 5%
and 95% percentiles of the LOESS regression as determined by
bootstrapping. See Supplementary Information in T10 for more in-
formation.

sensible and latent heat fluxes over all European forest and
grassland FLUXNET sites with long-term observations taken
from T10. We can induce from this figure that forest am-70

plifies its near-surface temperature by increasing its sensible
heat flux under high temperatures and high incoming short-
wave radiation, whereas grassland maintains a more con-
stant flux. This, however does not immediately imply that the
highest temperatures occur over forest, as the temperature in-75

crease due to the extra sensible heat flux is (partly) offset by
increased mixing above the canopy due to the higher rough-
ness of forest. Furthermore, we find that forest has an opti-
mum in the evaporation rate for maximum temperatures be-
tween 294 and 300 K, whereas grassland still increases with80

maximum temperature within this range.
In this paper, we aim at improving our understanding of

the mechanisms that drive the behavior reported by T10 and
Figure 1 by means of a modeling experiment of the coupled
land surface-atmospheric boundary layer system. In order to85

provide a theoretical framework for our analysis, we start this
study by explaining the differences in feedback loops that
regulate the atmospheric control on evapotranspiration be-
tween forest and grassland (Section 2).

For our modeling experiment we use a coupled model that90

consists of a bulk schematization for the atmospheric bound-
ary layer, a force-restore land surface scheme, and a basic
radiation scheme (van Heerwaarden et al., 2010a,b; Vilà-
Guerau de Arellano et al., 2012). The essence of our experi-
ment is that we model a typical day in order to show that the95

modeling of fast processes is sufficient to explain the first or-
der response of the coupled land-atmosphere system to heat
wave conditions. Our focus is thus on short heatwaves, be-
cause in longer heat waves the depletion of soil moisture
plays an important role (Fischer et al., 2007; Miralles et al.,100

2014). The relevant fast processes in this study are the atmo-
spheric turbulence, the opening and closure of the stomata of
the vegetation, and the response time of the surface temper-
ature, which all have time scales less than tens of minutes.
The model and the experiments are described in Section 3.105

Our modeling experiment consists of three phases.
First, we evaluate our model against observations reported

in T10 for normal summer and heat wave conditions (Sec-
tion 4.1). Then, we perform a sensitivity study on the exter-
nal forcings and show how the surface energy balance, at-110

mospheric temperature and humidity and the boundary layer
height respond to changes in the incoming radiation and the
large scale temperature forcing (Section 4.2). To conclude,
we analyze the differences between forest and grassland in
detail, by comparing the relative importance of properties of115

the land surface that are different between forest and grass:
the albedo, the physiological response of the vegetation, the
ratio of the leaf-area-index to the minimum resistance and
the roughness (Section 4.3).

In our model, we represent the response of the vegetation120

to the atmosphere in an empirical way (Jarvis, 1976), sim-
ilar as the implementation in the majority of the numerical
weather prediction models (e.g. Noilhan and Mahfouf, 1996;
Ek et al., 2003). Although these models have been tuned to
give a good performance over Europe, the parametrization is125

not mechanical. The mechanisms within the plant that drive
the response to the air temperature and vapor pressure deficit
are still poorly understood (Monteith, 1995) and contradict-
ing descriptions can be found in the literature (Streck, 2012).
Although Oren et al. (1999) shows that many leaf stomata130

reduce their aperture under the presence of dry air, studies at
the landscape scale show for instance maintained evapotran-
spiration during dry spells in mountainous grasslands (Brilli
et al., 2011). In addition, detailed measurements among dif-
ferent crops show very species specific behaviour (van de135

Boer et al., 2014). Our study will therefore focus on the rel-
ative importance of the combined physiological response of
the vegetation to temperature and humidity in comparison to
the other more static vegetation properties.
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Fig. 2. Overview of the most relevant feedback loops between the land surface and the atmospheric boundary layer for forest and grassland
without and with the active role of the plant physiology (left figure comes from van Heerwaarden et al. (2009)). Closed triangles show
positive correlations, open triangles negative ones. Each line style describes a distinct feedback loop. LE is the evapotranspiration, H is the
sensible heat flux, θ and q are the potential temperature and the specific humidity of the convective boundary layer, h is the height of that
layer and rs is the stomatal resistance.

2 Land-atmosphere coupling over grassland and forest140

The atmospheric control on evapotranspiration works on
short time scales, due to the turbulent nature of the trans-
port and mixing in the atmospheric boundary layer. There-
fore, during daytime heat and moisture are efficiently trans-
ported away from the surface and mixed throughout this layer145

on time scales on the order of tens of minutes. Over well-
watered grasslands, with little dynamics in the stomatal re-
sistance, this leads to a system with three dominant negative
feedback loops that are shortly summarized here (see Figure
2). We refer for a complete description to van Heerwaarden150

et al. (2009).
First, there is the heating feedback, where heating of the

atmosphere, either direct or indirect through entrainment by
boundary layer growth, increases the capacity for water and
therefore the potential evaporation. Second, there is the dry-155

ing feedback. Throughout the day the turbulent atmospheric
boundary layer grows, and therefore brings in dry air from
the free atmosphere above the atmospheric boundary layer.
The drying of the air reduces the degree to which the at-
mospheric capacity for water has been met and therefore160

also enhances the potential evaporation. Third, the moisten-
ing feedback takes into account that the evapotranspiration
reduces when the atmosphere moistens due to evapotranspi-
ration. These three feedback loops direct the system towards
a state defined as equilibrium evaporation (Raupach, 2000,165

2001; van Heerwaarden et al., 2009). In this representation
of the system, we conclude that on short time scales, changes
in the actual evapotranspiration rate are driven by changes in
the temperature and humidity in the atmospheric boundary
layer and therefore in the potential evaporation rate.170

Thus far, the feedback loops in the system did not take into
account the response of the vegetation to the atmospheric
flow and therefore implicitly assumed that the stomatal re-
sistance is constant in time, such that the atmosphere is the
only control on evapotranspiration. This, however, is a sim-175

plification that only applies to well-watered grassland. For
most natural vegetation the feedback loops are more complex
and an additional connection is added: the response of the
stomatal resistance to the atmospheric temperature and hu-
midity. Leaf stomata are known to react strongly to increas-180

ing dryness of the air by letting the trees close their stomata.
The stomatal resistance, to which the evapotranspiration rate
is inversely proportional, increases thus under a larger va-
por pressure deficit (VPD) (Oren et al., 1999). Furthermore,
there are indications that vegetation has an optimum temper-185

ature beyond which the stomatal resistance decreases (Noil-
han and Mahfouf, 1996). The plant physiology has a dra-
matic effect on the behavior of the system; in the simplified
system warming and drying lead to an increase in evapotran-
spiration, whereas in a coupled system where the stomatal190

resistance response to the atmosphere, there is a competition
between the enhancement of the potential evaporation and
the increase in the stomatal resistance. As soon as the lat-
ter effect becomes stronger all feedback loops change from
negative to positive: more heating and drying lead to a higher195

stomatal resistance and less evapotranspiration, which in turn
leads to more heating and drying. We show in Section 4.2
that the shift of the system from one that evolves towards
equilibrium evaporation to one that evolves towards very low
evapotranspiration rates leaves a distinct signal in the results.200
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3 Methods

3.1 Coupled land-atmosphere model

This study uses a simple, but accurate model of the coupled
land-atmosphere system that has been explained in detail in
van Heerwaarden et al. (2010a). The atmospheric part of the205

model is a bulk model for the convective boundary layer
(Tennekes, 1973). Furthermore, it has a simplified radiation
parametrization that provides the incoming short and long
wave radiation to the system. The surface energy balance at
the land surface is solved using the Penman-Monteith equa-210

tion (Monteith, 1965) and the heat and moisture transport in
the soil is described using a force-restore model (Noilhan and
Mahfouf, 1996).

Since this study is about the differences between grass-
land and forest, we focus here only on the properties that215

control these differences and how these are implemented in
the model. The albedo α is used in the calculation of the net
short wave radiation Snet following:

Snet = (1− cc)(1−α)Sin, (1)

where Sin is the incoming shortwave radiation and cc is the220

cloud cover. The albedo influences therefore the amount of
net radiation available for the sensible, latent and soil heat
flux. Note that we only take the shortwave effect of clouds
into account.

The roughness lengths z0m and z0h enter in the calculation225

of the drag coefficient (Paulson, 1970), to which the aerody-
namic resistance ra, is inversely proportional. The aerody-
namic resistance is included in the evapotranspiration calcu-
lation:

LE ∝ 1

ra + rs
, (2)230

where LE is the latent heat flux or evapotranspiration and rs
the stomatal resistance.

Two main properties determine the calculation of the
stomatal resistance rs: the ratio of the minimal stomatal re-
sistance to the leaf-area index, and the response of the stom-235

ata to environmental conditions. The former because it deter-
mines to which extent potential evaporation (at rs = 0 s m−1)
can be met under unstressed conditions (see Eq. 2) and the
latter as it takes into account (amongst other things) the pre-
viously discussed strong response of tree leaf stomata to va-240

por pressure deficit. The rs is calculated following Jarvis
(1976):

rs =
rs,min

LAI
f1 (Sin)f2 (w)f3 (V PD)f4 (T ) (3)

where fn are correction functions for a certain variable, w is
the soil moisture and T is the atmospheric temperature at the245

vegetation level. The response function f3 to vapor pressure
deficit V PD can be described by:

f3 = egDV PD (4)

where gD an empirical constant that describes the strength of
the response of the vegetation to the vapor pressure deficit.250

The response function f4 to atmospheric temperature
(Noilhan and Mahfouf, 1996) is:

f4 = 1− 0.0016(298−Ta)2 (5)

The other correction functions are discussed in van Heer-
waarden et al. (2010a).255

In the Jarvis model, the correction functions are assumed
to be independent of each other. In reality, however, there
is a strong correlation between the atmospheric temperature
and the vapor pressure deficit, since temperature is the main
driver of the VDP under high temperature conditions (van260

Heerwaarden et al., 2010a). As the correction functions of
the Jarvis model and the associated parameters are purely
empirical and there exists a correlation between temperature
and VPD, tuning of the model does not necessarily gives a
unique set of correction functions. This explains the differ-265

ence between the set of functions among different models
that all have shown good performance (Noilhan and Mah-
fouf, 1996; Ek et al., 2003).

In our set of functions the stomatal resistance of grassland
does not respond directly to VPD, but instead it is the tem-270

perature correction function f4 that increases the resistance.
Although this may be mechanically inaccurate, since there
is evidence that at least some species do appear to be sen-
sitive to VPD (van de Boer et al., 2014), this approach has
been shown to work well in atmospheric model studies that275

consider both grassland and forest (Stap et al., 2014).

3.2 Modeling experiment

In our modeling experiment, we focus on the daytime con-
ditions and the response of vegetation to heat waves on the
time scales of turbulence (seconds to minutes). This means280

that we constrain our model simulations to a single day, as
this is long enough to draw conclusions on the response of
fast processes. The atmospheric temperature, humidity and
wind profiles that we provide to the model are representative
for western European summer conditions. An overview of285

the specific parameters for grassland and forest is shown in
Table 1 and a detailed list of all parameters is given in Table
A1 in the appendix. A similar approach has been followed in
van Heerwaarden et al. (2010b), but then for the Great Plains
in the USA.290

We tune the cloud cover and the soil moisture of the model
such that it produces values of the incoming radiation and
partitioning between sensible and latent heat fluxes that are
consistent with observations in T10. We stress here that our
aim is not to exactly reproduce the data, but rather to demon-295

strate the behavior of the system and to make an assessment
of the most important links in the coupled system. In Figure
4 and onward, we look at the sensitivity of the system to any
change in initial temperature and incoming radiation.
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Table 1. Model parameters specific for forest and grassland. Values taken from the ECMWF IFS documentation (Cy36r1, Table 8.1) using
the mixed crops as the value for grassland and the broadleaf deciduous forest for forest.

variable description and units grassland forest
α surface albedo [-] 0.21 0.13
z0m roughness length for momentum [m] 0.15 2.
z0h roughness length for heat and moisture [m] 0.015 2.
rs,min/LAI minimum resistance / leaf area index [s m−1] 180./3. 175./5.
gD exponent for VPD response [-] 0. 0.03

After establishing the mean state that is consistent with300

T10, we continue by performing a sensitivity study on the
incoming radiation by varying the cloud cover and the early-
morning temperature. In order to maintain realistic atmo-
spheric conditions during the sensitivity experiment, we shift
the entire atmospheric potential temperature profile and the305

near surface soil temperature towards new values, such that
the vertical gradients are maintained. Based on this new pro-
file, we perturb the specific humidity, such that we maintain
the same initial relative humidity in all our experiments, to
allow for a fair comparison. Since the model is fast, we can310

explore a large number of combinations. Within these simu-
lation results, we locate the heat wave conditions that match
the short wave radiation anomaly and temperature anomaly
that T10 has reported.

Then, in order to understand better the importance of the315

individual properties that distinguishes forest from grassland
in our model (albedo, roughness length, stomatal response
to VPD and ratio of the minimal resistance to the leaf area
index), we redo our sensitivity study again, but with newly
created land use types that resemble grassland with one of the320

four properties of forest attached to it. With this approach we
can estimate the relative importance of each property and the
degree to which the different properties weaken or strengthen
each other.

4 Results325

4.1 Reproduction of the measurements

The model setup described in Section 3 is able to reproduce
the most important charactistics of the measurements. Fig-
ure 3 shows the surface energy balance under average forc-
ings and under typical heat wave condions and can directly330

be compared Figure 1b and 1d in T10. Since we have chosen
those values for incoming short wave radiation and soil mois-
ture contents that reproduce T10’s mean state in the best pos-
sible way, the match is not surprising. We would like to stress
that due to the large variations in soil types and detailed land335

uses among the different FLUXNET sites, we have chosen a
composite value of soil moisture that merely serves to deliver
the correct fluxes. Although the role of soil moisture in pro-
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Fig. 3. The surface energy balance (SEB) under standard conditions
(top panel) and under heat wave conditions (bottom panel) as com-
puted in the modeling experiment. The values are the 10 h means
over the entire duration of the model run. The difference is com-
puted by subtracting the mean state from the heat wave conditions.

longed heat waves is evident, these are outside of the scope
of this study and covered in detail elsewhere (T10, Senevi-340

ratne et al., 2010; Miralles et al., 2014). The heat wave state,
which has been achieved by only perturbing the incoming ra-
diation and the early morning temperature of the mean state,
is reproduced well by the model; all modeled anomalies fol-
low the data of T10 and especially the enhanced sensible heat345

flux over forest of approximately 125 W m−2 (121 W m−2 in
T10) is reproduced well. This finding implies that the model,
and therefore parametrizations in existing numerical weather
prediction and climate models, are able to reproduce the re-
sponse of forests to perturbations in the incoming radiation350

and temperature, even without accounting for possible soil
moisture differences between reference and heatwave condi-
tions
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4.2 The sensitivity of grassland and forest to incoming
short wave radiation and temperature355

Figures 4 and 5 show the results of the entire sensitivity study
of which the day that is contained in Figure 3a has been per-
turbed. Figure 4 illustrates the sensitivity of the net radiation,
the evapotranspiration and the sensible heat flux to the in-
coming radiation and the early morning temperature for both360

forest and grassland.
The surface energy balance and the atmospheric properties

of grassland change monotonically under changes in the ra-
diation and the early-morning temperature, whereas those of
forest displays more complex behavior. As we already have365

hypothesized in Section 2, grassland mostly responds to the
changes in the potential evaporation, an increase in tempera-
ture or radiation automatically results in an increase in evap-
otranspiration, with a uniform sensitivity over the majority
of the parameter range. The net radiation is logically mostly370

sensitive to changes in the incoming short wave radiation.
Nonetheless, a slight reduction in net radiation is observed
with increasing temperature (5 W m−2 over the entire tem-
perature range), which is related to the increase in surface
temperature and the consequent increase in the outgoing long375

wave radiation.
Forest has a maximum in evapotranspiration and a min-

imum in the sensible heat flux for given high values of in-
coming radiation (located at an early morning temperature
of 297 K for an incoming radiation of 500 W m−2, until a380

temperature of 291 K for 750 W m−2). At low early-morning
temperatures, the increase in potential evaporation related to
the higher temperatures is the dominant effect. However, the
decrease in actual evapotranspiration due to the higher stom-
atal resistance is the strongest effect at higher temperatures,385

resulting in a reduction of evapotranspiration with an in-
crease in early morning temperature, similar as shown in the
observations in Figure 1b. Over forest, the change in sensible
heat flux with early morning temperature is non-monotonic
as well.390

In order to explain the observations shown in Figure 1,
we have marked (black dotted lines, indicating the 93 to
105 W m−2 interval) the combinations of incoming short
wave radiation and initial temperature that give a constant
sensible heat flux over grassland in the same range as that395

in Figure 1. Within this range, the sensible heat flux of for-
est increases in the direction of heatwave conditions (high
temperature and incoming radiation) from approximately
115 W m−2 to values more than 200 W m−2 while moving
to higher values for incoming radiation and initial tempera-400

ture. This behavior matches very well with what is found in
Figure 1 and reconfirms the feedback mechanisms discussed
in Section 2.

The differences in surface energy balance between grass-
land and forest are reflected in the atmospheric boundary405

layer characteristics (Figure 5). The shaded region shows
the maximum two-meter temperature that is achieved dur-

ing the day. Under conditions of low early-morning temper-
atures and a small amount of incoming radiation, which are
found in the bottom left of the plots, the maximum two-meter410

temperature is comparable for grassland and forest (∼293 K
for an early morning temperature of 283 K and an incoming
shortwave radiation of 500 W m−2). While we move towards
the top right in the plots, thus to higher early-morning tem-
peratures and more incoming shortwave radiation, the max-415

imum temperature over forest increases considerably faster
over forest (313 K) than over grassland (308 K). In Figure 4,
we have seen that this is due to an increase in the sensible
heat fluxes over forest that is not found over grassland.

The changes in the VPD show the increased drying of the420

atmosphere over the forest (solid blue lines, Figure 5). While
grassland has a range from 12 to 26 hPa over the entire pa-
rameter space, the VPD over the forest increases from 13.5
to 38 hPa, which is a much wider range than that over grass-
land.425

The occurrence of a maximum evapotranspiration rate
with increasing temperature is reflected in the achieved at-
mospheric boundary layer heights (dashed red lines, Figure
5). Grassland shows again a monotonic behavior; the bound-
ary layer height increases with increasing incoming short430

wave radiation due to the extra available energy, whereas the
boundary layer height decreases under rising early-morning
temperatures, due to the shift of energy from sensible to la-
tent heating.

The achieved boundary layer heights over forest show a435

curved line that displays an minimum with respect to early-
morning temperature close to values of 296 K for high values
of incoming shortwave radiation. This minimum is directly
related to the maximum evapotranspiration that was found in
Figure 4 and the result of the vegetation enforced feedback440

mechanism that is also responsible for the minimum in sen-
sible heat flux found over forest.

4.3 Unraveling the feedback mechanisms

In the previous section we have shown that we are able to re-
produce the measurements of T10 with our model. The aim445

of the current section is to find the relative importance of
each of the differences in properties between grassland and
forest in creating the big difference between the two land use
types that was found in the measurements of T10. With our
model we compare the response of the coupled system to per-450

turbations in incoming radiation and temperature for a set of
land use types. This set contains grassland and forest itself,
but also the newly created virtual land use types that have
the properties of grassland, but with one of the properties re-
placed by that of forest, such that we can assess the influence455

of each forest property separately.
Figure 6 shows the difference between grassland and for-

est, the influence of the four properties separately and the im-
portance of the interaction between the feedbacks. Figure 6a
shows the difference in evapotranspiration, maximum tem-460
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Fig. 4. Evapotranspiration or latent heat flux (shades), sensible heat flux (white solid lines) and net radiation (blue dashed lines). The values
are the 10 h means over the entire duration of the model run. The black dotted lines correspond to the range in which grassland gives a
constant sensible heat flux with similar magnitudes as those in the observations in Figure 1.
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Fig. 5. Maximum temperatures (shades), vapor pressure deficit (blue solid lines) and boundary layer height (white dashed lines). The values
for the VPD (hPa) and the boundary layer height (m) are the 10 h means over the entire duration of the model run, the maximum 2 m
temperature is the maximum over the duration. The black dotted lines correspond to the range in which grassland gives a constant sensible
heat flux with similar magnitudes as those in the observations in Figure 1.

perature and net radiation that is the result of subtracting the
values of grassland from those of forest, which are shown in
Figures 4 and 5.

The first property that we take into consideration is the
albedo (Figure 6b). The most importance change to the sys-465

tem if the albedo of forest is attributed to the grassland is

the increase in net radiation for forest, because it has a lower
albedo than grassland. The difference increases from 36 to
56 W m−2 over the range of shortwave radiation on the hor-
izontal axis, where forest, with its lower albedo, converts470

more of the extra incoming short wave radiation to net ra-
diation. The evapotranspiration (∼25 W m−2) and the maxi-
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c) roughness
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Fig. 6. Difference in evapotranspiration (shades), maximum temperature (red solid line) and net radiation (blue dashed line) between forest
and grassland as a function of initial temperature and incoming shortwave radiation. Small panels indicate the contribution of individual
processes/parameters, such that the values in the small panels sum up to the value in the large panel. The values for evapotranspiration and
net radiation are the 10 h means over the entire duration of the model run, the maximum 2 m temperature is the maximum over the entire
duration.

mum temperature (∼0.8 K) show an increase over the entire
parameter range, but have a low sensitivity to changes in the
radiation or early-morning temperature.475

The second property is roughness (Figure 6c). If we in-
crease the roughness of the grassland to that of forest, then
the evapotranspiration, maximum temperature and net radia-
tion are affected. In all three variables, the strongest changes
occur under a low early morning temperature and a high in-480

coming shortwave radiation, because here the sensible heat
flux is the highest. We suggest that the changes are the effect
of a sequence of events that starts with an increased mixing
near the surface, due to the higher roughness. Subsequently,
the near-surface temperature resembles more that of its over-485

lying atmosphere and drops. Then, the outgoing long wave
radiation decreases, resulting in an increase of the available
energy for the sensible and latent heat flux. This results in a

slightly increased evapotranspiration and sensible heat flux,
with an eventual rise in maximum temperature despite the490

stronger mixing. This interpretation is applicable to the en-
tire range of incoming radiation and early-morning tempera-
tures. All in all, the sensitivity of the system to roughness is
relatively low compared to the other properties, which is in
line with the previous findings of Hill et al. (2008).495

The third property that we study is the response of the
stomatal resistance to atmospheric temperature and humid-
ity, thus the fast physiological processes in the vegetation
(Figure 6d). We already identified the closure of stomata as
a potential mechanism to strongly reduce the evapotranspi-500

ration (Section 2) and Figure 6 delivers a quantitative con-
firmation of this hypothesis. Without major modifications to
the net radiation, the replacement of the correction functions
of grassland by those of forest results in a large drop in evap-
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otranspiration (up to 100 W m−2) and a consequent increase505

in the maximum temperature (more than 2.6 K) through an
enhanced sensible heat flux over the entire parameter space.
The strength of the drying of the atmosphere is reflected in
the larger VPD over forest than grassland (more than 15 hPa).

The fourth and last property included in the study is the510

ratio of minimum stomatal resistance to the leaf-area index
(see Equation 3), which is a measure of the maximal poten-
tial of the plants to transpire under unstressed soil moisture
conditions (Figure 6e). Since forest has a lower value, it has
a lower stomatal resistance under unstressed conditions and515

therefore higher evapotranspiration rates (30 to 50 W m−2

more than grassland). Hill et al. (2008) already pointed out
the importance of the leaf area index. The higher evapotran-
spiration rate results in significantly lower maximum temper-
atures over forest (more than 1.2 K less than grassland). The520

net radiation is fairly insensitive to this parameter.
In order to estimate to which extent the properties counter-

act or strengthen the effect of the other properties, we have
subtracted the four individual effects from the total differ-
ence, so that a residual is acquired (Figure 6f). We find that525

the reduction of evapotranspiration under increasing temper-
ature and radiation can be more than 50 W m−2 larger than
the sum of the four individual components. We hypothesize
that the increased reduction is related to strong interactions
between the effects of albedo and that of the physiological530

processes. Whereas the extra energy provided by the lower
albedo is added to the evapotranspiration in Figure 6b, this
extra energy ends up in the heating in the residual (Figure 6f).
Here, the system has entered the positive feedback loop (Fig-
ure 2), where additional energy leads to an enhanced drying535

and heating. The additional net radiation of approximately
50 W m−2, results in an enhanced reduction in evapotran-
spiration of the same amount of energy and an additional
increase in the maximum temperature of 1 K, almost 25 %
of the total difference. The slight increase in net radiation,540

is most likely related to the interplay between the proper-
ties related to the vegetation response and the roughness. In
this case, the increase in roughness counteracts the highly
enhanced surface temperature that is the effect of the phys-
iological processes. Therefore, there is a slight reduction in545

the outgoing long wave radiation and a corresponding small
increase in the net radiation.

5 Conclusions

We have studied the differences in land-atmosphere coupling
between grassland and forest during the onset of heat waves550

by means of a modeling experiment in which a typical sum-
mer day for Western European conditions has been analyzed
under normal and under heat wave conditions. With a sim-
ple, but accurate conceptual model that contains the essen-
tial processes in the coupled land-atmosphere system (van555

Heerwaarden et al., 2010a), we are able to reproduce the ob-

servations of Teuling et al. (2010) (T10) who showed higher
temperatures over forest than over grassland during the early
stages of heat waves.

In addition to reproducing the data of T10, we have per-560

formed a sensitivity study on the response of forest and
grassland to perturbations of the early-morning tempera-
ture and radiation in order to mimic the forcings that cor-
respond to heat waves. From this analysis we have learned
that both grassland and forest display a monotonically in-565

creasing evapotranspiration and sensible heat flux under in-
creasing incoming shortwave radiation, forced by an increase
in potential evaporation. The reaction to a rise in early-
morning temperature is more complex. Although grassland
shows monotonic increases in evapotranspiration and mono-570

tonic decreases in sensible heat flux and atmospheric bound-
ary layer height under increasing early-morning tempera-
tures, forest displays more complex behavior; beyond a criti-
cal threshold, the effects of the atmospheric temperature and
humidity on stomatal closure are stronger than the effects on575

the potential evaporation. Therefore, the evapotranspiration
no longer increases but decreases with increasing tempera-
ture, resulting in an increasing sensible heat flux, maximum
temperature and atmospheric boundary layer height.

Furthermore, we have repeated the sensitivity study not580

only for forest and grass, but also for a series of virtual land
use types that resemble grassland with one of its properties
replaced by the corresponding property of forest. Here, it
was found that strong temperature increase over forest is pri-
marily driven by the feedback mechanism that leads to an585

increasingly fast shutdown of evapotranspiration (Figure 2),
related to the stomatal closure of the leafs of trees under heat
wave conditions. While this finding is not a surprise on itself,
our results show that all properties are essential in explaining
the results of T10. Mostly the lower albedo of forest plays590

a crucial role; Without the fast physiological processes of
the vegetation, the lower albedo mostly enhances the evap-
otranspiration by providing more energy, whereas all the ex-
tra energy is converted into sensible heat when the stomatal
response to temperature and humidity is present.595

Our results are mainly valid for the onset of heat waves
and we expect that as soon as the evapotranspiration fluxes
start depleting the soil moisture reservoirs, the evolution of
the soil moisture takes over as the most crucial aspect of the
system. It is interesting, however, that soil moisture differ-600

ences are not a prerequisite for the reproduction of the results
in T10), indicating that short-term land-atmosphere interac-
tion rather than soil moisture can explain the observed flux
differences.

A logical extension of this study of idealized land-atmos-605

phere coupling is an investigation of the exact role of land-
surface heterogeneity. In our study, we have assumed that
the surface and the atmosphere are in equilibrium with each
other, which requires areas of uniform land use with a ra-
dius of at least tens of kilometers (Mahrt, 2000). Many of the610

Western-European forests are smaller than this, and there-
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fore, the air over forests partly resembles that of grasslands.
The relatively moist air coming from the strongly evaporat-
ing grassland could largely suppress the effects of the VPD-
related feedback (Figure 2), making the high roughness of615

forest relatively more important. This could explain why
several studies have reported lower surface temperatures in
forests under heat wave conditions.

To conclude, our results suggest that the high temperatures
over forest compared to grassland that T10 found are mainly620

driven by the fast response of the vegetation to the tempera-
ture and humdity of the atmosphere. The good news is that
the simple parametrizations that are used in our model and
in many of the numerical weather prediction models are able
to reproduce the heat wave response. Nonetheless, the large625

magnitude of the temperature rise over forest is the result of a
complex interplay of land-surface and atmospheric boundary
layer processes. The downside of the type of model that we
used is that its parameterizations of stomatal resistance are
empirical, and that a fully mechanistic model for stomatal630

resistance is lacking. This casts doubt on the validity of such
models for studies of future climates, where situations can
occur that are outside of the tuning range. Our study there-
fore stresses the need for mechanistic models of physiologi-
cal processes in plants and for a close collaboration between635

the biological and hydro-meteorological sciences.
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Appendix A

Model parameters

Table A1 contains an overview of all chosen parameters for
our model setup. We have chosen 50 N as the representa-
tive latitude for central Western Europe, the region that T10645

studies. Our simulations make use of idealized atmospheric
profiles that match the climatology. We maintain the early
morning relative humidity of our simulations, such that the
specific humidity profile changes with the temperature. Our
soil parameters describe a standard loamy soil.650
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Table A1. Initial and boundary conditions for all model runs.

variable description and unit values
P0 surface pressure [Pa] 101300.
lat latitude [deg] 50 N
lon longitude [deg] 0 E
doy day of the year [-] 182.
tstart start time of simulation in local time [h] 7
tend end time of simulation in local time [h] 17
cc cloud cover [-] ccinput
wg volumetric water content top soil layer [m3 m−3] 0.235
w2 volumetric water content deeper soil layer [m3 m−3] 0.235
cveg vegetation fraction [-] 0.9
Tsoil temperature top soil layer [K] Tinput− 3
T2 temperature deeper soil layer [K] Tinput− 2
a Clapp and Hornberger retention curve parameter [-] 0.219
b Clapp and Hornberger retention curve parameter [-] 4.90
p Clapp and Hornberger retention curve parameter [-] 4.
CGsat saturated soil conductivity for heat [K m−2 J−1] 3.56e−6
wsat saturated volumetric water content [m3 m−3] 0.472
wfc volumetric water content field capacity [m3 m−3] 0.323
wwilt volumetric water content wilting point [m3 m−3] 0.171
C1sat Coefficient force term moisture [-] 0.132
C2ref Coefficient restore term moisture [-] 1.8
LAI leaf area index [-] see Table 1
rs,min minimum resistance transpiration [s m−1]
z0m roughness length for momentum [m]
z0h roughness length for heat and moisture [m]
α surface albedo [-]
gD exponent for VPD response
h initial ABL height [m] 200.
θ initial mixed layer potential temperature [K] Tinput
∆θ initial temperature jump at h [K] Tinput+5
γθ free atmosphere potential temperature lapse rate [K m−1] 0.006
Aθv entrainment ratio for virtual potential temperature[-] 0.2
q initial mixed layer specific humidity [kg kg−1] RH = 0.7
∆q initial specific humidity jump at h [kg kg−1] −0.002
u initial mixed layer wind speed [m s−1] 7.
ug geostrophic wind speed [m s−1] 10.
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