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Stellingen behorendebij hetproefschrift 'Modeling the exchange ofwater
andenergy over natural land surfaces' van Reinder Jan Ronda
1. Voorhetberekenen van detranspiratie van lagevegetaties in
grootschalige atmosferische modellen zijn methoden diede
gewasweerstand koppelen aan defotosynthese geschikter dan
empirisch-statistische methoden.
Dit proefschrift
2. Voor decorrecte modelleringvan de seizoensvariatie van de latente
warmtestroomen de specifieke vochtigheid optweemeter, ishet
van belang omrekening tehouden met devariatie vanhet
bodemvocht binnenroostercellen van grootschalige atmosferische
modellen.
Dit proefschrift.
3. Voor gebieden meteen sterkvarierende topografie iseenmodel dat
debodemkolom verdeelt inhorizontale lagen eenfoute beschrijving
van dewerkelijkheid. Een model dat debodemkolom alseen emmer
beschrijft, iseente simplebeschrijving van de werkelijkheid.
Koster, R.D.,M.J. Suarez,A.Ducharne, M. Stieglitz, andP. Kumar,
2000:Acatchment based approach tomodeling land surface
processes inageneral circulation model; 1.Model structure. J.
Geophys.Res., 105,24809-24822
4. Demethode van Monteith waarbij degewasweerstand lineair
afhangt van detranspiratie isvanbelang voorhetbegripvan de
responsvan degewasweerstand opdevochtigheid van de atmosfeer.
Omdegewasweerstand te schattenin grootschalige atmosferische
modellen isdezemethode echter minder geschikt.
Monteith, J.L., 1995:Are-interpretation ofstomatal responses to
humidity. Plant, Cell Env. 18, 357-364
Bosveld, F.C., 1999: Exchangeprocesses between a coniferous
forest andthe atmosphere.Ph.D.thesis Wageningen University

5. Dedoorrekening van verkiezingsprogramma's doorhet Centraal
Planbureau zou aanbelang winnen alsdezelfde berekeningen ook
zoudenwordengedaandoor vergelijkbare bureaus inhet buitenland.
6. Theocratieen worden niet door Godbestuurd, maar doormensendie
Hem hetbeste denkente kennen.
7. Het aantal opgenomenvluchtelingen iseen goede indicator voor de
kwaliteitvan de sociale en econonomische structuur van een land.

Cequi estsimple est toujoursfaux. Ce
qui ne Vestpas est inutilisable.
Paul Valery

Abstract
This thesis deals with the modeling of the surface energy balance and the atmospheric
boundary layer over natural land surfaces, on scales of the grid cell of large-scale
atmospheric models. In the first part, a model to calculate the canopy conductance as
a function ofenvironmental variables evaluated at leaf levelisdeveloped and validated.
The parameter values of this approach are retained from plant-physiological theory.
For a C4 prairie grass in Kansas and a C3 soybean crop in southern France, the plantphysiological approach gives better estimates of the canopy conductance, compared
to a traditional Jarvis-Stewart approach which relates the canopy conductance to
environmental variables at a reference level, using empirical-statistical functions. For
a C3 grass land in the Netherlands, both the plant-physiological approach and the
Jarvis-Stewart approach give comparable estimates of the latent heat flux density.
In the second part, two approaches to calculate the impact of soil moisture stress
on the surface flux densities over natural, heterogeneous areas are compared: a bulk
approach where the soilmoisture content is assumed to be uniform in a grid cell, and a
distributed approach which takes account of the spatial variation of the soil moisture
content. In wet conditions, the bulk approach gives larger predictions of the latent
heat flux density than the distributed approach. In dry conditions the bulk approach
gives lower predictions than the distributed approach. Especially for dry climates the
bulk approach predicts during the dry season a severe suppression of the latent heat
flux density. In the third part, using three cases that occur frequently in nature it
is shown that only a tiling approach can provide estimates of the averaged surface
flux densities that are consistent with the averaged temperature difference over the
surface layer, the layer of air adjacent to the surface, in all situations.
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CHAPTER 1.

INTRODUCTION

1.1 Land surface and climate
A quick look into a common atlas reveals the close connection between the climate
and the land surface. Spatial and temporal variations in both the biomass of the
vegetation and the land cover type reflect variations in the local climate (Koppen
1936). For natural vegetation the minimal winter temperature and the availability
of water are especially important (Woodward 1987). These climatic variables are
primarily correlated to the latitude and the altitude. For example when going from
south to north on the northern hemisphere, one easily distinguishes: the tropical evergreen broadleaf rainforest in the warm, humid tropics, the vast deserts in the dry
tropics, the deciduous broadleaf forests in the temperate zone and the pine forest,
tundra vegetation and eventually land ice in the (sub-)polar regions. In addition,
on the Eurasian continent the climate generally changes from a maritime climate in
the coastal regions to a continental climate in the inland areas. As a result, on the
Eurasian continent we find large forests in the coastal regions, whereas the inland
areas are dominated by shrubs and grasses.
The land surface also influences the local and the global climate. The most direct
impact of the land surface on the climate is through differences in albedo. This already becomes clear when the earth's surface temperature is calculated using a very
simple model for the global surface energy balance where the globally averaged incoming solar radiation is used as input (see for instance Stull 2000). It appears that
only small perturbations in the albedo yield significantly different global surface temperatures. The sensitivity of the climate to the albedo is confirmed by simulations
using more realistic climate models (Charney 1975; Laval and Picon 1986; Garratt
1993). In areas where the albedo is large, most of the incoming short wave radiation
is reflected. As a result, the surface temperature in these areas is low as compared to
climatologically similar areas where the albedo is small.
The short wave radiation that is not reflected, is absorbed at the surface. In addition, the earth's surface receives long wave radiation from the overlying atmosphere.
At the surface, the total absorbed radiation is then partitioned over the sensible heat
flux
density, the outgoing longwave radiation flux density, the latent heat flux density
and the ground heat flux density. A schematic picture of the energy transfer processes
at the surface is given in Figure 1.1. The surface energy budget reads:
Kl - K] + Ll - LT = H + XE + G,

(1.1)

where K^ is the incoming short wave radiation flux density, K^ is the reflected short
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H

XE

Figure 1.1: An illustration of the exchange of water and carbon dioxide at the land
surface and the partitioning of the incoming radiation flux densities into the surface
energy flux densities

wave radiation flux density, L^ is the incoming long wave radiation flux density, L^
is the flux density of the long wave radiation emitted at the surface, H is the sensible
heat flux density, XE is the latent heat flux density and G is the ground heat flux
density. On a local scale, the existing land cover strongly controls the partitioning
of the available energy at the surface (Garratt 1992). At open water bodies, water
availability is unlimited. As a result, the latent heat flux density is typically large
in these areas; the Bowen ratio, the ratio of the sensible heat flux density over the
latent heat flux density is very small (De Bruin and Keijman 1979). Examples of
open water bodies are lakes and films of water intercepted on the ground or on leaves.
A somewhat smaller latent heat flux density is observed over wet areas covered with
short grass. In these areas, the sensible heat flux density is typically larger (Strieker
and Brutsaert 1978), though the Bowen ratio is often still smaller than 0.5 in these
areas (e.g. Beljaars and Bosveld 1997). In forests, the transpiration of the canopy
is considerably smaller than over grass land areas (Stewart and Thom 1973; Shuttleworth 1989; Bosveld 1999; Ganzeveld 2001). Here, the Bowen ratio ranges from 1 to
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2. However, over forests the evaporation of intercepted water contributes importantly
to the annual evaporation (Rutter et al. 1972). In dry areas covered with grasses or
shrubs or with a bare soil cover, the sensible heat flux density and the ground heat
flux density are large (Braud et al. 1993;Van den Hurk 1995;Verhoef 1995). In these
areas the latent heat flux density is much smaller or even absent; the Bowen ratio is
very large in these areas.
The first numerical simulations performed to assess the effect of land cover on
the regional climate were the deforestation experiments done by Henderson-Sellers
and Gornitz (1984) and Dickinson and Henderson-Sellers (1988). They found that
replacing the tropical rainforest by pasture led to a significant decrease of the annual
evapotranspiration and the simulated precipitation, and an increase of the surface
temperature. A detailed analysis revealed that these changes were mainly caused by
the decrease of the roughness length. This reduction hampered the exchange of water
and energy from the surface to the lower atmosphere (Garratt 1993). Similar climate
impact studies were performed for the Sahelian (e.g. De Ridder 1998) and for the
Boreal region (e.g. Bonan et al. 1992). These studies clearly found an impact of both
the wetness of the soil and the land cover type on the regional climate. Often, in
these simulations teleconnections have been observed: anomalies in climatic variables
in one region affect the climate in other regions.
The role of the vegetation cover on the global climate was investigated recently by
Praedrich et al. (1999). In one simulation the entire world was covered by vegetation,
whereas in another run all vegetation was replaced by bare soil. They found that the
run with vegetation gave considerably larger values for the latent heat flux density.
This resulted in a decrease of the surface temperature and because of an enhanced
latent heat release in convective cells due to precipitation, an enhancement of the
temperature of the upper troposphere.
The importance of the land surface for the hydrological budget of the continents
also appears in an analysis of the global hydrological budget. Figure 1.2 shows the
global hydrological budget of the ocean, the atmosphere over the ocean, the land
surface and the atmosphere over land. From Figure 1.2 it appears that about 30
% of the precipitation over the continents originates from the ocean. The moisture
evaporated from the land surface is a major source of precipitation. However, there
appear to be pronounced regional differences in the impact of the land surface on the
precipitation. Koster et al. (2000a) studied how land impacts the global precipitation
patterns. They found that the land surface had a considerable impact on the precipitation pattern only in extra-tropical areas where sufficient energy and water was
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Figure 1.2: The average annual global hydrological budget: units of the fluxes are
thousands of cubic kilometers per year (Values taken from La Riviere (1989))

available. In these regions, the land surface plays a role in the additional deepening of
convective cells through additional moisture supply and resulting latent heat release.
From the studies listed above it appears that the land surface interacts with the
overlying atmosphere on a variety of temporal and spatial scales. For vegetated surfaces the diurnal time scale and the seasonal time scale are most important. These
will be discussed in the next section.

1.2 Land surface and the overlying atmosphere
1.2.1 Diurnal time scale
On a diurnal time scale the land surface and the overlying atmospheric boundary
layer are closely connected. This is depicted in Figure 1.3 which shows the main
interactions between the surface and the lower atmosphere during daytime. During
daytime the surface of the earth is heated by the energy provided by the incoming
solar radiation. This warming causes a buoyant forcing of the air near the surface. As
a result, the boundary layer grows due to convection (Garratt 1992). Over most land
surfaces the sensible heat flux density mainly determines this convection (Ball 1960;
Tennekes 1973). As a result, the boundary layer growth varies as the sensible heat
flux density varies. Over large water bodies and over wet grassy areas the sensible
heat flux density is usually small. Here, the boundary layer is usually shallow, to
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Figure 1.3: Interactions between the earth's land surface and the overlying atmospheric boundary layer (courtesy by M. Ek (see Ek and Mahrt 1991))

about 1600 m at the end of the afternoon (Holtslag and Ek 1996). In contrast, over
dry areas the boundary layer is usually much deeper, to 3500 m at the end of the
afternoon (Van den Hurk 1995).
The differences in boundary layer growth at their turn affect the meteorological
conditions near the surface (Jacobs and De Bruin 1992; Holtslag and Ek 1996). A
schematic picture of the feedback processes is given in Figure 1.3 (Ek and Mahrt
1991). As the boundary layer grows, warm and usually dry air is entrained into the
boundary layer from the free tropospheric air aloft. Therefore, over areas with shallow
boundary layers the specific humidity near the surface is relatively large compared to
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similar areas where the boundary layer is much deeper. Also, the temperature near
the surface in the former areas isrelatively lowcompared to areas where the boundary
layer is much deeper.
The differences in the surface flux densities also impact the predicted cloud cover
(Ek and Mahrt 1991). In convective conditions, the thermals transport air parcels
directly from the surface to the top of the boundary layer (Garratt 1992). While
ascending, the absolute air temperature of the air parcel decreases. Often the temperature of the air parcel drops below the dew point temperature. As a result, the
moisture in the parcel condensates and clouds are formed. Using a model applied at
Cabauw in the Netherlands Ek and Holtslag (2002a, 2002b) found that the predicted
cloud cover closely depends on the soil moisture content. These clouds affect the
surface by decreasing the incoming short wave radiation, partly compensated by an
enhancement of the incoming long wave radiation (Figure 1.3).

1.2.2

Seasonal t i m e Scale

On a seasonal time scale, the land cover exerts a strong control on the hydrological
budget over continents through (Dolman et al 2002):
1. the water stored in the soil moisture reservoir,
2. the rooting depth of plants,
3. the seasonal cycle in the vegetation characteristics.
During the wet season in the dry tropics or the winter season in temperate regions,
large-scale synoptic systems transport water from the oceans to the continents. A
major part of the resulting precipitation infiltrates into the soil. As the precipitation
usually exceeds the evapotranspiration, the infiltrated water is able to percolate towards deeper layers, where it is stored. In the dry season in the dry tropics or the
summer season in the temperate regions, the evapotranspiration increases and eventually exceeds the precipitation. During this period, the surface and the upper layers
of the soil are very dry. However, plants extract the stored water using their roots
and often succeed to maintain a considerable transpiration during the dry season.
For many areas in the world this transpired water is the major source of moisture
for the atmosphere during the dry season. The resulting water condensates higher in
the convective boundary layer or in convection cells in the troposphere (see subsection
1.2.1) which makes the transpired water important for the formation of clouds during
the dry season. These clouds reduce the incoming short wave radiation at the surface.
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As a result, via the seasonal cycle of the hydrological budget the land cover indirectly
impacts the global radiation balance. Also, the water released from the soil through
transpiration is a major source of precipitation during the dry season. Using a general
circulation model, Milly and Dunne (1994) found that predictions of the cloud cover
and the precipitation were sensitive to initial conditions in the soil moisture content
and the ability of roots to extract water from a larger depth in the soil.
The percolated water is an important source of water during the dry season. This
highlights the importance of vegetation and its roots for the simulated climate. In
contrast to a bare soil surface, plants extract water from deeper soil layers. However,
the rooting depth depends strongly on the species type of vegetation. Shrubs in the
Sahelian savannah are adapted to the severe drought conditions during the dry season. Roots are found till a depth of a few meters (Verhoef 1995).
Also important for the seasonal cycle of the hydrological budget is the seasonal
cycle of vegetation parameters, like the leaf area index and the fraction of the area
covered by vegetation. For example, Van den Hurk et al. (2001a) incorporated a
seasonal cycle of the vegetation coverage fraction into a regional climate model. They
compared results obtained using this run with results obtained using a model with
fixed vegetation parameters during the growing season. In the Northwestern area of
Europe, they found that the run with the time-varying vegetation cover gave much
higher estimates ofthe transpiration and the precipitation during the dry season. This
was caused by a reduction of the vegetation coverage in the dry season. During this
period, the vegetation cover of the time-varying run was considerably lower than the
vegetation cover in the fixed run. This resulted in a larger canopy conductance and
smaller estimates of the evapotranspiration during this period. Hence, more water
was available for transpiration during the dry season. In contrast, in the Southeastern region of Europe, the transpiration during the dry season was reduced. This was
caused by the vegetation cover which was in the fixed run much smaller than in the
time-varying run in the early dry season. Thus, it appears that the seasonal cycle
of the vegetation parameters have an important impact on the regional hydrological
budget.

1.3 Land surface schemes and atmospheric models
Land surface models provide the lower boundary condition of atmospheric models.
As apparent in the previous sections, the land surface has an important impact on
both the global and regional climate. Therefore, land surface models are an impor-
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tant part of climate models and numerical weather prediction models (Viterbo and
Beljaars 1995; Henderson-Sellers et al. 1996).
In the first generation of land surface models the soil column was simply represented as a bucket. The bucket was filled by the precipitation minus the interception.
It was emptied by the runoff and the evapotranspiration (Manabe 1969). The effect
of soil moisture stress on the latent heat flux density was described very simple. The
atmospherically controlled latent heat flux density was multiplied with a factor that
was a function of the water level in the bucket.
An important focus of land surface scheme development has been the representation of the transpiration by vegetation canopies. Over vegetated surfaces, the leaf
exchanges water vapor with the atmosphere through molecular diffusion through the
stomata. This diffusion could effectively be described by introduction of a stomatal
conductance (Monteith 1965). This conductance acts in series with the aerodynamic
conductance that describes the effectiveness of turbulent diffusion in the surface layer,
the layer of air adjacent to the surface. Upscaling the individual leaf conductances is
then applied to obtain one canopy conductance. As such, the canopy is considered
as one big leaf having only one big stomatum (see Figure 1.1). Plants control their
water loss by consecutively opening and closing of their stomata. Jarvis (1976) found
that this control is empirically related to environmental conditions like the incoming
amount of photosynthetically active radiation, the temperature of the canopy and the
air humidity. Usually, these dependencies are calculated by using observed statistical
relationships between the canopy conductance and the environmental variables evaluated at a reference level in the surface layer (Jarvis 1976; Stewart 1988). Recently,
these statistical relations have been replaced by more physiologically-oriented models
which take account of the physical processes inside a plant. Moreover, these describe
the canopy conductance as a function of the absorbed photosynthetically active radiation, the leaf temperature, the vapor pressure deficit difference between the leaf
interior and exterior rather than on environmental variables evaluated at a reference
level (Jacobs 1994; Sellers et al. 1996). As a result, these formulations are more
suitable for climate impact studies, as compared to the previous statistical-empirical
functions.
Another development in land surface modeling was the replacement of the bucket
scheme for the soil moisture reservoir into more advanced schemes. Often, modellers
now divide the soil column into multiple soil layers. These models allow infiltrated
water to percolate towards deeper layers, where the root density is usually less. This
leads to a reduction of the latent heat flux density at the beginning of a dry-down pe-
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Figure 1.4: Cartoon representing geography of a grid cell of an atmospheric model.
In this Figure the dotted line represents the ground water level and the water level
within the stream and the dashed line represents the top of the atmospheric boundary
layer.

riod (Kim 1995). As a result, more water is available for the transpiration during the
dry season. Roots can extract water from these deeper layers (see previous section).
Especially in dry Sahelian climates, this appeared to be very important for a correct
simulation of the seasonal cycle of the evapotranspiration (Soet et al. 2000).
Another important issue in land surface modeling is the parameterization of the
runoff which is very important for the seasonal hydrological budget. Biases in runoff
lead to significant biases in the estimated soil moisture content later in the season.
Koster and Milly (1997) found that even when the latent heat flux density was known
exactly as a function of the soil moisture content, differences in the runoff could give
considerable biases in the estimated evapotranspiration during the dry season. In the

1.4. CONTEXT AND MOTIVATION
bucket model, runoff simply occurred only when the bucket overflowed (Manabe 1969).
Later, Dumenil and Todini (1992) extended the bucket approach and introduced a
parameterization for the slow runoff due to ground water discharge. Furthermore,
they assumed that the soil moisture component over an area is distributed. Thus,
they define areas where runoff is small and areas where runoff is larger. At higher
elevation the soil is dry and almost all precipitated water infiltrates. In contrast, in
lower elevation areas, the soil is wetter. Here, most precipitated water runs off (Figure 1.4). In schemes where the soil is divided into multiple soil layers, runoff usually
occurs when the precipitation minus the interception exceeds the infiltration capacity
of the upper soil layer (Viterbo and Beljaars 1995). Deep drainage in these schemes
is usually calculated as free drainage from the lower soil layer due to gravity.

1.4 Context and motivation
Progress in hydrology, (micro)-meteorology and plant science all have contributed to
a better understanding of the transfer of heat, water vapor and mass fluxed through
the soil-vegetation-atmosphere system. This led to a variety of land surface models
which have been thoroughly validated for local experimental sites (Henderson-Sellers
et al. 1996). However, despite the major progress made in land surface modeling,
large-scale atmospheric models still tend to overestimate the evapotranspiration in
early summer or early in the dry season (Viterbo 1994; Delage and Verseghy 1995).
As a result, the infiltrated water is released to the atmosphere too quickly and the
evapotranspiration is underestimated later in the summer or in the dry season. In
many conditions, this leads to an underestimation of the humidity of the lower atmosphere and a suppression of the precipitation during the dry season (Viterbo 1994;
Rowntree 1995; Dolman 2001a). For example Viterbo and Courtier (1995) reported
a severe dry bias over the European continent during summer in forecasts obtained
using the Numerical Weather Prediction Model (NWPM) of the European Centre for
Medium-Range Weather Forecasting (ECMWF). They resolved the observed dry bias
by including the soil moisture content in a data-assimilation cycle.
The problems incorrectly representing the seasonal hydrological cyclewithin largescale models warranted investigations of errors in current parameterizations. Therefore, the Dutch National Research Programme on Global Air Pollution and Climate
Change initiated a project under number 951246 entitled 'Representation of the seasonal hydrological cycle in climate and weather prediction models in West Europe'
(Dolman et al. 2002; Van den Hurk et al. 2001a). Within this framework, Soet et
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al. (2000) investigated the parameterization of the water transfer below the surface.
Using observations obtained at three sites which differed with respect to climate and
soil, Soet et al. (2000) compared simulations of the seasonal hydrological budget obtained using the state-of-the-art land surface model SWAPS with different versionsof
the land surface model used in the NWPM of ECMWF (Viterbo and Beljaars 1995).
Their main result was that the use of local soil characteristics gave a better representation of the infiltration and the percolation than using the global soil characteristics
adopted by Viterbo and Beljaars (1995).
Unfortunately, for most areas in the world no detailed local information is available. Therefore, for use in large-scale models the soil characteristics have to be obtained from crude maps. For Europe, such a classification was made by Wosten et
al. (1998). The resulting data base is called the Hydraulic Properties of European
soils (HYPRES) data base and defines five textural classes: a very fine textured soil,
a fine-textured soil, a medium-fine textured soil and a coarse-textured soil. To assess
the usefulness of this classification to get good predictions of the seasonal cycle, Soet
et al. (2000) compared the annual cycle of the hydrological budget simulated using
the soil characteristics from the HYPRES data base with a simulation where the local soil characteristics are used. For a medium-textured soil it was found that the
'a priori' estimated parameters predicted a considerable different annual cycle of the
hydrological budget. In contrast, for a coarse-textured sand soil, they found that using the 'a priori' estimated parameters gave a similar annual cycle of the hydrological
budget.

1.5 Research question and outline of thesis
In this study we concentrate on the exchange of water and energy between the earth's
surface and the lower troposphere. Its central aim is to elucidate how to describe this
exchange in large-scale atmospheric models appreciating that the parameter values
of these models should be obtained from coarse land surface maps and that the grid
cells of such models are usually heterogeneous. The goals of this thesis are:
1. develop and validate a plant-physiologically based model for the canopy conductance that can effectively be implemented in large-scale atmospheric models,
2. to study the impact of the soil moisture heterogeneity on the estimated surface
flux densities and near-surface meteorology on spatial scales typical of largescale atmospheric models, and
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3. to study the impact ofthe surface temperature onthe estimated surface flux densities and near-surface meteorology on scales typical of large-scale atmospheric
models.
These goals are dealt with in four chapters.
In chapter 2 of this thesis we will study the representation of the canopy conductance in large-scale atmospheric models. In this chapter we develop and validate a
model that is based on the physics of plant functioning. The parameter values used in
the approach are not optimized locally. For most areas in the world, no detailed local
information is available. Therefore, the parameters of a land surface model should
be obtained from crude maps. Usually, these maps divide the range of parameter
values into a limited number of classes. It is, therefore, useful to study whether the
parameters estimated from those crude maps lead to useful estimates of the water
and heat transfer at the surface.
Chapter 3 and chapter 4 deal with scaling up land surface models developed for
homogeneous areas to large areas which usually are heterogeneous. In Figure 1.4
we depict an example of a grid cell of an atmospheric model. Usually, the grid cell
consists of dry areas at the higher elevations, and wetter areas located at the lower
elevations
In chapter 3we study the impact of the heterogeneity of the soil moisture content
on the surface energy flux densities and near-surface meteorology. Using a distribution
which has successfully been used to describe the effect of soil moisture heterogeneity
on the runoff, we assess the impact of subgrid variations of the soil moisture content
on the grid cell averaged surface flux densities. Furthermore, we evaluate the impact
of spatial variations of the soil moisture content on the seasonal hydrological budget
(see section 1.2.2). Finally, in this chapter we study the impact of spatial variations
in the soil moisture content on the development of the convective boundary layer.
Thus, we study how the boundary layer feeds back on the surface flux densities over
an area where the soil moisture content is spatially heterogeneous (see section 1.2.1).
Chapter 4 deals with the heterogeneity of the surface temperature. For three surfaces that occur frequently in nature, we study how the averaged sensible heat flux
density is related to the averaged temperature difference over the surface layer. In
this chapter, we show that the averaged temperature difference over the surface layer
cannot be used to obtain the average sensible heat flux densities in all situations.
In chapter 5 we provide a summary. Furthermore, in this chapter we give an
overview of results obtained by others who used the ideas presented in this thesis for
further research. In addition, in this chapter we give a concise discussion of possible
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Representation of t h e canopy
conductance in modeling t h e
surface energy budget for low
vegetation

This chapter is published as Ronda, R.J., H.A.R. de Bruin, and A.A.M. Holtslag, 2001: Representation of the canopy conductance in modeling the surface energy budget of low vegetation. J.
Appl. Meteor., 40, 1431-1444
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abstract
In this study, the authors develop and validate an approach to calculate a canopy
conductance that can successfully be implemented in an atmospheric model. The
approach is based on plant physiology approaches that have been developed recently.
However, it includes a new analytic formulation to scale the conductance up from leaf
to canopy. Furthermore, a new expression that accounts for the effect of soil moisture
on the canopy conductance is proposed. The parameters are not optimized locally;
rather, values are assigned to them as a function of vegetation type. This approach is
validated for three experimental sites: the First International Satellite Land Surface
Climatology Project Field Experiment (FIFE)-KANSAS area, the Hydrological Atmospheric Pilot Experiment-Modelisation du Bilan Hydrique (HAPEX-Mobilhy) site,
and the Cabauw area. The vegetation at these sites is representative for large areas
with low vegetation in the world. The results of the plant physiological approach
are based on a distinction in C3 and C4 plant types, and these results are found to
be better (FIFE-KANSAS) and more consistent (HAPEX-Mobilhy) than estimates
obtained by a traditional Jarvis-Stewart approach. The parameters of the latter are
also obtained from a vegetation classification. For the Cabauw area, both approaches
give comparable estimates of the surface flux densities. Furthermore, the new soil
moisture content response function is found to work well, as compared with previous
formulations.

2.1. INTRODUCTION

2.1

Introduction

As shown in various studies (e.g. Viterbo and Beljaars 1995; Dickinson et al. 1991;
Garratt 1993), the performance of atmospheric models depends on a proper representation of the surface processes. The surface conductance is especially important.
For vegetative surfaces, the surface conductance equals the canopy conductance. This
conductance is the stomatal conductance scaled up from leaf to canopy. A large percentage of surfaces in the world is vegetated. Therefore, the representation of this
conductance is a key component in modeling the surface energy budget.
The canopy conductance critically determines the partitioning of the available
energy (net radiation minus the soil heat flux density) over the sensible and latent
heat flux density. This is illustrated in Figure 2.1 for observations taken at a site in
Kansas, USA. In this figure the latent and sensible heat flux densities are plotted as a
function of the derived surface conductance (see section 2.3 for details). Most notably
for low values of the conductance, it appears that the partitioning of the available
energy into sensible and latent heat flux densities depends critically on the surface
conductance.
In most current atmospheric models, the canopy conductance is calculated with
functions relating the canopy conductance diagnostically to environmental variables
at an atmospheric reference height (Jarvis 1976; Stewart 1988). This approach is
usually referred to as Jarvis-Stewart (henceforth JS) approach. The empirical relations are based on statistical relationships between the canopy conductance and the
environmental variables. The most appropriate application of the JS approach is,
therefore, in hydrological models and land surface models. Typically, these models
use the values at the reference height as input. The JS method is less appropriate
for atmospheric models. In such models the environmental variables are fields that
evolve among others as a function of the canopy conductance itself. Moreover, the
method cannot be used in climate impact studies, since it is uncertain whether either
the empirical functions or the function parameters still hold in future climates, when
carbon dioxide concentrations and other environmental conditions are expected to be
different.
In laboratory experiments performed under different climatic conditions, the canopy
conductance was found to be linearly related to the gross assimilation rate. Furthermore, it was found to be inversely proportional to the carbon dioxide concentration
(Goudriaan and Van Laar 1978; Ball et al. 1987; Leuning 1990, 1995; Jacobs 1994).
To estimate the plant assimilation rate, robust models are available. Parameter values
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Figure 2.1: The dependence of the sensible heat flux density (H) and the latent heat
flux density (XE) on gCtW for the FIFE-KANSAS area. Crosses refer to H, whereas
diamonds refer to XE.

are generally based on a distinction in C3 and C4 plants (Collatz et al. 1991, 1992).
The relations are based on plant physiology theory. As such the canopy conductance
is an indirect function of the environmental variables evaluated at leaf level. Therefore, this method is more appropriate for prognostic atmospheric models and climate
impact studies. Hereafter, this method will be referred to as the Ag —gcw approach.
The objective of this study is to develop and validate a plant physiological approach for low vegetation that can successfully be implemented in an atmospheric
model. For that purpose, we simplify the method of Jacobs (1994). Furthermore, we
develop a new analytic formulation to scale the conductance up from leaf to canopy.
In addition, we propose a function that accounts for the effect of the soil moisture
content on the conductance. Because for most areas in the world no detailed, local
information is known, the parameters of the approach should be rather robust. The
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parameters have to be estimated from crude land surface maps inwhich only a limited
number of vegetative classes or biomes are distinguished.
The resulting Ag — gc<w method is validated with measurements. Moreover, we
compare its output with results obtained using a traditional JS approach. The parameters of both approaches are not optimized locally. Rather, they are set a priori
as a function of vegetation type or biome (Dorman and Sellers 1989; Van den Hurk et
al. 2000). Previous detailed intercomparison studies (e.g. Cox et al. 1999a) revealed
that if the parameters are optimized locally, both methods give good and comparable
approximations of the canopy conductance. Finally, we validate our soil moisture
response function. Its results are compared with results obtained using functions provided in the literature.
The JS approach and the developed plant physiology approach are implemented
in a land surface model. Results are shown for the First International Satellite Land
Surface Climatology Project Field Experiment (FIFE)-KANSAS site, a prairie grass
land in KANSAS; the Hydrological Atmospheric Pilot Experiment-Modelisation du
Bilan Hydrique (HAPEX-Mobilhy) site, a soybean field in southern France; and the
Cabauw site, a grass land in the Netherlands. The vegetation types at these sites are
representative for large areas of low vegetation in the world.
Section 2.2 describes the datasets. Section 2.3 gives the background of modeling
the surface energy budget and describes the JS approach and the physiologically based
approach. Section 2.4 focuses on the effect of soil moisture stress on the canopy conductance. Section 2.5 provides the results. In section 2.6 a discussion and a conclusion
are given.

2.2 Descriptions of data sets
2.2.1

FIFE-KANSAS

The data of the FIFE-KANSAS area (39.03 °N, -96.97 °E) were measured between
May and October 1987, during the FIFE 1987 experiment (Sellers et al. 1988). They
were collected from different sites and then areally averaged (Betts and Ball 1992).
The set consists of half-hourly averages of the downward short wave and longwave
radiation, the surface skin temperature, the temperature and specific humidity at 2
m and the windspeed at 5.4 m. Moreover, it contains 30-minute averages of the net
radiation, the sensible heat flux density, the latent heat flux density and the soil heat
flux density. During the intensive field campaigns, the sensible heat flux density was
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measured with eddy-correlation devices. Outside these campaigns, the Bowen ratio
method was used. However, the directly measured net radiation does not always
match the residual of the radiation balance. Since the Bowen ratio method is not
applicable in such situations, data for which the difference exceeds 5%, are excluded
from the set.
The soil moisture content was measured weekly at different sites. Probes were
inserted every 0.1 m to a depth of 2 m. The weekly data were interpolated to daily
values. The resulting daily values were finally areally averaged (Betts and Ball 1992).

2.2.2 HAPEX-MOBILHY
The data used here, were measured at the Caumont Soybean site (43.68 °N, -0.1
°E) during the HAPEX-MOBILHY experiment in 1986 (Goutorbe 1991) . Note that
this data set was used in the PILPS study also (Shao and Henderson-Sellers 1996).
It consists of half-hourly values of the incoming short- and longwave radiation and
the temperature, specific humidity and wind speed at screen level (2 m). For the
37-day intensive observation period, measurements of the net radiation and the soil,
sensible and latent heat flux densities areavailable in 30-minute intervals. The sensible
heat flux density was calculated using flux-profile relationships. The latent heat flux
density was derived as a residual of the surface energy budget. On day 174 and day
175 the derived latent heat flux density exceeds 90% of the net radiation. This is
unrealistic for a canopy. Therefore, data obtained on these days are excluded from
the set. Furthermore, soil moisture contents were measured every 0.1 cm to a depth
of 1.6 m. The data were collected and then were interpolated to daily values.

2.2.3 Cabauw
The data used in this analysis were collected during 1987 in Cabauw (51.97 °N,
4.93 °E), in the Netherlands (Beljaars and Bosveld 1997). The set contains halfhourly values of the incoming short- and longwave radiation, the temperature, specific
humidity and wind speed at screen level (20 m). Furthermore, measurements of the
net radiation and the soil, sensible and latent heat flux densities are available. The
sensible heat flux density was calculated using flux-profile relationships. The latent
heat flux density was obtained as a residual of the surface energy budget. On the
days 67, 68 and 130 errors were found in the measured net radiation. Therefore, data
obtained on these days are excluded.
Soilmoisture contents have not been measured. However, the soilmoisture content
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was above field capacity on most days. Between yeardays 180 and 200, the soil
moisture content is suspected to be below field capacity. Consequently, these days
are removed from the analysis.

2.3 Surface energy budget and canopy conductance
2.3.1

Background

The surface energy budget (SEB) reads:
(1- a)Kl + eLl - eaT*k = H + \E + G,

(2.1)

where K^ is the incoming short wave radiation flux density, L^ is the incoming longwave radiation flux density, H is the sensible heat flux density, XE is the latent heat
flux density, and G is the soil heat flux density; e is the emissivity of the earth's
surface, a isthe albedo and a is the Stephan-Boltzmann's constant. Tsk is the surface
skin temperature.
Usually, the sensible heat flux density and latent heat flux density are calculated
by means of bulk exchange relations. Typically, these relate the flux density to profiles
in the surface layer (e.g. Beljaars and Holtslag 1991):
H = pacP9a(Tsk-Ta),
XE =

q ( sk) qa

Pa\9a

(2.2)

*? ~ ,
(2.3)
1 + 9a/9c,w
where pa is the air density, cp is the isobaric specific heat, ga is the aerodynamic
conductance, gc>w is the canopy conductance to water vapor flow, Tais the air temperature at the reference level zr, q*(Tsk) is the saturated specific humidity at the
surface and qa is the specific humidity at the reference level.
In atmospheric models ga is, generally, calculated using Monin-Obukhov similarity
theory. As such, it is a function of |u|, the horizontal wind velocity, the roughness
length for heat, z/,, the roughness length for momentum, zo m , zr and (Tsk — Ta) (Beljaars and Holtslag 1991). Recall that Figure 2.1 illustrates the dependence of the
sensible and latent heat flux densities on gCtW. The latter have been derived by first
inverting Eq.(2.2) to obtain ga from observations of H, Tsk and Ta. Subsequently,
the values for gCtW are derived by using Eq.(2.3) and the observations of XE, qa and
the estimates of ga.
In the next two subsections we present two methods to calculate the canopy conductance. Because water vapor and carbon dioxide are exchanged through the same
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stomata, the water vapor and carbon dioxide conductance are closely related:
ftfC

=_

=•*,„ = _ .

(2.4)

In these relations giiC and gitW are the leaf conductance (/) to carbon dioxide (c)
and water vapor (w) respectively, while gc,c is the canopy (c) conductance to carbon
dioxide flow. The factor 1.6 results from the ratio of the molecular diffusivities of
water vapor and carbon dioxide in air.

2.3.2 The Jarvis-Stewart approach
The Jarvis-Stewart approach is based on statistical relationships between the canopy
conductance and the downward short waveradiation, the leaf area index, the humidity,
temperature and carbon dioxide concentration at screen level and the soil moisture
content. Heuristically, Jarvis (1976) proposed the following functional:
9c,W =flmax,w(fl(Kl)f2(Da)f3(Ta)U(Ca)f5(w)
\

+ 2™^)
LAI.
9max,w/

(2.5)

In this equation gmax,w is a maximal stomatal conductance, gmin,w is a minimal conductance, LAI is the leaf area index, Da the vapor pressure deficit at screen level,
q*(Ta) — qa, Ca the CO2 concentration at the screen level and w the root zone soil
moisture content.
The functions /1 to /s are assumed independent and typically take on values between 1 and 0. For the functions various representations have been proposed. Here,
we adopt the following formulations:

(2 6)

*W = ^TV
f2(Da)
h{Ta)

-

a D

= e- * «,

(2.7)
2

= max (0,1 - a 3 (298- T a ) ) ,

(2.8)

where /1 andfacan be shown to be equivalent to the expressions used by Van den
Hurk et al. (2000) in the European Centre for Medium-Range Weather Forecasts
ERA40 surface scheme. Here, f% is taken from Noilhan and Planton (1989), and Ca
is assumed not to vary during the experiments. Therefore, fi{Ca) is equal to 1. Also,
fsiw) is in common with the Ag —gc>w approach and will be discussed in section 2.4.
The parameters gmax,w, 9mm,w and a\ to 03 are tunable and generally have to be
optimized locally. However, for large areas in the world, no detailed local information
is available and parameters have to be taken from crude vegetation maps (Van den
Hurk et al. 2000).
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2.3.3 T h e plant physiological approach
In analogy to water vapor flow,theflowdensity of carbon dioxide, which results from
the difference between the gross assimilation rate and the dark respiration, is given
by
A„ = gitC{Cs - d) = Ag-

Rd,

(2.9)

where An isthe net flow of carbon dioxide into the plant, Cs isthe CO2 concentration
at the leaf surface, C* is the CO2 concentration in the plant interior, Ag is the gross
assimilation rate and Rd is the dark respiration rate. Here, Ag and Rd result from
photochemical reactions. As such they are functions of the photosynthetically active
radiation, the leaf skin temperature and the internal CO2 concentration. Note that
PAR is typically 50% of the absorbed (non-reflected) incoming short wave radiation.
Plant physiological models for Ag and Rd are well-established (Collatz et al. 1991,
1992). Representations for the reactions involved are given in Appendix A.
In laboratory experiments the internal CO2 concentration, Ci, is often found to
be afraction of the external CO2 concentration. When sufficient amounts of radiation density are coming in, itappeared that the ratio of the internal and external
concentration is only afunction of the water vapor deficit (Jacobs 1994; Zhang and
Nobel 1996):

^T-AC1-^)^-^

<2I0)

where Ds is the vapor pressure deficit atplant level, /o is the maximum value of
(Ci — Y)/(Ca — T), Do is the value of Ds atwhich the stomata close and / m , n isa
minimal value of (d — T)/(CS — T). Eqs. (2.9) and (2.10) can be solved for g^c:
9l,c=9mm,C+{Cs_m+^y
where gmin,c is the cuticular conductance, D* is ^~^DQ and a\ is equal to jzrr- An
expression for / m j n is given in Appendix A. The linear dependence implies that,in
dry conditions, the photosynthesis is more efficient. Larger photosynthesis rates are
maintained at lower values of the conductance.
We adopt ahyperbolical dependence of the canopy conductance on Ds. Ball et
al. (1987) assumed that <ft)C decreases linearly as a function of decreasing relative
humidity. This approach was followed by Collatz et al. (1991, 1992) and Sellers et
al. (1996). Unfortunately, there is no exclusive evidence for either approach (Leuning
1995). Intercomparison studies (Niyogi and Gifford 1997, Cox et al. 1999a) showed
that the performance of both approaches is comparable. We adopt the hyperbolic

(2-11)
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Table 2.1: Parameter values of the biochemical module in the plant physiological
approach
plant type parameter
X(Tsk -- =298)
Qio Tx[K] T2[K]

c3

0.89
0.07
0.017
68.5p a

/oH
adlkPa- 1 ]
Mo[mg J - 1 ]
r[mg m - 3 ]
3 m [mms _ 1 ]
-2

_1

Am,max [ m g m s ]
Ci

/oH
1

adlkPa- ]
/xo[mg J" 1 ]
T[mg m- 3 ]
_1

fa[mms ]
^m,moi[mgm" 2 s _ 1 ]

7.0
2.2

1.5
2.0
2.0

0.85
0.15
0.014
4.3p a

1.5

17.5
1.7

2.0
2.0

278
281

301

286
286

309

311

311

function since the parameter can be more easily valued for C3 and C4 plants.
In the approach proposed by Jacobs (1994) expression (2.9) is also applied for low
light conditions. This leads to erroneous values of the conductance in such cases. To
correct this, Jacobs (1994) introduced a complicated interpolation formula. We adopt
a much simpler approach and use relation (2.11) directly to calculate the canopy
conductance. C% is then only used as input for the plant physiological approach.
Fortunately, under low light conditions Ag becomes independent on d (see appendix
A).
Jacobs (1994) found values for the parameter of equations (2.10) and (2.11) by
evaluating laboratory experiments. However, his results appear to underestimate
(Cj — r ) / ( C g — r ) at low values of Ds. Recently, Zhang and Nobel (1996) evaluated
the linear expression given by (2.10) for several C3 plants(J?nce/ia farinosa, Larrea
tridentata, Nicotiana glauca, Oryza sativa, Phalaris aquatica and Phaseloeus vulgaris)
and C4 plants (Pleuraphis rigida, Paspalum plicatulum and Zea mays):
~^=f0-adDs,
where /o and ad are empirically found as regression coefficients. They found that /o
is 0.89 for C3 plants and 0.85 for C4 plants (P. Nobel 1999, personal communication).
For Od they obtained values of 0.07[kPa _1 ] and 0.15[kPa -1 ] for C3 and C4 plants

(2.12)
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respectively . So, Do is then found by stating that equation (2.10) the regression of
the parameters given in eq. (2.12) at low values of Ds:
Do =

f0-f™n

(2 13)

ad

To scale up from leaf to canopy, we adopt a simple big leaf approach. It is assumed
that Ds, Tsk and Cs adopt a constant value in the whole canopy interior. However,
PAR is assumed to decay exponentially as a function of leaf area index. Integrating
the plant physiological model over the canopy leads then to an expression for the
canopy conductance (Appendix B).
When the environmental variables are known, the internal CO2 concentration can
be calculated with equation (2.10). Ag is then calculated with the plant physiological
model. Subsequently, gCiW is found using expression (2.11) as scaled up from leaf to
canopy (see Appendix B). The parameter values of our model are listed in Table2.1.

2.4 Soil moisture stress
Most vegetative canopies suffer from soil moisture stress during dry spells. The influence of this stress on the canopy conductance is very complex, and a full discussion is
beyond the scope of this study. However, it appears that the sum of all effects reduces
the gross assimilation rate (J. Goudriaan 1999, personal communication). This can
be formulated as:
Ag=Agf{w).

(2.14)

Here, A* denotes the unstressed gross assimilation rate; f(w) is a function of w
ranging from 1 (for plants not suffering from moisture stress) to 0 (for wilting plants).
Cox et al. (1999a) assume that Ag reduces linearly with decreasing soil moisture
content:
A g = A*g(3(w),

(2.15)

with (3(w) given by:
f3(w) = max (0, min ( l , j ^ ^ p j ) •

(2-16)

Here, FC and WP are the soil moisture content at field capacity and at permanent
wilting point, respectively. However, if w is close to field capacity plants generally do
not react linearly to soil moisture stress (Feddes et al. 1978). Using a linear function
would then lead to an underestimation of the photosynthetic rate. Consequently, the
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latent heat flux density is underestimated (Wang and Leuning 1998).
Calvet et al. (1998) used another approach. They modified the mesophyll conductance (see Appendix A) with a linear soil moisture content response function:
9m = 9m0(w).

(2.17)

where g^ isthe unstressed mesophyll conductance and gm isthe stressed conductance.
The modified valueofgm isthen used to calculate Ag and hencegc>w. This formulation
behaves properly when w is near field capacity. However, g^ is, typically, larger for
C4 than for C3 plants. Therefore, this procedure implies that C4 plant conductances
are less reduced than C3 plant conductances. This is not confirmed by measurements
(Cox et al. 1999a).
To get an expression that behaves properly in wet conditions and is equivalent for
both C3 and C4 plants, we adopt a quadratic quadratic for f(w):
Ag = A*g (20(W) - (32(w)).

(2.18)

Here, /3(w) given by relation (2.16). This function describes a smooth transition of
Ag for values of w larger than FC for which f(w) = 1.
In analogy with the formulation found for the physiological-based approach, fs(w)
in the empirical-statistical approach is also given by relation (2.18). Hence,
f5(w) = 2f3(w)-/32(w).

(2.19)

This expression completes the set of expressions given in section 2.3.2.
Stewart and Verma (1992) and Coxet al. (1999a) assume that the canopy conductance is an exponential function of w. This function is similar to /5 given above, but
requires one extra parameter to be specified. Some modellers (Mahfouf et al. 1995)
assume that f$ decreases linearly as a function of the soil matrix potential. However,
experiments show that plants react on soil moisture content rather than on matrix
potential (Gollan et al. 1986).
To obtain f(w) a root zone averaged soil moisture content is needed: (w). In this
study we follow Van den Hurk et al. (2000) and calculate it as:
w = R\W\ + R2W2 + R3W3 +R4W4.
Here, w\ is the mean soil moisture content in the upper 0.07 m of the soil, W2is the
mean soil moisture content in the next 0.21 m, W3 isthe mean soil moisture content in
the next 0.72 m whereas W4refers to the mean soil water content below 1 m. R1-R4
specify the fraction of roots in each layer.
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Table 2.2: Parameter values of the surface energy budget model
parameter
FIFE-KANSAS HAPEX-Mobilhy Cabauw
a[-}
vegetation fraction [-]
LAI [-]
e
zr [m]
Zh M
-1

]

FC[-]
WP [-]
Ri[-)
R2[-}

0.25
0.38
0.17
0.27
0.37
0.27
0.09

Rs[-}
tU[-]

2.5

2.
0.1
0.0001

Zom [m]
9min,w [ m m s

0.18
0.85
2.
0.98

0.20
0.9
3.
0.98
2.
0.07
0.007
0.25
0.32
0.15
0.24
0.41
0.31
0.04

0.25
0.86
2.
0.98
20.
0.15
0.0001
0.25
-

Results

When the incoming short wave and longwave radiation densities and soil heat flux
density are known, the surface energy budget can be solved to obtain the skin temperature. An explicit expression for the surface skin temperature can be obtained.
Therefore, gc,w and ga are evaluated at the surface skin temperature of the previous
time step,while q*(Tsk) and toTfk are linearised by means of a Taylor series' expansion around their values at the previous time step. The resulting skin temperature is
then used to estimate the latent and sensible heat flux density. In this study we are
primarily interested in the canopy latent heat flux density. Therefore, rainy days and
two days following a rainy day are excluded from the analysis. Furthermore, we only
use data obtained between lOhOOand 18h00 local time (i.e. 16h00 to 24h00 UTC for
FIFE-KANSAS and 9h00 to 17h00 UTC for HAPEX-Mobilhy and Cabauw). For the
considered experiments the bare soil fraction is 0.15 or smaller. Thus, flux densities
from this fraction constitute only a very small part of the total flux densities. The
bare soil evaporation is, therefore, neglected.
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Table 2.3: Parameter values of the Jarvis-Stewart approach
g max , w
«i
a2 a3
1
2
[mms- ] [ W m - ] (-) [K~2]

FIFE-KANSAS (a priori)
HAPEX-Mobilhy (a priori)
Cabauw (a priori)

12.3
6.9
11.2

263
263
263

0
0
0

0
0
0

2.5.1 FIFE-KANSAS
At the FIFE-KANSAS site the vegetation consists primarily (about 80%) of tall, C4
prairie grass (Stewart and Verma 1992). By comparing incoming and outgoing short
wave radiation we find that a = 0.18 between May and October 1987. The effective
roughness length for momentum was approximated as 0.19 m by Betts and Beljaars
(1993). The latter found a value of 0.01 m for Zh- However, they derived this value
from the whole data set, including wet vegetation situations. We find that a value
of 0.0001 m (0.1 mm) works much better in our calculations for either approach (De
Rooy and Holtslag 1999). This value is surprisingly low, but is consistent with other
studies (Beljaars and Holtslag 1991;Holtslag and Ek 1996). Famiglietti et al. (1992)
investigated the soil in the FIFE-KANSAS area. From their results we find that FC
is 0.32, while WP is set to a value of 0.15 (Table 2.2).
The former parameters are site-specific. For the parameters R\ to R4 and the LAI
we adopt the values of the ECMWF ERA40 global database (Van den Hurk et al.
2000). Thus, for tall grass the LAI is set to 2 and Ri is 0.27, R2 is 0.37, R3 is 0.27
and R4 is 0.09 . As estimates for the JS approach parameters values for tall grass are
adopted, (Table 2.3,see also Table 2 in Van den Hurk et al. 2000). For the Ag —gCtW
approach parameters we take the default values for C4 plants (Table 2.1).
In Table 2.4 results are given for both approaches. It can be seen that the JS approach severely overestimates the latent heat flux density (Table 2.4, upper line). The
Ag —gc,w approach performs better (Table 2.4, second line). A detailed study reveals
that the canopy conductance response to radiation density appears to be well represented by both approaches (not shown). In Figure 2.2a to Figure 2.2c, the canopy
conductance is given as a function of the vapor pressure deficit for the JS approach,
an updated JS approach and for the approach based on plant physiology. It can be
seen that the JS approach overestimates the canopy conductance in dry conditions.
As shown in Figure 2.2b, the data suggest a value of 0.35 [kPa~l] for a 2 . From Figure
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Figure 2.2: Measured (crosses) and modelled (diamonds) canopy conductance values
as a function of the vapor pressure deficit at screen level for the FIFE-KANSAS area:
canopy conductance calculated with the JS approach with apriori chosen parameters
(upper panel), with the JS approach with a^ = 0.35 k P a - 1 (middle panel) and the
Ag — gc,w approach (lower panel).
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Table 2.4: Statistics for the observations obtained during the FIFE-KANSAS campaign
model

biasAE
2

[W m" ]
JS
Ag

—

gc,w

Ag gc,w (big leaf)
Ag — gc,w (Ism)
Ag — gc,w (csm)
—

102.8
-8.3
42.9
-65.0
26.0

SD AE

SD R „

2

2

bias Rn
[W m" 2 ]

biasn
[W m- 2 ]

[W m" ]

[W m" ]

47.0
21.2
32.2

-53.3

64.2

31.5
-8.7
76.0

40.5
44.6
46.2

61.3

58.0
77.9
57.6
58.4

44.3
42.9

48.0
48.7

8.8
29.0

4.8

2.2c is appears that the Ag — gC}W approach gives a better response of the stomata
to dry conditions, though the canopy conductance is slightly underestimated in very
dry conditions.
Assuming that the canopy absorbs the incoming short wave radiation uniformly,
would simplify the plant physiological model. However, as shown in Figure 2.3a and
Figure 2.3b, the resulting 'big leaf approach overestimates the canopy conductance,
in comparison with the original approach. Hence, the latent heat flux density is also
overestimated with the 'big leaf approach (Table 2.4, third line). Note that the 'big
leaf approach predicts the sensible heat flux density well. The bias is small. This
is caused by compensating errors. The positive bias in the net radiation is relatively
insensitive to the canopy conductance. Hence, estimating a too large latent heat flux
density, can then lead to low biases in the sensible heat flux density. However, the
latent heat flux density is most sensitive to the canopy conductance and therefore,
the latent heat flux density is most appropriate to evaluate the performance of the
different methods. Here, Kx is the extinction coefficient of the photosynthetically active radiation as a function of LAI. For realistic values of this parameter the Ag —gc,w
approach appears to be rather insensitive to the exact value of Kx. A value of 0.6 is
found to be optimal.
We also study the soil moisture response. Using the popular linear soil moisture
(Ism) response [by Cox et al. (1999a)] introduced for the Ag — gc,w) leads to underestimations of the canopy conductance (Figure 2.3c) and consequently of the latent
heat flux density (Table 2.4, fourth line). With Calvet's soil moisture (csm) response
function the approach slightly overestimates the latent heat flux density (Table 2.4,
last line). Note that the sensible heat flux density (Table 2.4, last line) is predicted

SD H
[W m- 2 ]
43.9
57.2
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best with Calvet's soil moisture response. As with the 'big leaf approach, this is
caused by compensating errors.

2.5.2

HAPEX-Mobilhy

The vegetation at the HAPEX-Mobilhy site consists of soybean, an agricultural crop.
The parameters used to solve the SEB are listed in Table 2.2. Here, a is estimated
as 0.2 during the whole year. zom is approximated as 0.06 m in June (Shao and
Henderson-Sellers 1996). For Zh we adopt a value of 0.006 m, in accordance with
Shao and Henderson-Sellers (1996) . Following Mahfouf et al. (1995) FC is set to
0.32, while for WP we adopt a value of 0.15. These values seem to be reasonable for
a loamy soil (Soet et al. 2000).
The LAI and Rx to RA are taken from the ECMWF ERA40 global database (Van
den Hurk et al. 2000). For an agricultural crop the LAI is 3, R\ is 0.24, R2 is 0.41,
i?3 is 0.31 and R4 is 0.04. The parameters of JS approach are taken from Van den
Hurk et al. (2000). They are given in Table 2.3. Soybean is a C3 plant. The A — gCjW
approach parameters are valued accordingly.
From the bias given in Table 2.5 (upper two lines) it can be seen that the JS approach underestimates the latent heat flux density. On the other hand, the Ag —gc>w
approach overestimates the latent heat flux density. The SD^E of the JS approach is,
however, smaller. It appears (see Figure 2.4a) that the large S D ^ E of the Ag — gCtW
approach results from an overestimation of the latent heat flux density at the end of
the afternoon. Note that this overestimation coincides with an overestimation of the
net radiation (Figure 2.4b). This overestimation is apparent for both approaches. An
analysis of the incoming longwave radiation density revealed that it is unrealistically
large in the end of the afternoon. The results suggest that the Ag — gc,w approach is
more consistent.
The consistency of both approaches is investigated further. Therefore, in Figure
2.5 the evaporative fraction (the fraction of the available energy used for the latent
heat flux density) is plotted during the day. It can be seen that the JS approach underestimates the evaporative fraction during the entire day. The Ag — gc<w approach
slightly underestimates the morning evaporative fraction. It overestimates the evaporative fraction at the end of the afternoon. The Ag —gc,w is, indeed, more consistent.
Furthermore, it provides the partitioning of available energy into sensible and latent
heat flux densities better. The underestimation of the latent heat flux density by the
JS approach leads to large overestimations of the sensible heat flux density (Table 2.5,
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Figure 2.4: The mean of the latent heat flux density (upper panel) and the net
radiation (lower panel) during the day for the HAPEX-Mobilhy experimental site:
measurements (pluses), modelled with Ag — gCtW model (solid lines) and modelled
with JS approach with a priori chosen parameter values (dashed lines).
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Figure 2.5: Evolution of the mean evaporative fraction during the day at the HAPEXMobilhy site: measurements (pluses), modelled with Ag — gcw approach (solid lines)
and the JS approach with apriori chosen parameter values (dashed lines).

Table 2.5: Statistics for the observations obtained at the Caumont Soybean site during
the HAPEX-Mobilhy experiment in 1986
model
bias AE
bias Rn
2
[W m" ] [W m- 2 ]
JS
A 6 -- g c , w
A g - - g c , w (big leaf)
A g - - gc,w (Ism)
Ag-- gc>w (csm)

-24.7
10.4
57.6
-32.0
6.1

24.0
28.4
35.2

biasn
2

[Wm- ]

SD AE
[W:

SDF
[Wm
42.6
43.9
45.2

SD H
[W:

22.5

49.2
18.5
-21.8
54.8

61.6
76.5
84.2
87.0

43.5
52.1

43.0

54.7
70.4

27.6

22.0

89.3

44.0

66.7
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Table 2.6: Statistics for the observations obtained at the Cabauw site in 1987
model
biasR
SD AE
SD Rn
biasn
biaSAE
2

JS
Ag — gc,w
Ag

—

gc,w

(big leaf)

2

2

2

2

[W m- ]

[W m- ]

[W m- ]

[W m" ]

[W m- ]

7.6

21.6
22.7

13.8

24.4

11.1
7.2

29.8

30.8
31.9

33.3

32.8

11.3
16.7

24.1

first line), especially during the morning hours. Convective boundary layer growth
depends critically on the sensible heat flux density and using the JS approach in an
atmospheric model could lead to too deep and probably too dry convective boundary
layers (see e.g. Holtslag and Ek 1996).
The Ag — gCiW approach with linear response to soil moisture underestimates the
latent heat flux density (Table 2.5, fourth line). Furthermore, the standard deviation
is larger. Calvet's soil moisture response function performs much better (Table 2.5,
last line). However, the standard deviation is much larger using Calvet's soil moisture
scheme (Table 2.5, last line). As such, the variation of the conductance as a function
of soil moisture content is better described by the proposed quadratic response function.
Furthermore, we study whether a 'big leaf approach leads to good results. However, from the third line in Table 2.5, is becomes clear that using such a approach
leads to overestimations of the latent heat flux density. Here, we find that a value of
0.6 is optimal for Kx (defined in Appendix A).

2.5.3

Cabauw

The site at Cabauw consists of a C3 grass land. The parameters used to solve the
SEB are listed in Table 2.2. The albedo is estimated as 0.25 during the whole year.
The roughness length for momentum,zom, is taken as 0.15 m, while for z^ we find a
value of 0.0001 m. This value was also used by Viterbo and Beljaars (1995) for this
data set.
The LAI is valued 2, in accordance with Van den Hurk et al. (2000). The parameters of JS approach are set a priori and have been taken from Van den Hurk et al.
(2000). They are given in Table 2.3. The A —gc<w approach parameters we adopt the
default values for C3 plants (Table 2.1).

SD H
[W m- 2 ]
17.1
17.9
18.4
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The Ag — gc>w approach overestimates the latent heat flux density (Figure 2.6b
and Table 2.6, second line). The JS approach performs slightly better (Figure 2.6a
and Table 2.6, first line). Both approaches overestimate the net radiation (Table 2.6,
upper two lines) and the sensible heat flux density (Table 2.6, upper two lines). The
slightly better performance of the JS approach is also reflected in the SD\E- It is
smaller for the JS approach than for the Ag — gc<w approach (Table 2.6, upper two
lines).
The Ag — gc>w approach in which the PAR is assumed to be uniformly absorbed
by the canopy provides the best estimates of the sensible heat flux density (Table
2.6, third line). This is caused by the overestimation of the latent heat flux density
(Figure 2.6c): the net radiation overestimation is only slightly larger. The big leaf
approach, however, does not predict the variation in the sensible heat flux density
well. The SDH is largest for this approach (Table 2.6, third line).

2.6 Discussion and Conclusion
This study deals with the calculation of the canopy conductance for low vegetation
in atmospheric models. We focus on an approach that is based on the theory of plant
physiology. As such, we simplified the method proposed by Jacobs (1994) and developed a new analytic formulation for scaling up the conductance from leaf to canopy.
Moreover, we proposed a function that describes the effect ofthe soil moisture content
on the canopy conductance. For large areas in the world, no detailed information is
available. Therefore, parameters were taken from global vegetation maps. Our approach was validated for three observational sites. The vegetation types at these sites
are representative for large areas with low vegetation in the world. Furthermore, the
proposed approach was compared with the classical Jarvis-Stewart (JS) approach.
The parameters of the latter were also estimated from a global vegetation classification.
For the low vegetation sites considered, the parameters of the Ag —gc>w appeared
to be robust and general formulations for biomes could be obtained. In fact, a distinction in C3 and C4 was sufficient for the involved parameters. However, distinct
values had to be specified for the leaf area index and for the root distribution in
the soil. Therefore, using the Ag — gc>w does not lead to a reduction of the number
of vegetation classes, with respect to the JS approach as suggested by Sellers et al.
(1996).
For tall, prairie grass the Ag — gc<w approach performed better than the JS ap-
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Figure 2.6: Modelled and measured latent heat flux density for the JS approach with
a priori chosen parameters (upper panel), the Ag - gc,w approach (middle panel) and
the Ag — gc<w approach with PAR assumed to be absorbed uniformly in the canopy
(lower panel). Results are shown for the Cabauw observational site.
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proach. Especially in dry conditions, the physiologically based approach appeared to
represent the behaviour of the canopy conductance better. For a soybean crop, both
approaches give comparable results. A detailed analysis revealed that the Ag — gCtW
approach performs more consistently. It appeared that overestimations of the latent
heat flux density coincide with overestimations of the net radiation. As a result, the
evaporative fraction was found to be better approximated by the Ag —gCtW approach.
Furthermore, the JS approach severely overestimated the sensible heat flux density
in the morning. This could lead to too deep and probably too dry boundary layers.
For the Cabauw site no large differences were found. Both approaches appeared to
work well, though the JS approach provided somewhat better estimates of the latent
heat flux density.
Assuming that the photosynthetically active radiation is absorbed uniformly by
the canopy (big leaf approach), led to overestimations of the latent heat flux density.
In this study it was assumed that PAR decays exponentially as a function of LAI.
As such, it was possible to obtain an analytic expression for the canopy conductance.
Note that some authors distinguished between direct and diffuse radiation. Here a
simpler approach has been adopted, since the approach developed isintended for large
scale atmospheric models which radiation schemes do not readily give separate values
for direct and diffuse radiation flux densities at the surface.
The quadratic stress function for soil moisture as presented in Section 2.4 led to
good estimates for the surface energy flux densities. The popular linear response
function gave underestimations of the latent heat flux density. The method proposed
by Calvet et al. (1998) gave a low bias for the C3 soybean crop. However, it gave
larger values of the standard deviation. It, therefore, represents the variation of the
canopy conductance as as function of the soil moisture worse. Note that Calvet's soil
moisture response predicted the latent heat flux density for the FIFE-KANSAS site
relatively well. The bias and the standard deviation of the latent heat flux density
were only slightly larger than for the quadratic response function.
It should be noted that improvements in the latent heat flux density do not necessarily lead to better results for the net radiation and the sensible heat flux density.
Because of compensating errors, frequently a method that performs best for the latent
heat flux density, gives worse results for the net radiation and the sensible heat flux
density. However, it appeared that the latent heat flux density is most sensitive to
the canopy conductance. Therefore, this flux density was primarily used to evaluate
the performance of the methods.
Overall, the proposed plant physiological approach with the new soil moisture

2.6. DISCUSSION AND CONCLUSION
content response function, provides satisfactory estimates of the surface energy flux
densities. Because this approach is physically based, we recommend to apply this
approach for prognostic atmospheric models and for climate impact studies.
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Chapter 3

Spatial heterogeneity of t h e
soil moisture content and its
impact on t h e surface flux
densities and near-surface
meteorology

Material in this chapter is accepted for publication in the J. Hydrometeor. with B.J.J.M. van
den Hurk and A.A.M. Holtslag as co-authors.
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CHAPTER 3. SPATIAL HETEROGENEITY

OF THE SOIL

abstract
In this study, it is investigated how lateral variations in the soil moisture content
impact the daily and seasonal cycle of the surface flux densities and near-surface
meteorology. In agreement with earlier studies, which used less detailed model to
describe locally the impact of soil moisture stress on the latent heat flux density, it is
found that in wet conditions the use of one uniform volumetric soil moisture content,
referred to as bulk approach, gives larger estimates of the latent heat flux density
than a distributed approach where the lateral variation in the volumetric soil moisture content is taken into account. In contrast, in dry conditions the bulk approach
gives lower estimates of the latent heat flux density. In this study the differences
between flux density estimates obtained by both approaches appear even when the
developing convective boundary is allowed to feed back on the surface. These differences have important consequences for the seasonal hydrological balance. Especially,
for dry climates, the distributed approach predicts a more gradual decrease of the
evapotranspiration during the dry season, resulting in a larger cumulative evapotranspiration over the dry season. In this study it is also shown that differences in the
estimated surface flux densities lead to differences between the predicted atmospheric
specific humidity and the predicted near-surface temperature. Thus, taking account
of the spatial heterogeneity of the soil moisture content is a prerequisite for a proper
representation of the seasonal hydrological cycle within large-scale atmospheric models.

3.1. INTRODUCTION

3.1

Introduction

Because of its importance for a correct simulation of the climate system, the parameterization of the land surface has been a focus of recent research (Viterbo and Beljaars
1995; Henderson-Sellers et al. 1996). In the first generation of land surface models,
the soil column was represented as a both horizontally and vertically homogeneous
bucket that was filled by precipitation and emptied by runoff and evapotranspiration
(Manabe 1969). Later, this model has been replaced by more complex models. Modelers now divide the soil column into multiple soil layers (Viterbo and Beljaars 1995;
Soet et al. 2000) and calculate the impact of environmental variables on the latent
heat flux density using physically based parameterizations for the canopy conductance. However, despite the improvements in their land surface schemes, large-scale
atmospheric models still tend to overestimate the evapotranspiration in the early dry
season (Viterbo 1994; Delage and Verseghy 1995). As a result, the infiltrated water is
released to the atmosphere too quickly and the evapotranspiration is underestimated
later in the dry season. In many conditions this leads to a suppression of the humidity of the atmosphere and the precipitation during the dry season (Viterbo 1994;
Rowntree 1995).
A next step in the development of land surface models is the introduction of
schemes that take account of the spatial heterogeneity of the soil moisture content
within the grid cell of a large-scale atmospheric model. Both observations (Owe et al.
1982; Entekhabi and Eagleson 1989) and modeling experiments (Wood 1997; Koster
et al. 2000) indicate that on the scale of atmospheric model grid cells, about 50 2 km 2
or larger, the soil moisture content shows a considerable spatial variation. Often the
lateral variation of the soil moisture content is associated with lateral variations in
the topography. As a result, they often resist over long time scales, in contrast to
lateral variations in the air temperature and specific humidity which mix rapidly due
to buoyancy- and shear-driven turbulence (Raupach and Finnigan 1995).
For typical conditions in a moderate climate the latent heat flux density varies
with the relative saturation at a point as given schematically in Figure 3.1 (Wetzel
and Chang 1987). The relative saturation is here defined as the actual volume of
water that is stored in the soil column scaled with the maximal volume of water that
can be stored. For values of the soil moisture content lower than the wilting point
(WP), the latent heat flux density is minimal. For larger values, the latent heat flux
density increases till it reaches its maximum, atmospherically controlled value as the
relative saturation gets above the field capacity (FC).
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Figure 3.1: Schematic of the local latent heat flux density as a function of the relative
saturation.

Wetzel and Chang (1987, 1988) studied the impact of the spatial heterogeneity
of the soil moisture content on the horizontally averaged flux densities for grid cells
containing subareas which local values of the relative saturation differ from the horizontally averaged relative saturation of the grid cell. Using a normal distribution
for the soil moisture content they found that during the wet season, when most of
the subareas within the grid cell are above field capacity (Ducharne et al. 2000),
the horizontally averaged relative saturation predicts a large grid cell latent heat flux
density. However, in the driest subareas the latent heat flux density may still be suppressed. Because the latent heat flux density in the wettest subareas is bound by the
maximal value, this suppression in the drier areas leads to a reduction of the average
evapotranspiration. In the bulk approach one uniform soil moisture content is used
to compute the areally averaged surface flux densities. As a result, in wet conditions
a bulk approach gives a larger prediction of the evapotranspiration than a distributed
approach which takes account of the horizontal variation in the soil moisture content.
During dry conditions the average relative saturation is often near or even below the
wilting point and the average soil moisture content suggests a very lowgrid cell latent

3.1. INTRODUCTION
heat flux density. However, in the wetter subareas, the latent heat flux density may
still be considerable. As a result, use of the average relative saturation leads to lower
estimates of the evapotranspiration in dry conditions, as compared to an approach
where the lateral distribution of the soil moisture content is taken into account (Wetzel and Chang 1987, 1988).
Entekhabi and Eagleson (1989), Sivapalan and Woods (1995), and Wood (1997)
assumed that for values of the local soil moisture content between WP and FC the
actual latent heat flux density at a point in the grid cell could be calculated by multiplying an unstressed, potential, latent heat flux density with a function that depends
on the point soil moisture content. To describe the variation of the soil moisture
content within the grid cell, they adopted prescribed distributions. By integrating
the actual latent heat flux density over all possible values of the soil moisture content
within the grid cell, they could successfully obtain expressions relating the horizontally averaged latent heat flux density to the mean soil moisture content of the grid
cell. Through variation of the prescribed variance, these authors found that, in accordance with the results of Wetzel and Chang (1987, 1988), an increase of the prescribed
horizontal variation in the soil moisture content leads to a decrease of the latent heat
flux density when the averaged soil moisture content is below a critical value and a
decrease of the latent heat flux density when the soil moisture content is above a
critical value.
The main aim of this paper is to show that introduction of prescribed lateral
variations in the soil moisture content might lead to better predictions of the surface
flux densities and the near-surface temperature and specific humidity in large-scale
atmospheric models. Following Sivapalan and Woods (1995) weprescribe the horizontal variation or the relative saturation using the Variable Infiltratin Capacity (VIC)
model (Wood et al. 1992). This model assumes that at a point within the grid cell
the soil column can be described as a bucket. However, it allows for a variable bucket
depth throughout the grid cell.
First, we study the impact of the spatial heterigeneity of the soil moisture content
using forcings at a reference level near the surface. In contrast to the previous sensitivity studies, we use in this study a detailed model for this exchange including a
approach for calculating the canopy conductance which is based in plant physiology.
Also, we test whether the discrepancy between the estimates of the latent heat flux
density obtained using the distributed and the bulk approach can be addressed by
lowering the wilting point and enhancing the field capacity within the bulk approach
as suggested by Wetzel and Chang (1987). In addition, we extend the previous stud-
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ies by showing that the spatial heterogeneity of the soil moisture content leads to a
weaker seasonal cycle of the latent heat flux density. In this study, we use forcings
obtained in a wet, moderate climate and a dry Sahelian climate.
Second, we use flux densities obtained by both approaches to force a simple model
of the convective boundary layer. We show that even when boundary layer feedbacks
are included (Jacobs and De Bruin 1992; Holtslag and Ek 1996), the bulk approach
gives considerably different estimates of the surface flux densities, as compared to
a distributed approach. In this study, we force the convective boundary layer with
flux densities which result from the grid cell flux densities calculated using either the
bulk approach and the distributed approach. As such, we extend the studies of Raupach (1993, 1995) and Silberstein and Sivapalan (1995) who studied the extreme case
where a dry subarea was located adjacent to a wet area or a crop field next to grass
field. Also, we extend the studies by Raupach (1993, 1995) and Sivapalan and Woods
(1995) by showing that both in dry and in wet conditions, the soil moisture heterogeneity has an impact on the temperature and the specific humidity in the boundary
layer and at 2 m, the height where most synoptic observations are obtained. These
are important variables to validate large-scale atmospheric models (Viterbo 1994).
In section 3.2 we describe how the flux densities are calculated for a homogeneous
area. In section 3.3wedescribe both the distributed and the bulk approach. In section
3.4 both approaches are compared using forcings at a reference height in the surface
layer. In section 3.5 we show the implication of allowing spatial variations in the soil
moisture content for the seasonal hydrological cycle. Section 3.6 gives the results of
the study where the model for the surface energy budget is coupled to a model for
the atmospheric boundary layer. Section 3.7 provides a summary and conclusion.

3.2 Calculation of the surface flux densities
For a homogeneous area, the surface energy budget (SEB) reads:
(1- a)Kl + eLl - eaT*k = H + \E + G.

(3.1)

Here, a is the albedo, K^ is the incoming short wave radiation, eis the emissivity, L^
is the downwelling long wave radiation, a is the Stefan-Boltzman constant, Tsk is the
surface skin temperature, H is the sensible heat flux density, \E is the latent heat
flux density and G isthe ground heat flux density. A is the latent heat of vaporization.
In this study, wedescribe the latent heat flux density, the sensible heat flux density
and the ground heat flux density of the canopy using a conductance scheme (Beljaars
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and Holtslag 1991;Viterbo and Beljaars 1995):
XE = paXga—r-t

:
,
1+ 9a/9c,w
H = pacpga (Tsk - Ta),
G = A(TBk-Ti)

(3.2)
(3.3)
(3.4)

where pa is the air density, ga is the aerodynamic conductance, za isareference level
in the surface layer, Taisthe temperature at za, q* (Tsk) isthe saturated specific
humidity atthe surface, qa is the specific humidity atthe reference level, gC:W is the
canopy conductance to water vapor flow, cp is the specific heat atconstant pressure,
A isthe skin conductivity and T\isthe temperature of the upper soil. Generally,
the aerodynamic conductance is calculated using Monin-Obukhov similarity theory.
It isafunction of it, the horizontal wind velocity at the reference level, the roughness
length for heat, Zh, the roughness length for momentum, zom, the height of the reference level and the stability of the surface layer (Beljaars and Holtslag 1991).
When soil moisture is not limited, the canopy conductance isafunction of the incoming short wave radiation, the temperature of the canopy and the specific humidity
difference between the leaf interior and the leaf exterior. Tomodel these dependencies,
well-validated and robust biophysical models are available. Generally, these models
take the canopy conductance to be linearly proportional to the photosynthetic assimilation rate. In this study we use the relations given in the previous chapter, which
appear to work well for various sites with low vegetation. The canopy conductance is
thus calculated as:
oLAI

1.6 {Am + Rd)
<W.)( C .-r)(i + I F I ^ p )

LAI

__L El
•ft'x \

»K,PAR,^KMI\
_ ^ fvK.PAR,
VAm + Rd
)
V Am +Rd

0)

where gmin,w is the minimal canopy conductance, LAIisthe leaf area index, /ois
an empirical constant, Am isthe primary production rate, Rd isthe dark respiration rate, Cs is the carbon dioxide concentration atthe leaf exterior, T is the carbon
dioxide compensation point, Ds is the difference between the specific humidity inside
the plant and the specific humidity atthe leaf exterior, / m i n , and ad are empirical
constants, Kx is the extinction coefficient of the photosynthetically active radiation
(PAR) within the canopy, E\ (x) is an exponential integral with argument x,p is the
light use efficiency, and PARt is the incoming flux density of PAR atthe top of the
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canopy. T, and / m i n are calculated using respectively Eq. A.4 and Aq A.5. Am,
and Rd result from biochemical models and calculated using Eq. A.3 and A.6. The
latter vary as a function of temperature. For temperature lower than the optimum
temperature, about 298 K, they increase with increasing temperature, whereas for
temperatures above the optimum temperature they decrease with increasing temperature.
Vegetative canopies suffer from soil moisture stress during dry spells. Most modelers adopt a traditional linear response function to describe the soil moisture stress
experienced by plants when the soil moisture content is below its value at field capacity and above its value at wilting point (Viterbo and Beljaars 1995). This simple
function reads:
9c,w= 9*c,wf{w),

(3.5)

with f(w) is the vegetation moisture status, defined by:
/
/ w _ \YP\ \
f(w) = max I0,min (1, f ^ _ WpJJ

(3-6)

Here, g*w is the unstressed canopy conductance, w is the local soil moisture content,
FC is the field capacity and WP is the wilting point.
Various authors (see previous chapter) argued that Eq. 3.5 overestimates the
moisture stress for values of the relative saturation which are slightly below the field
capacity. In the previous chapter we show that for homogeneous areas this stress can
be well described assuming that the canopy conductance decreases quadratically as a
function of decreasing soil moisture content, when the soil moisture content is below
its value at field capacity and above it value at wilting point:
9c,w = 9*c,w [ 2 / M - f(w)2] ,

(3.7)

where f(w) is given by relation 3.6. The value of the soil moisture content at wilting
point and at field capacity depend on soil type (Soet et al. 2000). The soil type
varies from a coarse-textured sand soil for which FC and WP are small, to a very
fine-textured clay soil for which FC and WP are large. In the following section, the
soil moisture content used in relation 3.5 and 3.7 is described as a relative saturation,
the ratio of the actual soil moisture content over its saturated value. FC and WP
will be scaled accordingly.
For a homogeneous area, the surface flux densities can be computed when the soil
moisture content, the temperature of the upper soil and the meteorological conditions
at the reference level are known. Therefore, first Eqs. 3.1 to 3.4 are combined with
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either relation 3.5 or 3.7. Then, the resulting equation is solved for the surface temperature. Finally, the surface energy flux densities are calculated using the resulting
surface temperature and Eqs. 3.2 to 3.4. In this study we adopt values for the input
parameters that are typical for a site of low C3vegetation: a = 0.2, e= 1, ZQm = 0.02
m, zh = 0.002 m, LAI = 2, and A= 10W m ' 2 (Soet et al. 2000). For the parameters
of the physiological model of a C3 plant we refer to Table 2.1.

3.3 Distributed approach versus the bulk approach
3.3.1 Variability of the relative saturation
To describe the spatial variation of the relative saturation w within the grid cell of
a large-scale atmospheric model, we adopt the VIC model described by Wood et al.
(1992). Within this framework, the infiltration capacity, denoted by s, is defined as
the maximal volume of water that can be stored in the soil column below a surface
of unit area. In areas where s is small, the soil can contain only a small volume
of water before it is completely saturated. The actual volumetric content, denoted
by v is defined as the volume water per unit area that is stored in the soil column.
The actual volumetric soil moisture content varies between 0 when the soil column
is completely dry to s when the soil column is saturated. At each point the ratio of
the actual volume of water stored per unit area and the maximal volume that can be
stored per unit area defines the relative saturation at each point within the grid cell:
In this study we assume that the grid cell can be divided in two parts. In one part
the actual volumetric soil moisture content equals the maximal volume of water that
can be stored per unit area. This is the saturated part where the relative saturation
is 1. In the unsaturated part, the actual volume of water stored per unit area, is lower
than the maximal volume of water that can be stored per unit area. This part is the
unsaturated part.
In the VIC model the infiltration capacity is considered as a random variable
of which the cumulative distribution, denoted by Fs, can be described using the
Xinanjiang model (Zhao et al. 1990; Wood et al. 1992):

Fa= l - ( l - —}

,

where s m a x is the extremum of s within the grid cell, and (3 is a parameter describing
the spatial heterogeneity in s.

(3.8)
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Figure 3.2: The cumulative distribution of s / s m a x for (3 = 0.3 and the accompanying
distribution of v/smax for a value of 0.4 times s m a x for iWsat- Also shown is the
distribution of the relative saturation.

Kalma et al. (1995) analyzed measurements obtained with 44 neutron moisture
meter tubes which were inserted along transects located within the Lockyersleigh
catchment in Australia between January 1987 and July 1990. The tubes each had a
length that roughly equalled the depth of the soil between the surface and the bed
rock. As an approximation to the local infiltration capacity, Kalma et al. (1995) used
the difference between the maximal and the minimal volumetric moisture content
obtained during the entire observational period. Indeed, they found that the distribution over the area of the calculated infiltration capacities could approximately
be described by the Xinanjiang model. A confirmation of their results was given by
Sivapalan and Woods (1995) who analyzed soil depths that were obtained during a
drilling campaign in Western-Australia. They found that the cumulative frequency
distribution of the depth of the soil that was most active in the transfer of water
through the catchment, agreed well with the Xinanjiang distribution given by Eq.
3.8.
In regionswhere the long-term precipitation isuniform, the soilcolumn is recharged
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at the same rate throughout the grid cell. As a result, the volumetric soil moisture
content is approximately uniform in the unsaturated part of the grid cell. For subareas within this part we adopt therefore a constant value for v. vunsa,t. In the saturated
areas v is bound by its maximal value and here v equals s. A schematic picture of the
distribution of s and v is given Figure 3.2. It shows the cumulative distribution of
s
/s m ax for f3 = 0.3, the distribution of v / s m a x for a value of 0.4 times s m a x for uUnsati
and the resulting distribution of the relative saturation. In the saturated areas, the
relative saturation is equal to 1. When s increases, the relative saturation decreases
toward a minimal value for the point where s equals smax.
The assumption that the actual volume of water stored per unit area, v, is constant in the unsaturated part has been tested by Kalma et al. (1995). Using soil
moisture measurement obtained in an Australian catchment, they found that the actual volume of water stored in the soil column per unit area is indeed approximately
constant in the unsaturated areas. Only in very wet conditions, they found that the
total volume of water in storage was somewhat higher in areas where the soil column
is deeper, i.e. in areas where s is large. However, the observed variation in v was
minor compared to the variation in s.

3.3.2 The distributed approach
In the distributed approach we take account of the horizontal variation of the relative
saturation over the grid cell. Because the relative saturation varies over the grid cell,
the soilmoisture stress experienced by plants varies over the grid cell. In areas where s
issmall, the soil iswet and the soil moisture stress issmall. In contrast, in areas where
s islarge, the soil isusually much drier and the plants experience a much larger stress.
In the distributed approach, we appreciate the impact of the resulting differences in
the relative saturation on the flux densities. Because the canopy conductance and
the surface flux densities depend non-linearly on the local relative saturation, it is not
possible to calculate the grid cell averaged surface flux densities analytically from the
distribution of the relative saturation. We use therefore a numerical approach and
impose a subgrid over our grid cell. For that purpose, we divide the values of s which
range from 0 to s m a x into a number of intervals and assign the average value of s,
denoted as Sj of each interval to a subarea. Then, for each subarea we calculate the
relative saturation, denoted by u>i. For the subareas located in the saturated part, the
relative saturation equals 1, whereas for subareas located in the unsaturated part, it
is calculated as: W,= vnnsat/si. For each subarea the calculated relative saturation is
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used to compute the soil moisture stress using either Eq. 3.5 or 3.7. Then, the surface
energy budget is solved for each subarea separately to obtain the surface temperature
and the resulting latent heat flux density and sensible heat flux density. Afterwards,
the subarea flux densities, denoted by fi are aggregated to obtain the averaged grid
cell flux density, i*dist:
-^dist ~ Z-'i\f s\Si,m&x)

"s\Si,min))

Jit

W'*v

where Sijmax and Si)min denote respectively the maximal and the minimal value of s
within the interval associated with the subarea with index i.

3.3.3 The bulk approach
Though the distributed approach iswidely used to calculate the surface runoff (Dumenil
and Todini 1992) most modelers adopt a bulk approach to calculate the average grid
cell surface flux densities. In the bulk approach, the relative saturation is assumed to
be uniform over the grid cell. The grid cell relative saturation then equals the actual
total water volume stored within the entire grid cell, W, divided by the maximal
volume of water that can be stored in the entire grid cell, VFmax. The actual total
water volume per unit area in the grid cell can be calculated by integrating the local
volumes of water per unit area over the grid cell. The total volume of water per
unit area stored in the grid cell is found by integrating separately over the saturated
part of the grid cell where the volume of water stored per unit area is s and over the
unsaturated part where the volume of water stored per unit areas equals wUnsat:

JO

0+1

^max \

^max /

1- ^ 2 i )

^max Jvunsat

V

^max /

.

(3.10)

The maximal volume of water than can be stored in the grid cell is obtained when
the entire grid cell is saturated. It can be found by setting wunsat to s m a x , i.e. even
the areas that can store the largest volume of water are saturated; the equation for
Wmax reads:

Wmax = i ^ - .

(3.11)

In the bulk approach the grid cell is taken as one homogeneous patch with the relative
saturation given by W/Wmax. Consequently, the surface flux densities of the grid cell
can directly be calculated when the meteorological conditions at the reference level
and the temperature of the upper soil are known.
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Figure 3.3: a as a function of the grid cell canopy water status for j3 — 0.1 (dashed),
/3= 0.3 (solid) and /3= 0.5 (dotted).

3.3.4

Sensitivity study using fixed forcings

In this section we study the impact of the soil moisture heterogeneity on the surface heat flux densities using fixed (climatological) forcings at a reference level in the
surface layer. First, we show the impact of the lateral variation in the soil moisture
on the surface heat flux densities for different values for f3 and a medium-textured
loam soil. The latter is the typical soil type for large areas in the world (Soet et al.
2000; Viterbo and Beljaars 1995). Next, we evaluate the influence of using a linear
response function for the soil moisture stress rather than a quadratic one. Last, we
test whether lowering the wilting point and enhancing the field capacity within the
bulk approach reduces the discrepancy between the estimates of the latent heat flux
density obtained by both approaches. In this section, we use the synoptic observation
level of 2 m to force both the distributed and the bulk model. We adopt values that
are typical for daytime conditions in a moderate climate: K*- = 900 W m - 2 , L^ = 300
W m - 2 , Ta = 298 K, qa = 11.7 g kg" 1 and 7\ = 291 K.
We compare both estimates of the latent heat flux density as a fraction of the
available energy at the surface. Because the net radiation is dependent on the esti-
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mated surface temperature, we use as a reference the isothermal net radiation. This
is the net radiation that would occur if the surface layer is isothermal and the surface
temperature would be equal to the air temperature (Monteith 1981). To compare
both approaches we introduce a quantity called a that is defined as the ratio of the
difference between both estimates of the latent heat flux density and the isothermal
net radiation:
a

~ (l-a)Kl+eLl-eaT*
^ ^
For different values of /?, Figure 3.3 gives a as a function of the grid cell vegetation
moisture status, defined by (W-WP)/(FC-WP). Here, we use a value of 0.79 for FC
and a value of 0.34 for WP which refer to a medium-textured loam soil (Soet et al.
2000). For the values of the relative saturation below the wilting point, the latent
heat flux density calculated using the bulk approach is minimal. In contrast, in this
range the latent heat flux density calculated with the distributed approach increases
approximately linearly with increasing grid cell relative saturation. In agreement with
the results of Wetzel and Chang (1987, 1988), Entekhabi and Eagleson (1989), and
Wood (1997) Figure 3.3 shows that the distributed approach gives larger estimates
of the latent heat flux density in dry conditions, whereas it gives lower estimates
of the latent heat flux density in wet conditions. The maximal difference between
both approaches is about 9.0% of the isothermal net radiation (45.9 Wm" 2 ) when(3
equals 0.1 and the area is relatively flat. However, the maximal difference increases
to about 21% of the isothermal net radiation (110 Wm" 2 ) when (3 equals 0.5 and the
orographic variance is large.
For both the linear response function and the quadratic response function, we plot
in Figure 3.4 a as a function of the grid cell canopy water status. Here, FC and WP
are taken as respectively 0.79 and 0.34 and /? is set at 0.3. The quadratic response
function predicts less moisture stress than the linear response function, when the local soil moisture content is between the wilting point and the field capacity. As a
result, the quadratic response gives larger flux densities for subareas that are above
the wilting point. Consequently, the difference between the distributed and the bulk
approach is larger for the quadratic response function. However, when the grid cell
relative saturation is above the wilting point, the estimates of the latent heat flux
obtained using the bulk approach increase rapidly with the quadratic response function. In contrast, the linear response function predicts a more gradual increase of the
bulk latent heat flux density. As a result, the difference between the distributed and
the bulk approach decreases more sharply with the quadratic response function (see
Figure 3.4).
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Figure 3.4: a as a function of the grid cell canopy water status for the reference
quadratic response function (solid) and a popular linear response function (dotted).

Wetzel and Chang (1987) addressed the discrepancy between the horizontally averaged latent heat flux density calculated using a bulk approach and a distributed
approach by lowering the wilting point and enhancing the field capacity within the
bulk approach. For the normal distribution they used to prescribe the lateral variation of the soil moisture content, they found that use of these effective values for WP
and FC gave estimates by the bulk approach that were in close agreement with the
estimates by the distributed approach. Later, this approach was used in the PLACE
model (Wetzel and Boone 1995). To test whether adopting effective values of FC and
WP reduces the difference between the distributed approach and the bulk approach,
we performed an extra run with the bulk where the grid cell effective wilting is set
at 70 % of its original value, whereas the field capacity has been increased by 30 %.
As shown in Figure 3.5 (left panel), the results obtained with the resulting effective
run are globally better than the results obtained with the original model which uses
the local field capacity and the wilting point. However, the difference between the
latent heat flux density calculated with the distributed approach and the latent flux
density calculated using the effective bulk model run, still has a maximum of about
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Figure 3.5: a as a function of the grid cell canopy water status for the bulk model
(solid) and a model with an effective grid cellwilting point and field capacity: reference
atmospheric conditions (left panel) and modified atmospheric conditions (right panel)

10% of the net radiation. Furthermore, it appears that the effective values of the
wilting point and the field capacity depend on the meteorological conditions. This is
shown in the right panel of Figure 3.5 which shows results of the original bulk model,
the effective bulk model and the distributed approach obtained using a lower forcing
temperature at 2 m of 290 K. It appears that in this run the model with modified
values of the wilting point and the field capacity yields an overestimation of the latent
heat flux density in dry conditions.

3.4 Impact on the seasonal cycle
In the previous section we found that introducing spatial variations in the soil moisture content typically leads to a significantly lower latent heat flux density in wet
conditions. In contrast, in dry conditions, the latent heat flux density was significantly larger with the distributed approach. Here, we study whether this leads to a
weaker seasonal cycle of the latent heat flux density and a resulting enhanced latent
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heat flux density during the dry season.
Therefore, both the distributed and the bulk model are forced with observed data,
instead of using a constant climatological forcing. In this section, we use forcings that
are obtained in a dry climate and forcings obtained in a wet climate. For the dry
climate we use forcings obtained in Niger during the SEBEX experiment (Gash et
al. 1991). These data include hourly observations of the incoming short- and long
wave radiation, direct observations of the upper soil temperature (at 10cm below the
surface), the precipitation and the specific humidity. The wet climate forcings are
collected in the Hupsel catchment, located in the Netherlands (Soet et al. 2000). The
data set was collected during 1982 and consists of 20-minute averages of the incoming
short- and long wave radiation flux densities, the precipitation, the specific humidity
and the air temperature. The temperature of the upper soil isestimated following De
Rooy and Holtslag (1999). To be concise, we only show results for the typical loam
soil, a value of 0.3 for (3and the reference, quadratic soil moisture stress response
function.
To describe the temporal evolution of the soil moisture content we use a simple
bucket method. The maximal volume of water that can be stored per unit area in
the bucket equals lf max , whereas W represents the actual volume of water in storage
per unit area in the bucket. In this study, runoff is described for both the distributed
approach and for the bulk model with the method described by Dumenil and Todini
(1992). The values of the parameters are taken from Van den Hurk et al. (2001). In
dry climates, the soil column is usually deep. For this run, we set Wmaxto 0.6 m. In
wet climates, the plants root undeeper and the soil column is usually shallow. For the
wet climate run, we estimate the maximal volume of water that can be stored in the
grid cell, Wmayi, to be 0.3 m. The initial grid cell relative saturation is obtained by
performing for both approaches a run of multiple years till an equilibrium is reached.
For the dry climate, Figure 3.6 shows a time series of the midday latent heat flux
density, the latent heat flux density averaged from 12:00 UTC till 14:00 UTC. At
the beginning of the wet period, from day 1 to 20 and from 320 onwards, the bulk
approach gives larger estimates of the latent heat flux density than the distributed
approach. At the beginning of the wet period, the midday latent heat flux density
predicted by the bulk approach is higher than the latent heat flux density predicted
by the distributed approach. When the grid cell relative saturation is high, from day
20 to 140, the bulk approach and the distributed approach give similar estimates of
the latent heat flux density.However, as the soil dries down, from day 140 till day 320,
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Figure 3.6: Time series of the midday latent heat flux density for the dry climate run
using a distributed (solid) and a bulk approach (dotted).

the latent heat flux estimated with the bulk approach drops sharply. In contrast, the
latent heat flux density predicted by the distributed approach reduces more gradually.
At the beginning of the dry period, the midday latent heat flux density predicted by
the distributed approach is about twice as large as the latent heat flux density predicted with the bulk model. At the end of the dry season, the bulk approach predicts,
in contrast to the distributed approach, even a vanishing of the latent heat flux density, as shown in Figure 3.6. Over the dry season the difference in the cumulative
evapotranspiration amounts to 72 mm, about 10 % of the annual precipitation.
For the wet climate, the difference between the seasonal cycle of the estimated
latent heat flux densities is less obvious (Figure 3.7). Most of the time the soil is
wet and the bulk approach and the distributed approach give similar estimates of
the latent heat flux density. However, during a dry-down period, from day 210 till
day 220, the bulk approach predicts significantly lower estimates of the midday latent
heat flux density, as compared to the distributed approach. In contrast, from day
150 till day 160, when the soil starts to dry down, the bulk approach predicts larger
estimates of the midday latent heat flux density. As a result, even in a wet moderate
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Figure 3.7: Time series of the midday latent heat flux density for the wet climate run
using a distributed (solid) and a bulk (dotted) approach.

climate, estimates of the latent heat flux density obtained using the bulk approach
differ from estimates obtained using a distributed approach.

3.5 Coupling to the Convective Boundary Layer
In this section we explore the impact of the spatial heterogeneity of the soil moisture
content on the latent and sensible heat flux density when the surface is coupled to
a developing convective boundary layer (CBL). Previous sensitivity studies revealed
that the surface flux densities are less sensitive to surface variables when the boundary layer is allowed to feed back on the surface (Jacobs and De Bruin 1992). A larger
latent heat flux density leads to a more moist convective boundary layer. As a result,
the specific humidity difference over the surface layer is reduced. Consequently, the
initially larger latent heat flux density is, at its turn, suppressed. Also, we study in
this section the impact of the spatial variation in the soil moisture content on the
temperature and specific humidity in the boundary layer and at 2 m.
To estimate the impact of the boundary layer feedback, we couple the model for
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Figure 3.8: Diurnal variation of the sensible heat flux density (thin) and the latent
heat flux density (thick) as calculated using the distributed approach (solid), the bulk
approach (dashed) and the distributed approach forced in the surface layer (dotted):
results are given for a grid cell relative saturation of 0.37.
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Figure 3.9: Diurnal variation of the latent heat flux density as calculated using the
distributed approach (solid), the bulk approach (dashed) and the distributed approach
forced in the surface layer (dotted) for a grid cell relative saturation of 0.45.
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the averaged surface flux densities to a convective boundary layer model (Tennekes
1973). The reference level which is used to calculate the flux densities at each subgrid
is taken as the top of the surface layer, one tenth of the height of the convective
boundary layer, denoted as h. At the reference level, the wind speed and the specific
humidity and the potential temperature are taken to be constant over the entire grid
cell. These are used to compute the resulting areally averaged surface flux densities
which force the thermal growth of the boundary layer. We perform two coupled runs,
one for each approach to obtain the areally averaged surface flux densities. Additionally, we perform a run where the impact of spatial variations in the soil moisture
content is studied without boundary layer feedback. In this run, we estimate the flux
densities with the distributed approach using forcings that are prescribed at 2 m,
obtained by extrapolating the boundary layer temperature, specific humidity and the
wind speed obtained using flux densities and gradients from the coupled bulk model
towards 2 m.
To estimate the meteorological conditions in the free troposphere and to initialize
the boundary layer model, we use radiosoundings launched at 0:00 UTC and 12:00
UTC on August 1 1995 in De Bilt, the Netherlands. We use data obtained on this
day, because the tropospheric profiles of temperature and specific humidity are typical
for a fine day in the summer of a moderate climate. We are primarily interested in
fine days, because on these days the incoming solar radiation is largest which implies
that the differences in estimated flux densities calculated using either the bulk or the
distributed approach are most pronounced. The boundary layer height is initialized
at 50m, the potential temperature in the convective boundary layer, #CBL at 293.5 K
and the specific humidity in the convective boundary layer, (7CBL a * 7.6 gkg - 1 . Using
the radiosounding at 12.00 UTC we estimate the mean wind speed in the atmospheric
boundary layer as 6 ms" 1 . In this study, the subsidence velocity is simply set at 0
m s _ 1 . The temperature of the upper soil is set at its climatological value of 291 K.
The entrainment heat flux density at the top of the boundary layer is taken as one
fifth of the surface heat flux density. The incoming short wave radiation varies over
the day is described using a simple sine function. The maximal incoming short wave
radiation flux density is 900 Wm~ 2 , the sun rises at 4:00 UTC, whereas sunset is at
20:00 UTC. These values are typical for a mid-summer day in a moderate climate.
For the incoming long wave radiation we adopt a constant value of 300 Wm~ 2 . We
start our calculations at 7:00 UTC. To be concise, we only show results for an intermediate value for j3of 0.3, the typical medium-textured loam soil and the quadratic
soil moisture stress response function.
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Figures 3.8 and 3.9 give the diurnal variation of the surface flux densities, calculated using both coupled runs and the run without boundary layer feedback. Figure
3.8 refers to a very lowgrid cellrelative saturation of 0.37 which is below the inflection
point in Figure 3.2. Figure 3.9 refers to a larger grid cell relative saturation of 0.45
which is above the inflection point in Figure 3.2. For the low relative saturation, it
appears that the run without boundary layer feedback gives a slightly higher estimate
of the latent heat flux density density than the run where the boundary layer is allowed to feed back on the surface. However, even when the surface is coupled to a
convective boundary layer, a bulk approach predicts a considerably lower latent heat
flux density when the soil is near the wilting point. The low impact of boundary layer
feedback is because in dry conditions the canopy conductance is much smaller than
the aerodynamic conductance. This means that the flux densities at the land surface
are relatively independent on the conditions in the boundary layer (Jacobs and De
Bruin 1992). Also for the higher soilmoisture content, the run without boundary layer
feedback gives a higher estimate of the latent heat flux density than the run including boundary layer feedback. This is caused by the predicted stomatal closure with
increasing values of the specific humidity deficit of the air (see section 2). In the run
including feedback the air gets drier. As a result, in this run the canopy conductance
increases and the latent heat flux density is reduced. In these conditions, inclusion
of boundary layer feedback enhances the difference between the estimates obtained
using the distributed approach and the bulk approach. For the grid cell relative saturation of 0.37, Figure 3.10 shows the specific humidity of the boundary layer and the
averaged 2 m specific humidity (left panel). When the distributed approach is used,
the boundary layer appears to be about 0.3 g k g - 1 more moist as compared to the
bulk approach. Furthermore, the averaged specific humidity near the surface is about
0.7 g k g - 1 larger for the coupled run with the distributed approach than the run with
the bulk approach. As result, in areas where our typical distribution describes the
spatial variation of the soil moisture content well, using a bulk approach would give
a dry bias. This is important since Viterbo (1994) typically found that the ECMWF
numerical weather prediction model showed a dry bias of 0.5 to 1 g k g - 1 during dry
summer conditions. As a result, the heterogeneity of the soil moisture content may
explain some of the dry bias often found in large-scale atmospheric models. For the
same grid cell relative saturation of 0.37, Figure 3.10 shows for both the distributed
and the bulk approach the air temperature in the boundary layer and the estimated
temperature at 2m (right panel). It appears that with the bulk approach the average
2 m temperature is slightly higher than with the distributed approach. For a grid cell
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Figure 3.10: Diurnal variation of the specific humidity (left panel) and the temperature (right panel) at 2 m (thick lines) and in the convective boundary layer (thin
lines), simulated using a distributed approach (solid) and a bulk approach (dotted):
grid cell relative saturation is 0.37.
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Figure 3.11: As in Figure 3.10 for a grid cell relative saturation of 0.45.
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relative saturation of 0.45, Figure 3.11 (right panel) shows for both the distributed
and the bulk approach the temperature in the boundary layer and the temperature at
2 m. It appears that the distributed approach predicts a slightly higher temperature
at 2m, as compared to the bulk approach. Furthermore, from Figure 3.11 (left panel)
it appears that the specific humidity as estimated with the distributed approach is
lower than the bulk approach.

3.6 Summary and Conclusion
The objective of this study was to investigate the spatial distribution of the soil
moisture content and its impact on the surface energy flux densities and the nearsurface meteorological conditions. Therefore, we performed a sensitivity study where
we compared estimates of the surface flux densities obtained using two approaches:
a distributed approach that takes account of spatial variations in the soil moisture
content, and a bulk approach that calculates the soil moisture stress of vegetation as
a function of one uniform soil moisture content.
In wet conditions, when the grid cell relative saturation is above the field capacity,
both approaches givesimilar estimates of the latent heat flux density. However, as the
soil dries down, the latent heat flux density is typically larger when a bulk approach
is used. When the grid cell relative saturation becomes very low, a bulk approach
gives lower estimates of the latent heat flux density. When the spatial variation in
the soil moisture content is large, differences in flux densities of up to 120 Wm~ 2 can
be expected.
The form of the function that describes the impact of soil moisture stress on
the canopy conductance is important. Use of a quadratic response function (see the
previous chapter) leads to larger maximal differences between both approaches, as
compared to a linear response function (Viterbo and Beljaars 1995). However, as the
soil becomes wetter, the difference between both approaches decreases sharply for the
quadratic response function. In contrast, for the linear response function, the bulk
approach gives smaller estimates of the latent heat flux density, even when the soil is
considerably wet.
Introducing effective values for the wilting point and the field capacity slightly improves the results obtained with the bulk model. However, the effective values appear
to depend on the atmospheric conditions which hampers a straightforward relation
between the effective values and the parameters describing the spatial heterogeneity.
Typically, the distributed approach predicts a weaker seasonal cycle of the latent
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heat flux density. Especially for drier climates, the bulk approach gives significantly
lower estimates of the latent heat flux density during the dry season. Over the dry
season the difference in cumulative evapotranspirion amounts to 72 mm. However,
even in a wet climate a bulk approach gives smaller predictions of the latent heat flux
density during dry-down.
Even when the boundary layer is allowed to feed back on the surface, a bulk approach gives significantly different estimates of the surface flux densities compared to
a distributed approach. Also, the lower prediction of the evapotranspiration in dry
conditions and higher prediction in wet conditions appeared to affect the near-surface
meteorology. In dry conditions the bulk approach typically gives a warm and dry bias
as compared to the distributed approach. In contrast, in wet conditions, the bulk
approach predicts a lower temperature at 2 m and a larger specific humidity at 2 m.
It appears that the spatial variations in the soil moisture content have a large
impact on the estimated surface flux densities and the near-surface meteorology. Unfortunately, for the scales considered here there are no detailed measurements of the
flux densities. This prohibits a validation using observations of the important impact
of the soil moisture heterogeneity on the seasonal evolution of the latent heat flux
density. An important step towards observations on such scales are satellite-derived
estimates of the latent heat flux density (Van den Hurk et al. 1997). However, since
satellites require cloud-free meteorological conditions, only for very limited areas continuous series can be obtained.
Our study is a sensitivity study and as a result, no general conclusions about the
impact of spatial heteregeneity within grid cells of large-scale atmospheric models
can be drawn. However, the prescribed distribution has been successfully used to
describe the impact of the spatial heterogeneity of the soil moisture content on the
runoff (Dumenil and Todini 1992). Furthermore, the proposed cumulative distribution of the infiltration capacity, and the assumption that that actual volumetric soil
moisture content is constant in the unsaturated part of a catchment have been tested
using observations (see Kalma et al. 1995). As a result, we conclude that taking
account of the horizontal heterogeneity of the soil moisture content is a prerequisite for a proper representation of the seasonal hydrological cycle within large-scale
atmospheric models.
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Chapter 4

T h e Concept of 'Effective'
Bulk Exchange Coefficients
for Determination of Surface
Flux Densities

This chapter is based on Ronda, R.J., and H.A.R. de Bruin, 1999: A note on the concept of
'effective' bulk exchange coefficients for determination of surface flux densities.
Boundary-Layer
Meteor., 9 3 ( 1 ) , 155-162
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abstract
Because most land surfaces are non-uniform on meteorological model scales, usually applied flux-profile relationships to obtain surface flux densities cannot be used.
Therefore, some modelers assume that these relations are scale-invariant if the local
bulk transfer parameters are replaced by effective parameters. This approach leads
to wrong results for grid cells that contain subgrid areas that differ largely with respect to stability. Hence, in such cases, the surface energy budget needs to be solved
for each subgrid separately. Therefore, to obtain the correct surface flux densities in
all situations, for each grid cell in the horizontal domain of meteorological models,
subgrid areas that differ with respect to stability need to be identified.

4.1. INTRODUCTION

4.1

Introduction

The horizontal grid cell size of numerical weather prediction and climate models is
typically 502 km 2 or larger. On such scales land surfaces are usually heterogeneous.
Therefore, bulk transfer relations, which relate flux densities of homogeneous surfaces
to vertical profiles (flux-profile relationships) can not be used.
However, above the blending height (Wieringa 1986; Mason 1988; Claussen 1991;
Wood and Mason 1991) the mean quantities become uniform. Hence, by using this
height as a reference level for each homogeneous subgrid area (tile or patch) the
flux density can be calculated. The grid cell average flux density is then obtained
by taking the linear average of these subgrid area flux densities (Koster and Suarez
1992; Claussen and Klaassen 1993; Blyth et al. 1993; Dolman 1993; Dolman and
Blyth 1997). This method is used to infer surface flux densities from remote sensing
images. Typically, these procedures assume that the temperature at a reference level
is constant for an entire image (Bastiaanssen 1995;Van den Hurk et al. 1997). Then,
for each pixel the surface skin temperature is derived and the flux densities computed.
Consistent aggregation of the remotely sensed surface flux densities and surface
skin temperature towards the scales of an atmospheric model requires the partitioning
of the grid cell into a number of patches equal to the number of pixels. To circumvent
the calculation of flux densities for each homogeneous patch in some meteorological
models it is assumed that the flux-profile relationships are scale-invariant (Hu and
Islam 1997; Sellers 1995). An example isthe ECMWF (European Centre for MediumRanged Forecasts) Numerical Weather Prediction Model (Viterbo and Beljaars 1995).
Hence, by replacing local patch parameters with effective parameters heterogeneous
terrain surface bulk transfer relations can be derived. Methods to obtain effective
parameters have been derived by Lhomme (1992), Blyth et al. (1993), Lhomme et al.
(1994), McNaugthon (1994), Raupach (1991, 1993, 1995) and Raupach and Finnigan
(1995).
The investigators mentioned above concentrated on grid cells consisting of subgrid
areas that differ only slightly with respect to stability. In this research large stability
differences are considered: the fluxes over the subgrid areas could be of opposite sign.
The aim ofthis study isto showwith three examples that in cases where large stability
differences exist the use of effective parameters leads to wrong results (Mahrt 1987;
Mahrt et al. 1996; Ronda and De Bruin 1999). Hence, it is required to differentiate
the area into a set of tiles that are relatively homogeneous with respect to stability.
For that purpose, we will consider a surface of type A according to a classification
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proposed by De Bruin, (1987) (see also Shuttleworth (1988) and Dolman and Blyth
(1997)) that consists of a regular mosaic of two surface components. In this study
three cases are considered. Each case consists of a different mixture of surface types:
• case 1: lake and grass land
• case 2: dry grass and snow field
• case 3: dry and wet forest
The flux densities from eachpatch willbedescribed with the standard Monin-Obukhov
similarity theory (Garratt 1992). The calculated flux densities will be used as forcings
for a simple slab model for the planetary boundary layer (PBL) (Driedonks 1981), in
order to mimic the interaction between the surface flux densities and the PBL. In the
convective boundary layer moisture and temperature are well-mixed. The bottom of
the mixed layer acts as a blending height. The choice of using a slab model limits our
study to situations where a convective boundary layer (CBL) develops. Besides, the
model is one-dimensional and two- and three-dimensional processes like local advection and mesoscale circulations cannot be taken into account.
In section 4.2 a brief description of flux density upscaling techniques is given. Section 4.3 gives a description of the three cases and deals with the PBL model used
in this study. The results for the three cases are shown and discussed in section 4.4.
Section 4.5 provides a conclusion.

4.2 Upscaling the Surface Energy Balance
In General Circulation Models the partitioning of incoming short wave radiation and
incoming long wave radiation is calculated by solving the surface energy balance
(SEB). For a homogeneous patch this balance reads (Garratt 1992):
Kl - K^ + eLl - Z,T = H + XE + G,

(4.1)

In this equation K*-is the incoming short wave radiation flux density, K^ is the
outgoing short wave radiation flux density, L^ is the incoming long wave radiation
flux density and V< is the outgoing long wave radiation flux density, H is the sensible
heat flux density, XE is the latent heat flux density and G is the ground heat flux
density (neglected in this study). A is the latent heat of vaporization and E the
evapotranspiration. e is the emissivity of the earth's surface.
The sensible heat flux density and latent heat flux density are calculated by means
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of bulk exchange relations relating the scalar flux density to scalar profiles in the
surface layer (Viterbo and Beljaars 1995):
H = pacpga(Tsk-Ta),

(4.2)

XE = pa\9aq]{lsk)~qa.

(4.3)

where pa is the air density, cp is the isobaric specific heat, ga is the aerodynamic
conductance and rCtW is the canopy resistance to water vapor flow (the reciprocal of
the conductance to water vapor flow). Tsk is the surface temperature and Tais the
temperature at a reference level, zr, q*(Tsk) is the saturated specific humidity at the
surface and qa is the specific humidity at the reference level. In atmospheric models,
ga is calculated using Monin-Obukhov similarity theory. It is calculated as a function
of |w|, the horizontal velocity at the reference level, the roughness length for heat,
Zh, the roughness length for momentum, zo m , the height of the reference level and
{Ts-Ta) (Appendix C).
Combining Eqs. 4.1,4.2 and 4.3 with the formulations for the outgoing short wave
and long wave radiation (Garratt 1992) leads to the following equation for the SEB:
(1- a)K^ + eLl - eaT*k = pacpga (Tsk -Ta)+

paXga g*^' fc > "<*».

(4.4)

In this equation is a the albedo.
Assuming that the incoming short and long wave radiation flux densities are uniform over the grid cell, the SEB for the grid cell reads:
{l-a)Kl+*Ll-

oeT%= pacp9a (Tsk -Ta)+ga

g (

* ^"c

Qa

(4.5)

In this equation overbars denote linear spatial averages:
M

x = ^Xifi,

(4.6)

i=l

with fi the fraction covered by patch number i and M the number of patches in the
grid cell. In this study only cases where M = 2 and / i = / 2 = 0.5 are considered.
Blyth et al. (1993) and Dolman and Blyth (1997) show that when the transfer
coefficient, ga is not an explicit function of the surface temperature (the aerodynamic
conductances are assumed to adopt their neutral values), Eq. 4.5 can be solved analytically to obtain the grid cell averaged surface temperature. However, either the
flux density or the surface temperature has to be constant over the grid cell. Raupach
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300

Figure 4.1: The sensible heat flux, H, as a function of A T for \u\ = lms~1 (solid),
|u| = 1 0 m s - 1 (dotted), also shown the surface temperature deficit and sensible heat
flux density of a stable patch, the surface temperature deficit and sensible heat flux
density of an unstable patch and the average sensible heat flux density

(1991, 1993, 1995) and Raupach and Finnigan (1995) derived estimates of the grid cell
averaged flux densities by eliminating the surface temperature and linearly averaging
the resulting combination equation. The differences between the radiation balance
(left hand side of equation 4.1) evaluated at reference level and at the surface were
accounted for by a radiative resistance.
Generally, in the atmosphere the aerodynamic conductances are functions of stability (Appendix C). These functions are non-linear and therefore analytic solutions
for the grid cell average surface balance cannot be obtained. In Figure 4.1 H is shown
as a function of AT for different horizontal wind velocities and a specified height
geometry (zr = 10m, zom = 0.1m and Zh = 0.01m). It can be seen that especially
for low wind speeds this relation is highly non-linear. If both patches differ largely
with respect to stability the average sensible heat flux density (Havg) is larger than
the sensible heat flux density evaluated at the averaged temperature difference: in
the example given in Figure 4.1 the averaged temperature difference and hence the
sensible heat flux density evaluated at the averaged temperature both equal 0. In the
unstable region and when the wind speed is high in the stable region H is approximately a linear function of AT. Here, estimation of the average sensible heat flux
density using the averaged surface temperature is accurate.

4.3. SETUP OFEVALUATION STUDY

Quantity

Table 4.1: Initial Conditions
Case lake/grass Case snow/grass Case wet/dry forest

QCBL

275.9
3.0E-3

&qh

3.0E-3

OCBL(K)

h(m)

73

248.3

283.3

292.0

3.0E-3
3.0E-3
276.4

7.1E-4
7.1E-4
436.0

4.3 Setup of evaluation study
The incoming short wave radiation varies over theday. Here, wedescribe the diurnal
evolution using a simple sinus function:
Ki = K m sin m ^ ^ )

,

(4-7)

where Km is the maximal incoming short wave radiation, t local time, tSTthe local
time ofsunrise andtst the local time of sunset. Theincoming long wave radiation is
evaluated from the temperature ofthe CBL:
Ll = taoTi,

(4.8)

where ea istheeffective emissivity ofthe atmosphere (ea =0.8).
The aerodynamic conductance, ga is calculated as described in the appendix C.
The reference level isthetopofthe surface layer given asone tenth ofthe height ofthe
convective boundary layer denoted ash. Inthis study thepatches represent subareas
within the grid cell of a large-scale atmospheric model. Therefore, we assume that
they aresosmall that thereference height temperature isconstant over thegrid cell.
However, they arelarge enough to neglect the effects of local advection.
Case 1refers to mixture of cold lake next to a grass land. Dueto the large heat
capacity of water, the lake surface temperature is taken as constant during theday
{Tsk,ia.ke = 275K). Therefore, the sensible and latent heat flux densities of the lake
patch aredirectly computed with Eqs. 4.2and 4.3. rCiW is 0for the lake patch. For
the grass patches thesurface energy balance issolved directly. Thealbedo is0.2, the
rCtW is 60 sm _ 1 , the emissivity is 0.996, the roughness length for momentum (zom)
is 0.1 m and the roughness length of heat (z^) is 0.01m. The wind speed in the
convective boundary layer is 1ms" 1 . Forthis case theincoming short wave radiation
is taken as typical for a spring day at high latitudes: Km is 500Wm~ 2 , tsr is5:00
UTC andtst is 19:00 UTC.

CHAPTER 4. EFFECTIVE BULK EXCHANGE

74

286

COEFFICIENTS

-

grass

285

~"--.^

284
^283

L

v.

__..'•-'

^(B2 8 2
= 281
(0
a>280
Q.

X

T

_

E279
01
1-278

^

277
276

":
-

^______^-^^^^

275

10

11

12

13

14

15

16

GMT(hours)
Figure4.2: Diurnal variation ofthe CBL potential temperature (solid),the grass patch
surface temperature (dash-dotted), the lake patch surface temperature (dashed) and
the averaged surface temperature (dotted).

11

12

13

16

GMT(hours)
Figure 4.3: The sensible heat flux density of the cold lake patch (dashed), the sensible
heat flux density of the grass patch (dash-dotted), the average sensible heat flux
density (solid) and the sensible heat flux density evaluated at the averaged surface
temperature deficit (solid)

4.4. RESULTS
Case 2refers to mixture of melting snow next to dry grass. Dueto melting, the
snow surface temperature is taken as constant during the day (T5fciSnow = 273K).
Therefore, the surface energy flux densities ofthe snow patch aredirectly computed
with Eqs. 4.2and4.3. rCiW is0forthesnow patch. Forthegrass patches the surface
energy balance is solved. The albedo is 0.2, the emissivity is 0.996, the roughness
length for momentum (zoTO) is0.1mandtheroughness length ofheat (zh) is0.01m.
Because of permafrost, boreal grass lands areusually very dry. Here, weset XE = 0
for thegrass patch. Thewind speed intheconvective boundary layer is1m s _ 1 . Km,
tsr andtst arethesame asfor case 1.
Case 3refers tomixture ofwet anddryforest. Forboth patches thesurface energy
balance issolved directly; thealbedo is0.2, theemissivity 0.996, theroughness length
for momentum (zom) is0.1mandtheroughness length ofheat (zh) is0.01 m. For the
wet forest patch rCtWis0, whereas weset XE = 0for thedryforest patch. Thewind
speed in the convective boundary layer is 1m s ' 1 . For this case Km is 900 Wm~ 2 ,
i s r is4:00UTCandtst is 20:00 UTC. These values aretypical for a summer dayin
mid-latitude regions.
To update theCBLtemperature andhumidity thesubgrid area flux densities are
linearly averaged andagrid cellflux density iscalculated. The updated quantitiesare
used tocalculate thenew values forthe flux densities ofthepatches. The parameters
of the CBLmodel (Appendix C) are Wh= 0 m s _ 1 , 70 = 0.0073 K m - 1 and 7, = 0
m" 1 .
The CBLmodel forced by the averaged surface flux densities consists of a setof
ordinary differential equations which canbe integrated. Table 4.1 gives for each case
the initial values ofthe prognostic quantities (6cBL, h, qcBL and Aq) ofthe model.

4.4

Results

Figure 4.2refers tothe first case where a lake patch is located next to a grass patch.
It shows the CBL potential temperature, the lake patch surface temperature, the
grass patch surface temperature andthe averaged surface temperature asa function
of time. It canbe seen that during the whole daythe surface layer above the lake
patch isstable, whereas it isunstable above thegrass patch. Bulk transfer relations
predict a downward directed sensible heat flux density over the lake. In contrast, an
upward directed sensible heat flux density is predicted over the grass patch (Figure
4.3). Thegrid cell averaged surface temperature isonly slightly larger than the CBL
potential temperature (Figure 4.2). Asa result, theuseofthegrid cell averaged tem-
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Figure 4.4: Diurnal variation ofthe CBLpotential temperature (solid), the grass patch
surface temperature (dash-dotted), the snow patch surface temperature (dashed) and
the averaged surface temperature (dotted).
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Figure 4.5: The sensible heat flux density of the snow patch (dashed), the sensible
heat flux density of the grass patch (dash-dotted), the average sensible heat flux
density (dotted) and the sensible heat flux density evaluated at the averaged surface
temperature deficit (solid)

4.4. RESULTS
perature difference to obtain the grid cell sensible heat flux density, leads to a small
upward directed sensible heat flux density (maximum 30W m - 2 as isshown in Figure
4.3. However, the average sensible heat flux density is much larger (maximum of 60
Wm" 2 ) (Figure 4.3). Therefore, using one uniform temperature for the entire grid
cell leads to an underestimation of the grid cell sensible heat flux density of about 50
% in this case. Our calculations are confirmed by the results of Freeh and Jochum
(1999). Using aircraft observations of the sensible heat flux density above a heterogeneous area, these authors found that, particularly for low wind speeds, the effective
exchange coefficient depends on the averaging scale. When they removed the stably
stratified lake from the analysis, the mean sensible heat flux density could be better
described using the mean surface temperature.
The results of case 2, the melting snow patch next to the dry grass patch, are
similar to the results of case 1. Figure 4.4 shows the diurnal cycle of the potential
temperature, the snow patch surface temperature, the grass patch surface temperature and the averaged surface temperature. It appears that the surface layer above the
snow patch is stable. In contrast, it is unstable above the grass patch. Bulk transfer
relations predict a downward directed sensible heat flux density over the snow. An
upward directed sensible heat flux density is predicted over the grass patch (Figure
4.5). The difference between the averaged surface temperature and the CBL potential temperature is small (Figure 4.4). Thus, using this temperature to calculate the
average sensible heat flux density leads to an underprediction of the sensible heat flux
density, as is shown in Figure 4.5. The underprediction in this case is much larger
than in case 1. The cause is the larger stability difference between both patches in
this case. This is caused by the smaller surface temperature of the snow patch as
compared to the lake patch. Furthermore, since the latent heat flux density is absent,
the grass patch becomes much warmer in this case (compare Figure 4.2 and Figure
4.4). This is reflected in the sensible heat flux density which is much larger over the
grass patch located next to the snow area than over the grass patch next to the lake.
Case 3isthe wet forest next to a dry forest. For this case Figure 4.6 shows the CBL
the diurnal cycle of the potential temperature, the wet forest patch surface temperature, the dry forest patch surface temperature and the averaged surface temperature.
The surface layer above the dry forest is very unstable. The temperature difference
between the dry forest surface temperature and the CBL temperature is large. In
contrast, the surface layer above the wet forest is only slightly unstable. This surface
looses most of its energy due to the latent heat flux density. The difference between
the averaged surface temperature and the CBL potential temperature is small (Figure
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Figure 4.6: Diurnal variation of the CBL potential temperature (solid), the dry forest
patch surface temperature (dash-dotted), the wet forest patch surface temperature
(dashed) and the average surface temperature (dotted).

4.6). Also in this case, using this temperature to calculate the average sensible heat
flux density leads to an underprediction of the sensible heat flux density, as is shown
in Figure 4.7. However, since the stability difference is much smaller in this case,
the underprediction is smaller than in the previous cases: about 20 %. Even when
the cover of the patches is the same, non-uniformity in the grid cell distribution of
for example soil moisture and rainfall can lead to differences in stability and hence
to a need to distinguish between different subgrid areas. Vermeulen (2001) performs
a similar study for a site in the Fochtelooerveen area in the Netherlands. Here, an
agricultural area is located next to a forest and a wet bog. When the agricultural
area is wet, typically effective exchange coefficients can be obtained. However, when
the agricultural became dry, a patch-by-patch approach gives better estimates of the
averaged sensible heat flux density.

4.5

Conclusion

In the previous sections it has been shown that if a grid cell consists of subgrid areas
(patches) that differ largely with respect to stability, the average sensible heat flux
density cannot be related to the averaged temperature difference over the surface
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Figure 4.7: The sensible heat flux density of the wet forest patch (dashed), the sensible
heat flux density of the dry forest patch (dash-dotted), the average sensible heat flux
density (dotted) and the sensible heat flux density evaluated at the averaged surface
temperature deficit (solid)

layer. Thus, the surface energy balance has to be solved for each patch separately.
Furthermore, the useofone averaged surface temperature for derivinggrid cell average
surface flux densities leads to wrong results for such grid cells. This is caused by
the non-linear relation between stability and flux density. As a result, consistent
aggregation of remotely sensed surface energy flux densities and surface temperatures
requires the definition of patches that differ with respect to stability.
This behaviour has been illustrated with three cases which occur frequently in
nature. Especially for areas where vegetated patches occur next to cold surfaces, the
flux densities should be calculated for each patch separately. However, even the cover
of a grid cell is the same, differences in wetness can lead to differences in stability.
Therefore, to obtain the correct flux densities combined with accurate estimates of
the surface temperature, for each grid cell in the horizontal domain of meteorological
models patches that differ with respect to stability need to be identified.
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Summary

This thesis deals with the modeling of the surface energy budget and the atmospheric
boundary layer over natural surfaces. Its central aim is to elucidate how to describe
this exchange in large-scale atmospheric models appreciating that the parameter values of these models should be obtained from coarse land surface maps, and that the
land surface within grid cells of such models is usually heterogeneous. In this thesis
we focus on scales of the grid cells of large-scale atmospheric model, typically 10-100
km. This thesis deals with three main items:
• the representation of the canopy conductance for low vegetation,
• the impact of spatial variation in the soil moisture content on the surface flux
densities and the near-surface meteorology, and
• the impact of spatial variations of the surface temperature on the areally averaged sensible heat flux density.
In chapter 2wedevelop a model for the canopy conductance of lowvegetation. Therefore, we simplify and extend the approach of Jacobs (1994). This approach calculates
the canopy conductance of low vegetation as a function of environmental variables
evaluated at the canopy level. The environmental variables consist of the canopy
temperature, the specific humidity inside the plant canopy, the carbon dioxide concentration inside the canopy and the incoming photosynthetically active radiation.
Also, we develop a new formulation to account for the effect of the soil moisture
stress on the canopy conductance of low vegetation. Our approach is simple and
does not require iterations or numerical integration. However, it describes the major
processes, including the exponential decay of the photosynthetically active radiation
as a function of leaf area index. As a result, it can successfully be implemented in a
large-scale atmospheric model.
The parameter values of our approach are retained from plant physiological theory.
They appear to be robust and general formulations for biomes could be obtained. In
this study, a distinction in C3 and C4 plants appears to be sufficient. We validate our
approach using observations of the canopy conductance and the surface flux densities
obtained at different sites with low vegetation. Here, we use measurements taken in a
C3soybean crop in southern France, a C4 prairie grass site in Kansas, U.S.A. and a C3
grass land site in Cabauw in the Netherlands. We compare results obtained using our
approach with results obtained with an empirical-statistical approach (Jarvis 1976;

5.1. SUMMARY
Stewart 1988). In the empirical-statistical approach the canopy conductance is statistically related to environmental conditions at a reference level in the surface layer.
The empirical-statistical approach was originally developed for micro-meteorological
and hydrological applications. In these applications the environmental variables at a
reference level in the surface layer are typically forcing variables. However, its use is
often extended to large-scale atmospheric models. For vegetation at various experimental sites, the parameters of the empirical-statistical have been valued by fitting
the calculated canopy conductance to the measured canopy conductance. By combining different local optimizations parameter values have been classified as a function of
vegetation type or biome (Kelliher et al. 1993, 1995). Here, we use the values given
by Van den Hurk et al. (2000).
For the tall C4 prairie grass, the plant physiological approach gives better predictions of the canopy conductance than the traditional empirical-statistical approach.
For the C3 soybean crop, the plant physiological approach performs better. Overestimations in the latent heat flux density can be explained by overestimations in
the net radiation that are relatively insensitive to the canopy conductance parameterization. For the C3 short grass in the Cabauw area both approaches give similar
results. Overall, our plant physiological approach with the proposed soil moisture
response function, provides satisfactory estimates of the surface flux densities. Because the plant physiological approach is physically based and it relates the canopy
conductance to environmental variables evaluated at canopy level, it can successfully
be implemented in prognostic atmospheric models and in models used for climate
impact studies.
In chapter 3 we show that land surface models of large-scale atmospheric models
should take account of the spatial variation of the soil moisture content within the
grid cell. Usually, modelers assume that the soil moisture content is horizontally homogeneous within the grid cell of a large-scale atmospheric model. As a result, all
vegetation in the grid cell experiences the same soil moisture stress. The resulting soil
moisture stress can then directly be used to obtain the surface temperature and to calculate the grid cell surface flux densities. This approach is called the bulk approach.
In contrast, in a distributed approach we take account of spatial variations in the
soil moisture content within the grid cell. In the distributed approach, we calculate
the surface flux densities separately for a number of subareas with different values for
the soil moisture content. The grid cell surface flux densities are then calculated by
linearly averaging the subarea surface flux densities. Averaging weights are obtained
from a distribution of the soil moisture content. Here, we describe the cumulative
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distribution of the soil moisture content using the Xianjiang model (Sivapalan and
Woods 1995). This cumulative distribution appears to be typical for scales of the
grid cell of large-scale atmospheric models (Diimenil and Todini 1992). In this thesis, we compare estimates of the surface flux densities obtained using the distributed
approach with estimates obtained using a bulk approach.
The distributed approach predicts a much weaker variation of the average latent
heat flux density as a function of the grid cell relative saturation. When the soil is
nearly-saturated, both methods givesimilar estimates of the surface flux densities. As
the grid cell relative saturation drops below the field capacity, the soil moisture stress
increases in the driest subareas. This increased moisture stress leads to a reduction
of the average latent heat flux density. When the grid cell is only slightly below the
field capacity, the bulk approach typically gives larger estimates of the latent heat
flux density than the distributed approach, because the bulk approach ignores the
reduction of the latent heat flux density in the driest areas. As the soil in the grid cell
becomes even drier (near or even drops below the wilting point), the bulk approach
gives minimal estimates of the latent heat flux density. In contrast, the distributed
approach allows for considerable latent heat flux densities within the wetter subareas.
Thus, in dry conditions the average latent heat flux density estimated using the bulk
approach is much smaller than the estimate obtained using the distributed approach.
Lowering the wilting point within the bulk approach enhances the latent heat flux
density in dry conditions. Increasing the field capacity leads to a reduction of the
latent heat flux density predicted by the bulk approach when the soil moisture content is high. This suggests that discrepancies between the distributed and the bulk
approach could be addressed by adopting effective values for the wilting point and the
field capacity within the bulk approach (Wetzel and Chang 1987). However, in this
thesis it is shown that even with effective values for the wilting point and the field
capacity, the bulk approach gives considerable different estimates of the latent heat
flux density in both wet and dry conditions compared to the distributed approach.
Moreover, the optimal values for the effective wilting point and the effective field capacity appear to be sensitive to the atmospheric conditions at the reference level.
In chapter 3 we also study the impact of spatial variations of the soil moisture
content on the seasonal cycle of the latent heat flux density. The bulk approach gives
larger estimates of the latent heat flux density during the beginning of the dry season
which leads to a more rapid depletion of the soil moisture reservoir. As a result,
less water is available for transpiration later in the dry season (Dolman et al. 2002).
Furthermore, the bulk approach gives much lower predictions of the latent heat flux
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density when the soil is very dry. Therefore, the bulk approach gives much lower
estimates of the latent heat flux density than the distributed approach during the dry
season of a dry Sahelian climate. In a wet climate, the difference between the seasonal
cycle as predicted by the bulk approach and the distributed approach is less obvious.
However, even in this climate the bulk approach gives lower estimates of the latent
heat flux density during a dry-down event.
Finally, in chapter 3, we couple both approaches to a model for a developing convective boundary layer (Tennekes 1973). It appears that the distributed approach
gives lower estimates of the latent heat flux density when the soil is wetter, even
when the land surface is coupled to a developing boundary layer. As a result, the
distributed approach predicts a significantly drier and warmer atmospheric boundary
layer in these conditions. Also, it gives a significantly smaller value for the specific
humidity at 2 m and a slightly higher temperature at 2 m. When the soil is very dry,
the distributed approach gives larger estimates of the latent heat flux density, even
when coupled to a developing convective boundary layer. The result is that the distributed approach predicts a significantly moister and cooler boundary layer in such
conditions. As a result, it gives a significantly larger value of the specific humidity
at 2 m and a slightly lower temperature at 2 m. Thus, spatial variations in the soil
moisture content have a significant impact on the surface flux densities and the specific humidity and the temperature near the surface. Therefore, we recommend that
a next generation of land surface model takes account of the spatial variations in the
soil moisture content.
In Chapter 4 we show with three cases that occur frequently in nature, that only
a tiling approach can provide estimates of the averaged surface flux densities that
are consistent with the averaged temperature difference over the surface layer in all
situations (Mahrt 1987; Ronda and De Bruin 1999; Vermeulen 2001). Often, during
daytime in convective conditions, the entire area is unstable. In such conditions the
average sensible heat flux density can directly be computed as a function of the average surface temperature. However, if one or more patches are only slightly unstable
or even stable, the direct relationship between the average sensible heat flux density
and the averaged surface temperature breaks down. In such conditions, use of the
averaged surface layer temperature difference leads to severe underestimation of average sensible heat flux density over the area. The underestimation of the sensible
heat flux density then results in a too shallow and generally too wet and too cool
boundary layer. Sometimes, even a stable boundary is predicted, whereas the actual
average sensible heat flux density forces the development of a convective boundary
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layer. In this chapter we show that situations as described above occur frequently
in nature. Using a simple model, we show that when a grass field is located next to
a melting snow field, the average sensible heat flux density is not directly related to
the averaged temperature difference over the surface layer. Also, we show this for a
situation where a grass field that is located next to a lake (Freeh and Jochum 1999).
Furthermore, it appears that when a wet forest is located adjacent to a dry forest,
using the averaged surface temperature leads to an underestimation of the average
sensible heat flux density (Vermeulen 2001).
The results in this thesis contributed to a better representation of the hydrological
balance in large-scale atmospheric models. Ideas presented have been implemented
and tested in large-scale atmospheric models (Dolman et al. 2002). In the next section we will summarize some main results. Furthermore, we will discuss some of the
methods presented in this thesis and suggest possible routes for further research.

5.2

Perspective

An obvious route for further research is the implementation of the ideas presented
in this thesis in a large-scale atmospheric models. Indeed, the proposed plant physiological model for the canopy conductance has been implemented in the Regional
atmospheric climate model (RACMO). RACMO (Christensen et al. 1996) is a regional climate model that combines the dynamical package ofthe limited area NWPM
HIRLAM (High resolution limited area model) with physical parameterization from
the ECHAM4 climate model (Roeckner et al. 1996). RACMO is operated at KNMI,
the Dutch meteorological office, and is used to perform climate studies over Europe.
In a study reported by Van de Kassteele (2001) (see also Van den Hurk 2001a) the
traditional scheme where the canopy conductance is calculated using the empiricalstatistical functions was replaced with the proposed plant physiological method. For
low vegetation, it was found that the transpiration over Europe increased, compared
to the traditional approach. The larger transpiration leads to a direct increase in the
simulated specific humidity at 2 m, and as an increase in the transpiration leads to
a reduction of the sensible heat flux density, a reduction of the temperature at 2 m.
Furthermore, implementation of the plant physiological approach gave an increase of
the (convective) precipitation over large parts of Europe. Comparing both methods
using SYNOPS observations of the 2 m temperature and the 2 m specific humidity
revealed that the plant physiological approach predicts too high values of the 2 m
specific humidity during summer. However, this is partly because of uncertainties in
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the initialisation of the soil moisture content and the underlying (prescribed) vegetation map. Both the control model and the plant physiological model were initialised
using one-year equilibrium values from the control model allowing no soil moisture
feedback on a seasonal scale in the run where the canopy conductance is calculated
using the plant physiological approach. The root mean square error of the latent heat
flux density improved when the plant physiological approach was used.
The study of Van de Kassteele revealed that the method in this paper can successfully be modified to predict the flux densities over forests. Improvement of the scheme
for forest vegetation should be focus of future research. For broad-leaf forests, the
plant physiological approach slightly overestimates the transpiration (Van den Hurk
et al. 2001a). However, for needle-leaf forest large overestimations of the transpiration have been found. The stomata of forest react more strongly in dry conditions.
Laboratory experiments suggest that the conductance of needle-leaf forests is affected
by a wax layer in which the stomata are embedded. It would be interesting to see
whether this could explain the lowtranspiration rates typically observed inpine forests
(Bosveld 1999). Also, it appears that forests usually adapt to local soil and climate
conditions. As a result, the parameter values of the plant physiological approach show
a broad band (Calvet 2000). This suggests that the parameters of the physiological
approach are less robust for forests which implies that results obtained using simulations with large-scale atmospheric models are sensitive to the specification of the
vegetation distribution in forested areas (Van den Hurk et al. 2001b). Moreover, the
processes within the canopy interior generate profiles of both moisture, leaf temperature, carbon dioxide and photosynthetically active radiation, which means that a
simple big leaf model fails to describe the conductance of a forest canopy adequately
(Denmead and Bradley 1985; Bosveld 1999).
Another focus of further research is the representation of the canopy conductance
for low vegetation that are rooted in very poor soils. Using observations over a true
raised bog in the Netherlands Jacobs et al. (2001) found that owing to limitations in
the nitrogen and phosphate content of the soil, the assimilation was suppressed. This
implies that less carbon dioxide was needed for the photosynthesis. Plant therefore
need a smaller stomatal aperture to maintain the photosynthesis. As a result, even
in wet areas low values for canopy conductance and consequently of the latent heat
flux density have been observed (Nieveen 1999).
Cox et al. (1999b) implemented a plant physiological approach to calculate the
canopy conductance in a climate model. They could successfully study the effects
of doubling atmospheric carbon dioxide concentrations on the climate. They found
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that higher environmental CO2 concentrations allowed plants to reduce the stomatal
closure while maintaining their assimilation. The thus induced reduction of the latent heat flux density gave a significant warming over tropical forests. In a study
reported by Haarsma et al. (2002) the plant physiological approach was implemented
in a climate model of intermediate complexity. It appeared that the approach gave
reasonable estimates of the current climate and could successfully be used to assess
the impact of different land use and greenhouse gas emission scenarios on the climate
(Leemans et al. 2002).
Most large-scale atmospheric models nowadays adopt a 'tiling' approach to calculate the surface flux densities over heterogeneous terrain. In the numerical weather
prediction model of the ECMWF the surface energy budget is now solved separately
for eight tiles (Van den Hurk et al. 2000). These tiles include a separate tile for a snow
surface, for a lake surface and for the interception reservoir. Validation using forcings
at a reference level in the surface layer revealed major improvements in the simulated
seasonal cycle of the surface flux densities, especially of boreal forests (Van den Hurk
et al. 2001a). The introduction of a completely distributed approach to account for
the variation of the soil moisture content is very rare. An important step, however,
has been set by Koster et al. (2000b) who divided the North-American continent into
a number of catchment areas, the principal hydrological units. Each of the catchment
areas is partitioned into a saturated part, an unsaturated part and a wilting part.
These are then used as tiles of an atmospheric model and the resulting flux densities
are aggregated towards the grid cell of a climate model. The procedure led to major
improvements in the simulated runoff. It would be interesting to investigate whether
their approach also gives better results of the grid cell flux densities and the estimated
atmospheric profiles of temperature and specific humidity, as suggested in this thesis.

Appendix A

T h e plant physiological
model.
In theplant physiological model, the grossprimary productivity, isa function of PAR,
Tsk and the internal CO2 concentration Ci\
Ag = f(PAR,Tsk,Ci).

(A.l)

Here, we adopt the formulations of Jacobs (1994):
Ag={Am+Rd)(l-e-^^y

(A.2)

with:
i(Cj-r)
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M

A
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Here, [i is the light use efficiency, /io the initial (at low light conditions) light use
efficiency, gm the mesophyll conductance, Am^max the maximal primary productivity
under high light conditions and high CO2 concentrations and Y the CO2 compensation
point.
The parameter values for jUo have been derived by Collatz et al. (1991, 1992). The
values for C3 and C4 plants respectively are given in Table 2.1 The parameters gm,
Am,max and T are functions of the leaf temperature (Jacobs 1994):
T(Tsk) = r (Tsk = 298)Qw
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T (Tsk = 298K) and Qio are parameters which values are for C3 and C4 plants given
in Table 2.1. gm and Am^max are computed as (Jacobs 1994; Collatz et al. 1991,
1992):
X(T \ X(Tsk=298)Q10™
{ sk
> ~ (i + e0.3m-r.it)) (i + eo.3(Tsfc-T2)

^-^

In this equation X denotes gm and Am,max respectively. The parameter values are
for C3 and C4 plants given in Table 2.1.
The dark respiration i?^ is calculated as:
Rd = 0.11Am

(A.6)

If Ds approaches DQ equation (10) for the internal CO2 concentration becomes:
( ^ i n ^ a - ^
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Appendix B

Scaling t h e Ag — gc^w approach
u p from leaf t o canopy.
In this appendix we present an analytic method to scale conductance calculated with
the plant physiological approach up from leaf to canopy. To obtain gCyCfrom gi>c, Ag
must be integrated over the canopy:
l-LAI
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It is assumed that the photosynthetically active radiation decays exponentially as a
function of the leaf area index:
PAR=KxPARte-K*L
Kx isthehe
extinction
extinctioncoefficient.
coefficientInserting this expression inthe expression for L

AgdL

yields:
/
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o is in this equation given by o =
transformation is introduced:
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dy
Kxbe~K*L
dy
Kxy

dL
dL

The integration interval boundaries become under this transformation:
L = 0^-y = b
L = LAI =>y = be~K*LAI
J0

AgdL is then given by:
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In these equations Ei(x) is the exponential integral with argument x. The resulting
expression for gCtC is then:
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Appendix C

The aerodynamic
conductance
The aerodynamic conductance is given by:

fc^H

=

ln

{

,c ^

fe) - *"(t) +*M(*t)) (in(%) - *H(f) +*H(f))'

In this equation is k the Von Karman constant equal to 0.4. L is the Monin-Obukhov
length defined as:
L = ^kgH,

(C.2)

where Tr is a reference temperature calculated as: T r = | (Ta +Tsk)friction velocity which is given by:

w*o is the

fc|u|
W»0=
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r
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The stability functions are experimentally determined. For unstable cases the functions given byBusinger et al. (1971) with the coefficient givenbyBeljaars and Holtslag
(1991) have been used:
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with x = (1- 1 6 ^ ) * and y = (l - 1 6 f ) *
For stable case the functions of Beljaars and Holtslag (1991) have been used:

MS) - -(•zMMM-'z)-^
<c-6>
Mi) - -(H-z)'+'(z-l)M-<z)-(HH
with a = 1, b= 0.667, c = 5 and d = 0.35.

Appendix D

The boundary layer model
Processes in the convective boundary layer have inthe past frequently been calculated
using a slab model (Tennekes 1973;Driedonks 1981;McNaughton and Spriggs 1986).
It considers the mixed layer as a fully mixed layer with one uniform temperature
and specific humidity. At the top of the boundary layer the profiles of temperature
and the specific humidity are described by jumps. Above the mixed layer by the free
troposphere profile. For this mixed layer budgets can be obtained:

£=^

(ai)

In this equation isca the valueof a scalar quantity (temperature and specific humidity)
in the convective boundary layer (CBL). FQ is the flux density at the bottom of the
mixed layer. The entrainment flux density, the flux density through the top of the
mixed layer (Fh) is given by the following expression (Driedonks 1981;Garratt 1992):
Fh = -Ach (^ - whj

(D.2)

In this equation Ac/, denotes the scalar jump at the boundary layer top and WH the
subsidence velocity, a downward velocity because of large scale weather systems.
An evolution equation for the jump in concentration can be obtained by budgeting
the thin layer at the top of the boundary layer:
dAch

(dh

\

dca

dt

V dt

J

dt

In this equation *yc is the concentration gradient in the free atmosphere. The set of
three equations contains four unknowns: ca, h, Ach and Fh- Hence, the set has to be
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closed.
Since this study seeks to study effects of using one temperature for a grid cell and
does not focus on PBL modeling or budgeting a simple entrainment scheme is adopted
(Driedonks 1981):
Fh = -0.2F 0 ,

(D.4)
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Samenvatting
Dit proefschrift gaat over het modelleren van de oppervlakte-energiebalans en de
atmosferische grenslaag over natuurlijke landoppervlakken. Daarbij richten we ons
met name op schalen in de orde van 10-1000 km, de typische roosterpuntsafstand in
moderne atmosferische modellen. Het doel van dit onderzoek is om inzicht te krijgen in de manier waarop de processen die bepalen hoe de atmosfeer warmte and
massa uitwisselt met het onderliggende landoppervlak, moeten worden beschreven in
grootschalige atmosferische modellen.
In hoofdstuk 2ontwikkelen weeen methode om de gewasweerstand voor lage vegetatie te beschrijven. In deze methode wordt de gewasweerstand berekend met behulp
van de temperatuur van het gewas, de specifieke vochtigheid in het gewas, de concentrate van koolstofdioxide in het gewas en de geabsorbeerde kortgolvige straling.
Onze methode is simpel en er zijn geen iteraties nodig om de gewasweerstand uit
te rekenen. Toch beschrijft deze methode de belangrijkste processen, waaronder de
exponentiele uitdoving van de kortgolvige straling dieper in het gewas. Zij is dus erg
geschikt voor gebruik in grootschalige atmosferische modellen. Ook ontwikkelen we in
hoofdstuk 2 een nieuwe formulering om het effect van watertekorten in de bodem op
de gewasweerstand te beschrijven. De parameterwaarden van onze methode worden
ontleend aan de plantenfysiologie. Zij blijken robuust te zijn en kunnen gemakkelijk
worden gerelateerd aan vegetatietypen. In feite blijkt in onze studie een scheiding
in C3 and C4 planten voldoende. We valideren de methode voor de gewasweerstand
met waamemingen van de gewasweerstand en de energiestromen aan het oppervlak.
Deze zijn verkregen op verschillende plaatsen met een verschillende vegetatie: een
C3 sojaboongewas in Prankrijk, een C4 prairie grasland in Kansas, in de Verenigde
Staten van Amerika en een C3grasland in Cabauw, gelegen in Nederland. We vergelijken de resultaten die we met onze methode hebben verkregen met resultaten die zijn
verkregen met behulp van een statistisch-empirische aanpak. In deze aanpak wordt
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de gewasweerstand gerelateerd aan de temperatuur, de specifieke vochtigheid en de
concentratie van koolstofdioxide op een referentiehoogte in de oppervlaktelaag. Ook
voor deze methode hebben we de parameterwaarden geschat op basis van een vegetatieclassificatie. De methode die gebaseerd is op de plantenfysiologie blijkt betere
schatting te geven van de gewasweerstand en de energiestromen aan het aardoppervlak van het C4 grasland. Ook is deze methode beter geschikt om de energiestromen
aan het aardoppervlak te schatten boven een C3 soja gewas. De energiestromen aan
het aardoppervlak van een C3 grasland worden door beide methoden ongeveer even
goed geschat. Onze conclusie is dat de methode gebaseerd op de plantenfysiologie
waarbij het effect van bodemvocht door de voorgestelde formulering wordt berekend,
goede resultaten geeft. Aangezien deze methode is gebaseerd op een fysiologische
aanpak, raden wij deze aan om in atmosferische modellen te gebruiken.
In hoofdstuk 3 onderzoeken we het effect van variaties in het bodemvocht op
de gemiddelde latente warmtestroom van een heterogeen gebied. Modelleurs nemen meestal aan dat het bodemvochtgehalte binnen een roosterpunt niet varieert.
De planten ervaren dan overal dezelfde druk bij watertekorten. Dit gemiddelde
bodemvochtgehalte kan dan meteen worden gebruikt om de oppervlakte-energiebalans
opte lossenendelatent warmtestroom uit te rekenen. Dezeaanpak noemenwedeuniforme aanpak. In tegenstelling tot de uniforme aanpak wordt in een gedistribueerde
aanpak rekening gehouden met variaties in het bodemvocht. In deze aanpak verdelen
we het roosterpunt in een aantal deelgebieden met verschillende bodemvochtgehalten.
Voor ieder deelgebied apart rekenen we dan de energiebalans en de latente warmtestroom uit. De gemiddelde latente warmtestroom vinden we dan door de stromen van
de deelgebieden te middelen. De factoren om de gemiddelden uit te rekenen halen we
daarbij uit een verdeling van het bodemvochtgehalte die kenmerkend is voor de schaal
van grootschalige atmosferische modellen. Het blijkt dat met de gedistribueerde aanpak de warmtestromen veel geleidelijker varieren met het gemiddelde bodemvochtgehalte. Als de bodem erg nat is, bijna verzadigd, berekenen beide methoden ongeveer
dezelfde warmtestromen. Als het droger wordt neemt het bodemvochtgehalte in de
droogste gebieden snel af. Het resultaat is dat dan de gedistribueerde aanpak lagere
schattingen van de latente warmtestroom geeft. Als het de bodem in het roosterpunt
erg droog wordt, voorspelt de uniforme aanpak een zeer lage latente warmtestroom.
Echter, in de natste deelgebieden is de latente warmtestroom nog steeds hoog. Het
gevolg is dat in erg droge omstandigheden de gedistribueerde warmtestroom een veel
hogere latent warmtestroom geeft dan de uniform aanpak. Dit heeft grote gevolgen
voor de seizoenscyclus van de transpiratie. Aan het begin het droge seizoen geeft
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de uniforme aanpak een snellere uitdroging van het bodemvochtreservoir. Als gevolg
daarvan is er in de zomer minder water beschikbaar voor verdamping. De uniforme
aanpak voorspelt dus een erg kleine verdamping gedurende de zomer, ook omdat
deze methode een veel lagere verdamping geeft als de bodem erg droog is. Voor een
nat klimaat zijn de verschillen minder duidelijk. Toch zie je ook daar dat de uniforme aanpak een grotere verdamping geeft als de bodem relatief nat is, en een veel
lagere verdamping als de bodem erg droog is. Tot slot kijken we in hoofdstuk 3 naar
het effect van de verschillen in berekende warmtestromen als het landoppervlak is
gekoppeld aan een zich ontwikkelende convectieve grenslaag. Het blijkt dat zelfs met
grenslaagkoppeling de uniforme methode veel grotere schattingen van de verdamping
geeft als de bodem relatief nat is en veel lagere schattingen als de bodem erg droog is.
Bovendien blijkt dat de verschillen in geschatte energiestromen leiden tot verschillen
in de specifieke vochtigheid en temperatuur in de grenslaag en op 2 m, vlak bij het
oppervlak.
In hoofstuk 4laten we met drie voorbeelden die vaak in de natuur voorkomen zien
dat alleen een opsplitsing in deelgebieden altijd leidt tot gemiddelde warmtestromen
die consistent zijn met het gemiddelde temperatuurverschil over de oppervlaktelaag.
Vaak is gedurende de dag het hele gebied onstabiel. In dat geval kan de voelbare
warmtestroom direct worden gerelateerd aan het gemiddelde temperatuurverschil over
de oppervlaktelaag. Maar soms is de stratificatie over een of meerdere gebieden stabiel, terwijl het gebied gemiddeld onstabiel is gelaagd. In die gevallen geeft gebruik
van het gemiddelde temperatuurverschil over de oppervlaktelaag een te lage voelbare
warmtestroom. Vervolgens resulteert deze onderschatting van de voelbare warmtestroom in een te lage en normaalgesproken te koude en te vochtige grenslaag. In
hoofstuk 4 tonen we met behulp van een simpel model aan dat als een droog grasland
is gelegen naast een veld met gesmolten sneeuw, devoelbare warmtestroom niet direct
kan worden gerelateerd aan het gemiddelde temperatuurverschil over de oppervlaktelaag. Hetzelfde laten we zien voor een grasland dat ligt naast een koud meer. Het
blijkt zelfs dat als nat bos is gelegen naast een droog bos, de verschillen in stratificatie
zogroot zijn, dat de gemiddelde voelbare warmtestroom niet direct kan worden gerelateerd aan het gemiddelde temperatuurverschil over de oppervlaktelaag. De gestoorde
relatie tussen de gemiddelde voelbare warmtestroom en het gemiddelde temperatuurverschil over de oppervlaktelaag heeft niet alleen gevolgen voor de representatie van
de oppervlakte-energiebalans in grootschalige modellen, maar ook voor het gebruik
van technieken uit de remote sensing om grootschalige modellen te valideren.
In hoofdstuk 5 vatten we de resultaten uit de voorgaande hoofstukken nog eens
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samen. Bovendien laten we dit hoofdstuk zien hoe de verdere ontwikkelingen van de
ideeen in dit proefschrift zijn gegaan. Ook geven we in dit hoofdstuk suggesties voor
verder onderzoek.
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