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Abstract

Previous studies have shown that soil moisture can amplify European summer temperature anomalies during heatwave events, such as occurred in 2003, due to land
surface-atmosphere feedbacks. Associated climate simulations have shown that temperature extremes such as these could become more frequent in future decades in
response to increased greenhouse gas forcing. There is considerable uncertainty in
the simulation of soil moisture and its control on summertime water and energy
fluxes in land surface models. Inaccuracies in land surface representations therefore
provide a significant cause of uncertainty in climate change predictions.
This thesis evaluates the ability of the Joint UK Land Environment Simulator
(JULES), to simulate European summertime conditions. A combination of satellite
and flux-tower data have been used to drive and evaluate model simulations of surface fluxes with the aim of improving the land surface representation.
For selected sites in the Netherlands and Italy, JULES has been run using FLUXNET
meteorological observations so that the modelled-fluxes and modelled-land surface
temperatures could be compared to the flux-tower- and satellite-observations. At
these sites the seasonal bias in land surface temperature is related to the seasonal
bias in evaporative fraction through the impact of soil moisture on evapotranspiration.
For the whole of Europe, JULES was run at 1◦ spatial resolution, using GSWP2 observations and satellite leaf area index/land cover type. The modelled land surface
temperature was then compared with satellite observations. This study has found
biases in the representation of land surface temperature, implying that there are significant problems in the modelled soil moisture control on fluxes. For example large
areas of NW Europe appear to dry out too quickly. In coupled mode (e.g. within
the Met Office Unified Model), the bias in the current version of JULES would tend
to inappropriately amplify forecast temperature anomalies during heat waves.
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available surface energy

W m−2

b

Clapp-Hornberger exponent

-

C

canopy moisture content

kg m−2
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CO2 concentration of air
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Ca

specific heat capacity of air at constant pressure

1000 J kg−1 K−1
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J K−1
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canopy capacity

kg m−2
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specific heat capacity of soil

J kg−1 K−1
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kg m−2 s−1
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fraction of cloud cover
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heat capacity of air at constant pressure
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vapour pressure deficit
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soil hydraulic diffusivity

m2 s−1

E

surface evaporation
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en

fraction of total water transpired from level n
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ground heat flux
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acceleration due to gravity
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canopy conductance
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leaf conductance
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total surface conductance

m s−1

gsoil

soil conductance
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H

surface sensible heat flux

W m−1

HT

mean heat flux

W m−1
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I

Infiltration rate

kg m−2 s−1

Ip

the amount photosynthetically active radiation

W m−1

IR

water flux from irrigation

kg m−2 s−1

LAI

leaf area index

-

L

latent heat of vaporisation

2.45×106 Jkg−1

LWN

net longwave radiation

W m−1

LWdown

downwelling longwave radiation

W m−1

LWup

upwelling longwave radiation

W m−1

K

soil thermal conductivity

W m−1 K−1

Kθ

soil hydraulic conductivity

m s−1

Ks

saturated soil hydraulic conductivity

m s−1

ks

soil thermal diffusivity

m2 s−1

P

standard sea level pressure

101.3 kPa

qs

saturated specific humidity at T∗

kg kg−1

q∗

specific humidity at T∗

kg kg−1

qa

specific humidity of air

kg kg−1

R

rain rate

kg m−2 s−1

RA

autotrophic respiration

kg m−2 s−1

Rn

surface net radiation

W m−1

Rv

gas constant for water vapour

461.5 J kg−1 K−1

R1

surface runoff

kg m−2 s−1

R2

subsurface runoff

kg m−2 s−1

ra

aerodynamic resistance

s m−1

rs

bulk stomatal (or surface) resistance to evaporation

s m−1

Sdif f

diffuse shortwave radiation

W m−1

Sdir

direct shortwave radiation

W m−1

Sdown

total downwelling shortwave radiation

W m−1

SN

net shortwave radiation

W m−1

T

total throughfall

kg m−2 s−1

Ta

atmospheric temperature

K

Tc

cloud temperature

K

iii

T∗

land surface temperature

K

Tsoil

soil temperature

K

Tleaf

leaf temperature

K

u

horizontal windspeed

m s−1

u∗

friction velocity

m s−1

w

vertical wind speed

m s−1

Z0m

roughness length for momentum

m

z

soil depth

m

α

surface albedo

-

β

Soil moisture availability factor

-

∆S

change in soil water content per unit time

kg m−2

s

surface emissivity

-

a

atmospheric emissivity

-

c

cloud emissivity

-

κ

Von Karman’s constant

0.4

Ψ

Stability function

-

ψ

soil water suction

m

ψs

soil water suction at saturation

m

ω

surface resistance weighting factor

-

ρ

density of air

1.225 kg m−2

ρs

density of soil

kg m−2

ρi

density of ice

916.7 kg m−2

ρw

density of water

1000 kg m−2

σ

Stefan-Bolzmann constant

5.67×108 W m−1 K−4

τ

mean momentum flux

W m−1

θ

unfrozen volumetric soil moisture content

m3 m−3

θc

volumetric soil moisture content at the critical point

m3 m−3

θf

frozen volumetric soil moisture content

m3 m−3

θs

volumetric soil moisture content at saturation

m3 m−3

θw

volumetric soil moisture content at wilting point

m3 m−3
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Chapter 1
Introduction
This thesis aims to improve the simulations of summertime soil moisture and evapotranspiration in land surface models over Europe. This chapter presents the motivations for improving such models and introduces current studies directly involved
with these in sections 1.1 to 1.4. The research aims are presented in section 1.5 and
the outline of the thesis is given in section 1.6.

1.1

Motivations

The summer of 2003 was an extreme climatic anomaly. In a large area of the European continent, the mean summer temperatures (JJA) exceeded the 1961-90 mean
by 3◦ C over large areas and by over 5◦ C regionally (Schär et al., 2004). It is likely
that 2003 was the hottest summer over the past 500 years (Luterbacher et al., 2004).
Central and Southern Europe experienced huge socio-economic consequences of the
heat wave. The World Health Organisation estimated between 22,000 and 35,000
heat related deaths (statistical excess over mean mortality rate) across Europe. The
financial losses over Central and Southern Europe due to uninsured crop losses totalled in excess of 12.3 billion US dollars, while forest fires in Portugal added an
additional 1.6 billion US dollars (Schaer and Jendritzky, 2004). In addition to socioeconomic effects, the high temperatures accompanied an accumulation of excessive
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surface ozone concentrations, hence impacting on continental scale air quality (Solberg et al., 2005).
The 2003 JJA temperature anomaly was equivalent to an excess of 5 standard deviations (figure 1.1a). It has been shown from historical observations that this event
was statistically extremely unlikely and had a low probability of returning (Schär
et al., 2004). Figures 1.1 b - e show the distribution of Swiss monthly and seasonal
summer temperatures for 1864-2003. 2003 (red line) lies well to the right of the
Gaussian curve.

Figure 1.1:

Characteristics of the summer 2003 heatwave: a, JJA temperature

anomaly with respect to the 1961-1990 mean. b - e, Distribution of Swiss monthly
and seasonal summer temperatures for 1864-2003. The fitted Gaussian distribution
is shown in green. Reproduced from Schaer and Jendritzky (2004).

Climate simulations have shown that temperature extremes such as these could be
amplified in future decades in response to increased greenhouse gas forcing (Schär
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et al. (2004), Vidale et al. (2007), Seneviratne et al. (2002)). Stott et al. (2004)
suggests that anomalously warm summers can also be attributed to past human
influence on the climate system. Additionally simulations not only show an anticipated warming but also an increase in year-to-year variability (Schär et al. (2004),
Vidale et al. (2007)). Seneviratne et al. (2002) has shown that this increase in variability may be due to soil moisture - atmosphere interactions. Moreover it has been
suggested that an earlier and more rapid drying of soil moisture in spring, is the
main driver of future summer drying (Vidale et al. (2007), Fischer et al. (2007b)).
The probability of future heatwave events may therefore be rather sensitive to feedbacks with the land surface, the surface energy balance and soil moisture. This
thesis will primarily been focused over Western Europe, where the 2003 heatwave
had the largest impact.

1.2

The Surface Energy and Water Balances

Soil moisture influences climate through the surface energy and soil water balances.
The surface energy balance (SEB) is an important boundary condition for the land
surface, determining the partitioning of available energy (A, Rn - G) between sensible
(H) and latent heat (λE) fluxes (Campbell, 1998):
Rn − G = λE + H = A

(1.1)

The day time Rn is dominated by solar radiation directed towards the surface, which
is used to drive the surface fluxes. At night Rn is much weaker and directed away
from the surface (Arya, 2001). The surface climate is dependent on the magnitude of
the four fluxes. The relative portion of each flux depends on surface and atmospheric
properties and these will be described in more detail in chapter 2. The energy
balance is related to the hydrological cycle through the latent heat flux term. Land
surface evaporation is highly dependent on the soil water status and the change in
soil water balance is calculated using the soil water balance equation (Ek, 2005):
∆S = T + IR + CR − E − R1 − R2
These water fluxes will be described in more detail in chapter 2.

(1.2)
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Soil Moisture Feedback Processes

Soil moisture has been shown to amplify European summer temperature anomalies
during heatwave events such as in 2003 due to land surface-atmosphere feedbacks
(Fischer et al., 2007b). Soil moisture impacts summer temperatures by changing
the partitioning of energy at the surface. In summer, the large-scale westerly flow
regime that advects rain over Europe, weakens. Under these conditions, weather
is potentially influenced by parameters having a memory longer than a few days:
sea-surface temperatures and soil moisture. Anomalously warm tropical atlantic
conditions, favour the development of anticyclonic weather systems over the continent (Cassou and Terray, 2005). The ’blocking high’ pressure system exposes drier
air and suppresses cloud over plants and soil, allowing them to evapotranspire more,
depleting soil moisture reserves. A decline in soil moisture leads to a strongly reduced latent heat flux due to the decline of evapotranspiration. Dry soils have
higher daytime land surface temperatures (LSTs) and therefore emit more sensible
heat flux. Convective cloud formation may also be inhibited which increases daytime shortwave radiation and leads to a loss of more soil moisture through enhanced
evapotranspiration (Vautard et al., 2007). This causes the LSTs and the sensible
heat flux to increase leading to a positive soil moisture precipitation feedback being
set up, as outlined in figure 1.2.
Increased T

DRY SOIL

*

Enhanced H

''Positive Feedback''

Increased Negative
Forcing on Precip

Decrease
Water Vapour

Decrease Moist
Static Energy

Figure 1.2: Soil Moisture Feedback Process
The interactions of the surface with the atmosphere are described in more detail in
chapter 2.
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Land Surface Modelling

Climate simulations have show that temperature extremes may become amplified
in future decades in response to increased greenhouse gas forcing (Schär et al.,
2004). The probability of future heatwaves may be sensitive to feedbacks processes.
Soil moisture and surface fluxes are very heterogeneous in space. Observations of
these are relatively sparse, and therefore unrepresentative of the larger scale. In
order to understand how soil moisture influences summer climate, the soil moisture
and surface fluxes must be correctly simulated during summertime conditions using
a land surface model. This can then be coupled to a climate model in order to
simulate the feedback effects of soil moisture on present and future climate scenarios.
However, there is considerable uncertainty in the simulation of soil moisture and its
control on summertime fluxes in land surface models. Inaccuracies in land surface
representation therefore provide a significant cause of uncertainty in climate change
predictions (Gedney et al., 2000)). Hence it is important that the land surface model
is able to correctly simulate summertime conditions.

1.5

Research Aims

This thesis will be assessing the performance of JULES, the Joint UK Land Environment Simulator, a 3rd generation land surface model, derived from MOSES 2.1
of the UKMO Unified Model. There are a number of tools available to help understand how soil moisture influences summer climate. Flux tower data can provide
useful information for assessing land surface model simulations at the local scale.
The FLUXNET observation network (Kramer et al., 2002) provides measurements
of carbon dioxide, energy and water fluxes at over 400 sites globally. Latent and
sensible heat fluxes will be used to compare and improve simulations from JULES
on a point scale basis. Earth observation products have developed substantially
over the last 15 years and can now be used to extend measurements of evapotranspiration to the larger scale. In this thesis, earth observation data will be used to
infer evapotranspiration at the large scale, from spatially dense measurements of
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LST from MODIS Terra. This will then be used to test simulations of JULES LSTs
and identify locations where the model may not be performing well in terms of soil
moisture and evapotranspiration. The key question of this thesis is to determine
how well JULES can simulate surface fluxes under soil water limiting conditions.
Four key research questions have been tested in this thesis to attempt to answer
this:

• How good is the models representation of soil and surface processes?

A sensitivity analysis will be carried out on JULES to understand the key processes
and indicate the relative importance for various soil and vegetation parameters.
Evaporative fluxes and LSTs have been modelled using JULES for two FLUXNET
sites in France and the Netherlands. The modelled evaporative fluxes have been
compared with tower observations in order to assess how well JULES can model
these fluxes.

• Can satellite land surface temperature data be used to determine/identify
where model biases in the surface fluxes are large?

Modelled LSTs will be compared with satellite observations from MODIS Terra.
This will be used to determine whether remote sensing data can be used to assess
model performance in the absence of local data. Local scale FLUXNET data are
sparse and unable to represent fluxes at the European scale, hence it cannot be
used to improve model simulations at these scales. Remotely sensed land surface
temperature data can be used to infer biases in evaporative fluxes at a European
scale. The model-observation biases will be assessed for consistency in order to
decide how useful they are

• What surface properties are important in controlling spatial and temporal
variability in observed land surface temperatures?
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The spatial and seasonal patterns of LSTs will be analysed over Western Europe.
The aim will be to establish an understanding of the seasonal pattern of LSTs and
their relationships with local soil and vegetation patterns.

• Can JULES reproduce the seasonal evolution of observed land surface temperatures?

JULES will be run over Europe, on a 1◦ grid and the results analysed. The spatial
and seasonal patterns of modelled LSTs over Western Europe will be compared to
observations obtained earlier on in chapter 5. The aim will be to establish how well
JULES can simulate the seasonal cycle of LSTs across Western Europe. Data will
be analysed by land cover type, in order to establish the range of biases experienced
and where they are coming from. Possible sources include errors in the soil hydraulic
parameters and the soil water balance, and inaccuracies in the retrieval of LSTs

1.6

Thesis Outline

An extensive review of the current knowledge of land surface processes and how the
surface interacts with the atmosphere, is detailed in chapter 2. More specific details
on soil moisture-atmosphere feedbacks will be explained and how this relates to the
climate of Europe. A review of previous work on measuring and inferring soil moisture and evapotranspiration using eddy correlation methods and earth observation
will be described. Chapter 3 describes how land surface models and remote sensing tools can be used to help our understanding of the physics of land-atmosphere
interactions. JULES requires information on vegetation cover for initialisation. Previously this came from the Wilson and Henderson-Sellers (1985) dataset, which is
old and and inaccurate. This chapter demonstrates the changes that can be made
by using remote sensing data to initialise vegetation instead. In order to determine
how well the model can represent soil and surface processes, a sensitivity study is
performed (Chapter 4). The model’s representation of surface fluxes will also be
tested by comparing modelled evapotranspiration with observations at a point. The
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modelled LSTs will be compared with remotely sensed LSTs to establish biases on
a point scale and determine how useful this data is for inferring large scale evaporative fraction biases. Chapter 5 looks at the seasonal evolution of LSTs. Firstly, the
spatial and temporal variability in observed satellite LSTs are characterised in order
to quantify how much variability can be attributed due to vegetation, soil type, leaf
area index, topography. Secondly JULES is run distributed and the seasonal cycle
of land surface temperatures are compared to satellite observations to determine
where the biases lie and whether this varies with vegetation type. In chapter 6,
conclusions are drawn and further work is suggested to improve representation of
the land surface.

Chapter 2
Scientific Background
This chapter aims to identify and describe the key land surface processes and interactions relevant to the work in the succeeding chapters. Section 2.1 describes how
energy, water and carbon balances interact at the land surface through vegetation
and soil. In section 2.2, the current understanding of how the surface interacts with
the atmosphere is described with details on turbulence, convection and large scale
dynamics. This section then describes how this relates to the climate of Europe
though land surface-atmosphere feedbacks and coupling.

2.1

Land Surface Processes

Energy in the Earth system is derived almost entirely from the interception of radiation from the sun. As shortwave radiation from the sun passes through the earth’s
atmosphere it is partitioned into the various atmospheric processes. A small proportion of the radiation is absorbed into the atmosphere by stratospheric absorption
of ultraviolet radiation by ozone. A small proportion is also absorbed in the troposphere by clouds and aerosols. The rest is either scattered in the atmosphere and
absorbed at the surface as diffused insolation, or directly absorbed at the surface as
direct insolation.
Within the atmosphere there are some losses of solar radiation back to space. A
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small amount of the direct insolation is reflected back to space as surface reflection.
Cloud reflection and back scattering of sunlight from aerosols and water vapour
return further proportions of the solar radiation. The combined effect of all these
losses is termed the earth albedo. Approximately 50% of top of the atmosphere
(short wave) radiation is absorbed by the Earth’s surface (Peixoto and Oort, 1992).
The surface also absorbs and emits radiation at longer wavelengths. Shortwave
energy leaves the Earth’s surface through three processes; (i) Sensible heat is transferred into the atmosphere by conduction and convection. (ii) The melting and
evaporation of water at the Earth’s surface incorporates energy into the atmosphere
as latent heat. This latent heat is released into the atmosphere when the water
condenses or becomes solid. (iii) The surface of the Earth emits longwave radiation.
Of this a very small proportion is directly lost to space. The rest is absorbed by
greenhouse gases into the atmosphere and converted into heat energy, and eventually into atmospheric emissions of longwave radiation (the Greenhouse effect).
The atmospheric emission of longwave radiation, is not only a result of the surface
emissions of longwave radiation, latent heat transfer and sensible heat transfer, but
also the absorption of shortwave radiation by atmospheric gases and clouds. Atmospheric emissions of longwave radiation travels in two directions: Directly up into
space and towards the Earth surface. A slightly higher proportion is directed towards the Earth’s surface where it is absorbed and transferred into heat energy.
An overall surface energy balance (SEB) is maintained by the net radiation at the
surface and the turbulent exchange of heat and water vapour between the surface
and the atmosphere. Further details of these processes are given in the next section.

2.1.1

The Surface Energy Balance

A summary of the SEB was given in chapter 1. To re-iterate, the SEB is calculated
from the following:

Rn − G = LE + H = A

(2.1)

Chapter 2

Scientific Background

11

The total available energy, A, is also described as the total turbulent energy flux
transferred to the atmospheric boundary layer (ABL), which is partitioned into sensible and latent heat fluxes(Campbell, 1998). The relative partitioning is dependent
on properties of the surface such as temperature, moisture availability and aerodynamic roughness. The net radiation is affected by the radiative properties emissivity,
 and albedo, α, (shown in equations 2.3 and 2.5 respectively below). Both albedo
and emissivity are functions of surface type (soil type and vegetation type/amount)
and soil moisture content. The albedo is the fraction of shortwave radiation reflected
from a surface compared to the amount of energy incident upon it. Values can range
from up to 0.95 over fresh snow to 0.05 over forest (Ahrens, 1999). The emissivity
is the fractional amount of radiation emitted by the surface in comparison to the
amount emitted if it were a black body. Usually the earth is assumed to be a black
body and hence the emissivity equals 1.0. However in reality values range from 0.92
for dry soil to 0.98 for grass. The Rn is defined as the sum of incoming and outgoing
shortwave and longwave radiation fluxes given by,
Rn = SWN + LWN

(2.2)

where the net shortwave and longwave radiation is given by,
SWN = (SWdir + SWdif f )(1 − α)

(2.3)

LWN = LWdown − LWup

(2.4)

and

At the Earth’s surface the upwelling longwave radiation is a function of land surface
temperature (LST). The energy emitted is calculated using Stefan-Bolzmann’s law,
LWup = −s σT∗4

(2.5)

The downward longwave radiation is a function of atmospheric and cloud temperatures calculated by,
LWdown = (1 − c)a σTa4 + cc σTc4

(2.6)

where c is the fraction of cloud cover, hence the first term on the right hand side
represents the downward longwave radiation from the atmosphere and the second
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term represents the downward longwave radiation from the cloud. The atmosphere
is not a black body as it is not a perfect absorber or emitter of all wavelength of
radiation. The emissivity is less than 1.0 and varies depending on the gaseous composition of the atmosphere, especially the amount of water vapour. Variations in the
vertical distribution of water vapour determines the size of a and Ta . The higher
the concentration of water vapour, the greater the magnitude of LWdown .

Conduction is the main mechanism for heat transfer into soils. The amplitude of
the diurnal cycle in soil surface temperature is larger than that of air temperature
with peaks linked to radiation input. The flux of heat into the soil, can potentially
be large, typically 30 % of the net radiation where vegetation is sparse. However
with dense vegetation, little radiation reaches the ground and heat conduction into
the soil can be neglected. Given a certain amount of energy at the soil surface, G
also depends on the thermal soil properties which are a function of soil composition,
bulk density and soil moisture content (Maidment, 1992). The transfer of heat and
water through the soil is described later on in this section.
The sensible heat flux is a turbulent transfer of heat, that is not associated with
phase changes of water, i.e. dry convection. When the surface is warmer than the
atmosphere due to shortwave radiation heating, heat is transferred into the air by
conduction. As the air warms it circulates upwards via convection and heat is transferred upwards as positive sensible heat transfer.
The latent heat flux is the transference of heat energy from the surface to the atmosphere as a result of a change of state of water from liquid to gaseous phase i.e.
evaporation. When evaporation is taking place there is a positive latent heat flux
and the surface loses energy to the air above. Evaporation is a cooling process and
as a result the surface temperature decreases.
The flux gradient relationships for H and LE are directly determined from the available energy, the relevant gradient (temperature or humidity) and the aerodynamic
resistance, using the relationships,
H=

ρCp (T∗ − Ta )
ra

(2.7)
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and
LE =

ρLv (qs (T∗ ) − qa )
rs + ra

(2.8)

where ρ is approximately 1.2 kgm−3 and Lv is 2.45 x 106 J kg−1 . In reality, ρ
depends on Ta and P via the ideal gas equation. However for the purposes of the
these calculations , an approximate value is used. If Rn increases, then in order
to keep the SEB in balance the input must equal the output. How this energy is
partitioned between the components of the energy balance (LE, H, G and LWup )
and how much the LST increases, depends on how easy it is for the surface to lose
energy. This is controlled by the surface resistance (rs ) , the aerodynamic resistance
(ra ), the radiative longwave heat exchange and how conductive the soil is to heat.
rs and ra are major controls on the sensible and latent heat fluxes. The rs and
ra are functions of the surface characteristics, wind speed and the stability of the
atmosphere.
The rs , is the bulk stomatal resistance of the whole canopy. It describes the resistance
to vapour flow through a transpiring vegetation canopy. Therefore over open water
rs is 0.0. Similarly, leaf intercepted water which evaporates from the canopy is not
controlled by rs . Surface resistance controls the movement of water vapour from
inside the plant leaves to the air via leaf pores called stomata. Air inside the leaf
is saturated at leaf temperature, while that outside is usually less saturated. Water
vapour movement is controlled by the plant, which opens and closes its stomatal
pores in response to atmospheric water demand and the amount of water in the soil.
Stomata open during the day when plants are photosynthetically active and close
only at night or in response to high temperatures, temporary water deficit or high
carbon dioxide concentrations. It is in this way that plants can regulate their water
loss to the environment and ensure survival when water is limiting. The surface
resistance is commonly described following Jarvis (1976) by functional equations
such as,
rs =

rsmin
f (T∗ )f (Sdown )f (D)f (θ)f (Cair )

(2.9)

where rsmin is a minimum surface resistance (sm−1 ), and f are empirical functions
of the near surface meteorology that each take values between zero and one. The
functions are intended to represent the observed vegetation stomatal responses to
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near surface conditions. When all functions are equal to one, then conditions are optimum for evaporation and rs reaches its minimum value. More recent models of rs
have used linear relationships between photosynthesis and rs to define stomatal conductance for an individual plant. Maidment (1992) used an empirical relationship,
relating surface resistance to leaf cover by,
rs =

200
LAI

(2.10)

where LAI is the leaf area index. This can the be estimated from the mean height
of the crop, hc by,
L = 24hc

(2.11)

0.05 < hc < 0.15m

(2.12)

where

The surface resistance of a reference crop (rc) of clipped grass 0.12m high can be
estimated from,
rsrc = 69sm−1

(2.13)

These relationship are ideal for modelling rs on a local plant scale, however scalability
to canopy scale is difficult.
Turbulent diffusion is a form of diffusion of water and heat through air. The wind
blowing horizontally over natural surfaces is retarded by interaction with the ground
and vegetation. This interaction creates a random haphazard air motion. This is
known as turbulence and is the main process responsible for the exchange of air close
to the ground. The rate of water vapour and heat transfer away from the ground
by turbulent diffusion is controlled by aerodynamic resistance, ra which is inversely
proportional to wind speed and changes with height of the vegetation covering the
ground, as described in the following equation (Monteith and Unsworth, 1990),


1
z
ra =
ln + Ψ
(2.14)
κu∗
z0
where Ψ is a dimensionless stability function (has a value of 1 in neutrally stable
conditions and a larger or smaller value for stable or unstable conditions respectively), κ is the von Karmen’s constant, 0.41, u∗ is the friction velocity (ms−1 ), z
is the canopy height and z0 the roughness length. This determines the exchange

Chapter 2

Scientific Background

15

qa

Ta
ra

ra

rs
qs(T*)

Figure 2.1:

T*

Resistance diagram showing the controls on the fluxes of water and

heat from the land surface to the atmosphere
between the surface and the atmosphere. Empirical relationships also exist which
relate ra with measurements of windspeed (Maidment, 1992). In this case, the ra of
a reference crop with a height of 0.12m and for measurements of temperature and
humidity at a reference height of 2m, is given by,
rarc =

208
U2

(2.15)

where U2 is the 2m windspeed and the 208 is a factor representing the roughness
length. When the surface is rough, it is windy or the atmosphere is unstable, more
energy will partition into the surface fluxes because ra is low. In contrast, if the
surface is smooth and the atmosphere stable, ra is high and hence more energy will
partition in the longwave radiation or into the ground.
Figure 2.1 shows the resistance diagrams for water (left) and heat (right) fluxes. It
demonstrates that the humidity gradient used to calculate latent heat flux is controlled by both the bulk surface resistance and aerodynamic resistance. The temperature gradient which calculates sensible heat is solely controlled by aerodynamic
resistance.
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The partitioning of heat fluxes between latent and sensible forms is measured by the
Bowen Ratio. This is defined as the ratio of sensible to latent heat fluxes, given by,

B=

H
LE

(2.16)

The nature of the boundary layer is determined by the Bowen Ratio. The ratio is
smaller when rs is small, moisture is readily available and most of the energy goes
into evaporation. It is larger when rs is largest, over dry surfaces, where most of
the energy goes into sensible heating. Typical values range from 5 over semiarid
regions, 0.5 over grasslands and forests, 0.2 over irrigated orchards or grass and 0.1
over the sea to negative values over oases. The global average value of the bowen
ratio is nearly 0.6 (Stull (1988), McIlveen (1998)).
Related to the Bowen Ratio is what is known as the Evaporative Fraction (EF)
(Ridder, 1997), defined by,
EF =

1
LE
=
1+B
H + LE

(2.17)

This quantity is the ratio of the latent heat flux to the available energy. It provides
a good indication of the partition between latent and sensible heat fluxes and how
the atmosphere is responding to the surface (Gentine et al., 2007). A high value
of EF is most often associated with a green transpiring surface cover, open water
bodies or wet canopies, where rs is low. Hence more energy can be partitioned into
latent heat fluxes compared to sensible heat.

2.1.2

Soil Water Balance

At the surface, interactions between the land and the atmosphere are highly dependent on the availability of water. Over continental areas, land surface evaporation
provides significant input into the atmospheric water budget. In turn the atmospheric moisture affects clouds and can result in precipitation. Rain over land infiltrates into the ground, percolating downwards and increasing soil moisture. Root
zone soil moisture controls the opening of stomata, which in turn controls the rates
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of transpiration and photosynthetic uptake of CO2 , critical for vegetation growth. A
summary of the soil water balance was given in chapter 1. To re-iterate, the balance
is calculated from the following:
∆S = T + IR + CR − E − R1 − R2

(2.18)

where E is the total soil evapotranspiration. Throughfall (T), irrigation (IR ) and
capillary rise (CR ) are gain terms, evaporation (E) and sub-surface runoff (R2 ) are
loss terms. Surface runoff (R1 ) is a loss of water but can be a gain on a very local
scale (termed run-on). All units in equation 2.2 are in depths of water per unit
time, typically kgm−2 H2 O s−1 in land surface models. Figure 2.2 shows the fluxes
involved in the soil water balance.

T
IR

E

Soil Surface

R1
Soil Layers

CR

Total Soil
Moisture, S

R2
Figure 2.2: Schematic diagram showing the structure of the fluxes involved in the
soil water balance.

The total surface evaporation consists of plant transpiration and direct evaporation
of water from soil (termed ’E’), with addition of evaporation from canopy water
storage and evaporation from open expanses of water. Capillary rise, is the rise of
water up through the soil profile due to differences in surface tension. When water is
removed by evapotranspiration near the surface (or drained under gravity), the soil
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is held at a suction (reduced pressure) due to adhesion of water molecules to the soil
particles and the cohesion forces between water molecules. Differences in suction
between soil layers cause water to rise or fall in the soil profile. The surface run
off occurs when the throughfall rate exceeds the infiltration capacity of the soil and
water runs off over the soil instead. Sub surface runoff is the soil water flux passing
out of the bottom of the soil moisture profile under gravity and flowing into the
groundwater. The balance of these components leads to a change in soil moisture
per unit time.

2.1.3

The Carbon Cycle

The amount of CO2 exchanged by a canopy is important from an agricultural point
of view as it largely determines crop growth rate and yields. As water vapour and
carbon dioxide pass through the same stomatal pores, transpiration and assimilation are closely linked to each other. The stomatal resistance limits the flow in and
out of the leaves. Under any conditions of less than 100% humidity and full cloud
cover a gradient of CO2 concentration will exist in the opposite direction to the
water concentration gradient. Water loss is therefore an inevitable consequence of
CO2 uptake. The amount of water lost compared to the amount of CO2 taken up
determines the water use efficiency governing the plants water economy which is
especially important in arid environments
The amount of carbon sequestered by photosynthesis is called gross primary productivity (GPP). At night plants release CO2 via respiration. In plants this can
be separated into growth and maintenance respiration. Growth respiration is used
to synthesise new plant material and is highly correlated with the total growth of
plants. Maintenance respiration is used to keep existing tissue alive and is a function of environmental stress on vegetation. If stress levels are high (e.g. through
high temperatures), maintenance respiration will increase. Combined growth and
maintenance respiration is called autotrophic respiration (RA ). The difference between GPP and RA is the amount of carbon sequestered after respiratory losses.
This is known as the Net Primary Productivity (NPP). If NPP is positive, then a
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plant grows by allocating carbon for construction of new leaves and roots. If NPP
is negative then biomass reduces. The amount of carbon allocated to the leaves
determines the biomass of the leaves and their leaf area index (LAI). Allocation to
leaves is also linked to their phenology, which describes the response of leaves to
seasonal and climatic changes to the environment. This includes the timing of bud
burst, senescence, and leaf abscission (Arora, 2002).

2.1.4

Heat and Water Transfer through Soil

Water movement can either be through saturated or unsaturated soil. Saturated
flow takes place when the soil pores are completely filled with water. Unsaturated
flow occurs when the larger pores in the soil are filled with air, leaving only the
smaller pores to hold and transmit water. For a given soil column, the rate of
flow of water is determined by the ease with which the soil transmits water, the
saturated hydraulic conductivity, and the size of the force driving the water, the
water potential gradient. Parameterisations of water flow through soil use a finite
difference solution of the vertically integrated Richard’s Equation (Lee and Abriola,
1999) given by,

∂θ
∂
=
∂t
∂z



∂θ
Dθ
+ Kθ
∂z

(2.19)

where the units of θ are m3 m−3 . The hydraulic conductivity, Kθ , is the rate of
water flow achieved by gravity alone. Soil water held below the soil surface has a
gravitational potential. Hydraulic conductivity has values of the order 3×10−4 m s−1
at saturation for a typical loam soil. The hydraulic diffusivity, Dθ , is the rate of
water transfer achieved by both the gravity and the water concentration gradient.
It has values of the order 7×10−3 m2 s−1 at saturation for a typical loam soil. Soil
water held within the soil particles has a matric potential or soil water suction. It is
the difference in suction between moist and dry areas, which drives the water flow.
The soil water suction is a function of soil moisture and a measure of the degree of
tightness to which water is held to soil particles. It is the work needed to withdraw
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water against the soil matrix forces. The relationship between the soil water suction
and soil moisture is given by,
−b
θ
ψ = ψs
(2.20)
θs
Movement is therefore from a zone of thick moisture films (high matric potential


-1kPa, high soil moisture) to a zone of thin films (lower matric potential -100KPa,
low soil moisture). At zero matric potential (saturation), the hydraulic conductivity is large and gravity dominates flow. At lower, more negative, matric potential
(unsaturated), hydraulic conductivity is low and the matric potential gradient dominates flow. This is the driving force for unsaturated flow and matric potential
combines with gravitational potential to give a total soil potential governing the soil
water movement at any one time.

Heat movement occurs through saturated and unsaturated soil. Heat flow is slowest
when the soil is saturated with water. This is because water has a higher volumetric
heat capacity than air and hence requires more energy per given volume to raise the
temperature by 1K. Parameterisations of heat flow through soil use an equation of
heat conduction. The rate of change of this soil heat flux with increasing depth is
proportional to rate of change of temperature with time given by,



∂Tsoil
∂
K ∂Tsoil
=
(2.21)
∂t
∂z ρs c ∂z
The soil density ranges from 1.6 (dry loam soil) to 2.0×103 kgm−3 (saturated soil).
The thermal conductivity ranges from 0.3 to 2.2 Wm−1 K−1 . The specific heat capacity of soil ranges from 0.8 to 1.48×103 Jkg−1 K−1 . The thermal diffusivity, ks is
given by K / ρs cs and ranges from 0.24 to 0.74 ×10−6 m2 s−1 .
For a moist soil, water flow is quicker than that of heat due to hydraulic conductivity
being high. This means water can move freely through the soil channels, flowing
with the soil moisture gradient. A moist soil is however less easily heated than a
dry one due to moist soil requiring more energy to raise the temperature by 1K.
Therefore the heat flow through a wet soil is slower than water flow.

The transfer of water and heat through soil is highly dependent on the soil structure
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and soil type. Figure 2.3 shows the pore structure of two contrasting soil types. The
sandy soil (2.3(a)) has lots of large pore spaces in between the sand grains, which
allows rapid flow of water through the soil. In contrast the clay soil (2.3(b)) has
fewer large pores spaces but far more small micropores within the clay grains. Water
flows slower and is retained within the clay particles. The flow of water through the
sand is therefore far greater than the clay.

(a) Sandy Structure

(b) Clay Structure

Figure 2.3: Soil Structure
Table 2.1 shows some of the typical physical properties of soil. There are differences
in the fluxes of water and heat through the soil due to changes in soil physical
properties. Porosity increases as particle size decreases and texture becomes finer
i.e. there is more clay. Clays have a high porosity because it is made up of mainly
micropores. These pores are smaller than 0.08mm and occur within the aggregates.
They are usually filled with water and are too small to allow much movement of
air. Smaller pores can hold more water per volume of soil but water is held under
tighter suction, hence the moisture diffusivity is smaller. The higher water holding
capacity of clay means it has a larger specific heat capacity at saturation than
sand and therefore takes longer to heat up and diffuses heat much slower. Water
movement in micropores is extremely slow also and much of the water held by them
is unavailable to plants. In contrast sandy soils have larger pores. These pores
are larger than about 0.08mm and occur between aggregates or individual grains of
sand. Sand therefore holds less water per unit volume than clay. Sandy soils have
fewer, large pores, hence the porosity is smaller. The larger pores have less suction
holding the water to the soil matrix, hence water flows through the pores freely and
moisture diffusivity is therefore larger. Sandy soils hold less water than clay per unit
volume and have a smaller volumetric heat capacity, therefore it heats up quicker
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and can diffuse heat quicker than for clay.
Soil Property

Sandy Soil

Clay Soil

Texture

Coarse

Fine

Porosity (%)

43

58

Volumetric Heat Capacity (Jkg−1 K−1 )

2.96×106

3.1×106

Thermal Diffusivity (m2 s−1 )

0.74×10−6

0.51 × 10−6

Moisture Diffusivity (m2 s−1 )

0.22

5.3×10−3

Table 2.1: Typical values for physical properties of soil

2.2

How Does the Surface Interact with the Atmosphere?

The last section described how energy, water and carbon interacted with the land
surface through vegetation and soil. This section explores how land surface processes interact with the atmosphere through turbulence, convection and large scale
dynamics. The components of the land surface-atmosphere system are interacting
freely. The fluxes of water, energy and momentum from the land surface to the
atmospheric boundary layer impacts the properties of both regions.

2.2.1

The Atmospheric Boundary Layer

The atmospheric boundary layer (ABL) can be defined as the layer of air directly
above the earth’s surface in which the effects of the surface (friction, heating and
cooling) are felt directly on time scales of less than a day and in which significant
fluxes of momentum, heat and matter are carried by turbulent motions on a scale
of the boundary layer depth or less (Garratt (1992), Stull (1988)). It is here where
wind, temperature and humidity are strongly influenced by the surface. The depth
of the ABL is usually around 1km but in mid-latitudes this can vary from 100 m
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to 3 km (Hartmann, 1994). Generally the ABL is deeper when the sensible heat
flux is large. Over land the depth of the ABL changes with the time of day and
in response to diurnal heating and cooling cycles. Following sunrise on a clear day,
the heating of the land surface and resultant vertical mixing leads to an increase in
the thickness of the boundary layer, reaching a maximum in the afternoon. In the
evening and throughout the night, radiative cooling of the surface leads to thermal
mixing being inhibited, thereby reducing the depth of the boundary layer (Peixoto
and Oort, 1992). LSTs vary diurnally and the response of the surface to the daily
variation in insolation is strongly felt throughout the ABL, apart from in the free
troposphere above, where variations are usually small (Stull, 1988).
The ABL is characterised by turbulence. The magnitude of the turbulence depends
on a number of factors including the roughness of the ground, the nature of the
vegetation coverage, the intensity of the wind, the rate of heating and cooling of
the surface, the advection of heat and moisture and the vertical motions present.
The atmospheric turbulence can be mechanical or thermal in origin. Mechanical
turbulence is generated by wind shear, i.e. from rapid changes in the mean wind
from one point to another. Thermally driven turbulence is generated by surface
heating creating free convection. Both types of turbulence transport momentum
and heat through the ABL.
In turbulent flow, a property X can be separated into a mean component X and a
turbulence contribution X 0 , such that,
X = X + X0

(2.22)

where X can be any variable quantity such as wind speed, temperature or humidity,
in a turbulent flow (Stull, 1988). The fluxes of momentum and heat can be calculated
by taking the average of u0 w0 and w0 Ta0 over many turbulent eddies. The mean
momentum flux τ , can therefore be described by,
τ = ρu0 w0

(2.23)

and the mean heat flux can be described by
HT = ρcp w0 Ta0

(2.24)
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Where ρ is the density of air, cp is the specific heat capacity of air at constant pressure (about 1000 Jkg−1 K−1 ) and w0 θ0 is the heat flux.
In both equations u0 , w0 , and Ta0 are the instantaneous fluctuations in the horizontal
wind speed, vertical wind speed and temperature respectively.

The ABL has a multi layered structure (figure 2.4). Close to the surface a roughness
sub layer develops less than a few mm thick. This is the layer of air which flows
just above the roughness elements (such as grass, trees or buildings). In this layer,
molecular diffusion is an important process by which heat and mass are exchanged
between the surface and the air. The top of this layer is the depth of the roughness
length. Above the roughness layer is the surface layer. This layer is typically up to
100m in depth. The winds, temperature and humidity vary rapidly with altitude
and the characteristics of turbulence are affected by the surface. The average wind
profile in the surface layer increases logarithmically with height. Vertical fluxes of
heat and momentum are approximately constant. These two layers link the earth’s
surface with the mixed layer above where fully developed turbulence occurs. Rising
buoyant plumes from the surface layer and associated turbulence cause potential
temperature to be relatively constant with altitude. The mixed layer is up to 1km
in depth. Away from the equator, the coriolis force creates an Ekman layer above
the mixed layer. It is here where the flow shows very little dependence on the nature
of the surface. At the top of this layer the free atmosphere begins and winds are
geostrophic (Peixoto and Oort, 1992). A capping inversion often tops the Ekman
layer, which inhibits mixing and confines air and pollution to the boundary layer.
The land surface is not uniform. It is affected by topographic features (such as hills,
valleys and man made structures), the nature of the soils and vegetation coverage.
All these factors, their spatial variations and the altitude of the surface have a
profound influence on the behaviour of the lower atmosphere. They may be regarded
as major factors of the regional and local climates as they introduce large variations
in the momentum and energy balances and in the hydrological cycle (Peixoto and
Oort, 1992).
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Figure 2.4: Schematic diagram of the structure of the atmospheric boundary layer.
(Peixoto and Oort, 1992)

2.2.2

Convection

Surface heating and free convection are processes responsible for the of development
clouds. Solar heating during the daytime heats the ground and evaporates water
into the air. This leads to a sensible and latent heat flux from the surface into the
surface layer. The surface fluxes influence the temperature, humidity and height of
the boundary layer. The fluxes drive convection, warming up and deepening the
boundary layer. The process of convection in the atmosphere causes the parcels
of air (or eddies) to transport energy and mass to different heights. The height
that a parcel reaches depends on its environmental profile, i.e. the temperature and
humidity of the air it is rising through and the properties of the parcel itself.
As a parcel rises, the temperature decreases dry adiabatically and the dewpoint
temperature follows the humidity mixing ratio (isohume). In a well mixed ABL the
parcel will continue to rise until it reaches the lifting condensation level (LCL). If
the parcel is moist then convective cloud formation occurs. The energy needed to
force the parcel to rise comes from fronts, surface heating, moistening, or mesoscale
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convergence boundaries such as outflow and sea breeze boundaries and orographic
lift.
If the temperature of the rising air has been warmer than that of its surroundings
all the way up until the LCL then the air will continue to rise. On passing the
LCL the air becomes saturated, condensation occurs, releasing latent heat. The
air now cools at a slower rate know as the SALR (saturated adiabatic lapse rate)
and will continue to rise until it is no longer warmer than its surroundings. If the
temperature of the parcel is less than the temperature of the environment then the
parcel passes through a region of Convective Inhibition (CIN). This is the amount
of energy required to overcome the negative buoyancy force the environment exerts
on an air parcel, that will prevent the air parcel from rising to the level of free
convection (LFC) from the LCL. The negative buoyancy force exerted on an air
parcel is a result of the air parcel being cooler (more dense) than the air which
surrounds it, which causes the air parcel to accelerate downward. The layer of air
dominated by CIN is warmer and more stable than the layers above or below it.
If the parcel is forced past the LFC then the air parcel will again be warmer than
its surroundings. The air parcel will continue to rise following the moist adiabat.
Eventually the parcel will become cooler than its surroundings, the air stops rising
and this represents the height of the top of the cloud, the limit of convection (LOC).
Violent updrafts in thunderstorms indicate that a tremendous amount of energy is
being released. A measure of the amount of energy available to create such motion
is the convective available potential energy, CAPE. On a Tephigram the CAPE is
equal to the area where the temperature of the parcel is greater than the temperature
of the environment between the LFC and the LOC.

2.2.3

Land Atmosphere Feedbacks

Land-atmosphere interactions over drought regions account for typically 50 - 80%
of the number of hot days during the four major summer heatwaves studied by
Fischer et al. (2007a). This is mainly due to local effects through the limitation
of evaporation (and enhanced sensible heat flux) due to drought conditions. Addi-
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tionally drought conditions have been found to have remote effects on areas around
or outside the actual drought area, through changes in the atmospheric circulation
and advection of air masses. Studies have shown that mechanisms exist that enhance the drought anomaly. Rowntree and Bolton (1983) found through a series of
soil moisture sensitivity experiments that a dry anomaly in soil moisture reduces
evaporation and increases surface temperature and sensible heat flux. The opposite occurs for a wet anomaly. These changes directly lead to, within a few days,
increased temperatures and decreased absolute and relative humidities which tend
to inhibit precipitation over a much larger area. Fischer et al. (2007b) conducted
a similar study and found that a reduction in soil moisture leads to lower precipitation later on in the season. This was attributed to a non-linear response through
positive feedback mechanisms and coupling processes. The feedback was not found
to be through precipitation recycling but through atmospheric advection. It has
been suggested that the soil-moisture precipitation feedback will become important
in the future climate of Europe as LSTs rise (Vidale et al., 2007).
There are a number of positive feedbacks which operate between the land surface
and the atmosphere. These act to warm the earth’s surface and can contribute to
heatwave effects:

2.2.3.1

Local Soil Moisture - Precipitation Feedbacks

Several mechanisms have been proposed for a land-atmosphere feedback affecting
local precipitation. Precipitation recycling is one such feedback, in which water
evaporated from the land surface contributes to the local formation of clouds and
precipitates in the form of rain (Eltahir and Bras, 1996). Anomalies in soil moisture may influence precipitation rates simply by increasing or decreasing the local
flux of water vapour into the lower atmosphere. In most regions, however, only a
small fraction of evaporated water is recycled as precipitation near the source area
(Trenberth, 1999) and in regions like Western Europe, where the atmospheric water
budget is dominated by external vapour flux (Schaer et al., 1999), natural variability
in local evaporation has only a small influence on the atmospheric moisture.
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A second feedback between the land surface and local precipitation is through the
stabilisation or destabilisation of the ABL (Betts and Ball, 1998). In this mechanism drying of the soil surface causes an increase in the Bowen ratio that in turn
leads to a deepening of the daytime ABL with increased entrainment of dry, low
energy air from above the boundary layer. Entrainment and an increased Bowen
ratio combine to cause a decrease in the density of water vapour within the ABL and
the reduced potential for convective precipitation (McNaughton and Spiggs, 1986).
Rising parcels will be drier and less likely to reach the level of free convection. This
can be termed the indirect soil-moisture precipitation feedback, as it relies upon the
concentration and convection of water vapour and does not require that the water
vapour be generated locally (Zaitchik et al., 2006).

The third feedback loop involves the Rn . Under drought conditions when vegetation is stressed and the soil surface is hot and dry, Lup and the surface albedo
increase. This causes the Rn available at the surface to reduce. Assuming a surface
energy balance (from equation 2.1), reduced Rn is associated with a drop in available
energy and a decrease in the density of water vapour within the ABL. Under drought
conditions, the combined process of reduced local water vapour, in a deepened ABL
and increase in entrainment at the top of the ABL, can exert a negative forcing on
precipitation (Betts and Ball (1998), Eltahir (1998), Zaitchik et al. (2006)).

2.2.3.2

Large Scale Soil Moisture - Precipitation Feedback

In addition, Fischer et al. (2007b) has demonstrated that soil moisture can also
affect the geopotential height in the mid and upper troposphere. Dry simulations
lead to the 1000 hPa height being reduced and the 500 hPa height being forced up,
increasing layer thickness. This led to a positive feedback and the strengthening of
the anticyclone. This enhanced the positive heat anomaly at high levels and made
the high pressure system more persistent. A heat low is produced at the surface,
leading to enhanced subsidence and strengthening of the heat wave even more. A
similar response of the circulation to dry soils has been observed in studies by
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Ferranti and Viterbo (2006) and Vidale et al. (2007). A combination of both largescale changes in circulation and precipitation and localised land surface changes in
heat flux, lead to enhanced variability in LSTs (Seneviratne et al., 2006).

2.3

Conclusion

This chapter has identified the key land surface processes and interactions relevant to
the work in the succeeding chapters. The concepts of the energy, water and carbon
balances are described with details on how these interact with the land surface
through vegetation and soil. The surface interacts with the atmosphere through,
convection and land atmosphere feedbacks, on local and large scales, relating this
work to the climate of Europe.

Chapter 3
Tools Used to Understand Soil
Moisture Feedbacks and Land
Surface-Atmosphere Interactions

3.1

Introduction

In order to get an understanding of how soil moisture and the land surface influence
European weather, we need to utilise various tools available. This chapter will
describe how land surface models and observations (in-situ and remotely sensed)
can be used to help our understanding of the seasonal cycle of evapotranspiration
at the regional scale. Models provide useful understanding of land surface processes
by simulating evapotranspiration over time and space. Observations are important
as they are not only used to initialise the model but also provide validation and
improvement by comparisons with simulated output.
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Land Surface Modelling
Introduction

Simple land surface models were first used pre-1970’s in atmospheric general circulation models (AGCM’s) to estimate the exchange of energy, heat and momentum
between the land surface and the atmosphere. Since then, these have evolved and
increased in complexity, incorporating many other processes (Sellers et al., 1997).
The first generation of land surface models was developed in the 1960-1970’s. At
first they were merely simple aerodynamic bulk transfer formulas and uniform prescriptions of surface parameters (soil moisture, albedo and aerodynamic resistance)
which satisfied the boundary conditions of many atmospheric models (Sellers et al.,
1997). Later on the evapotranspiration was calculated from soil moisture using the
so-called conceptual bucket model (Manabe, 1969). The soil moisture is modelled
as the level of water in the bucket, a lowering of the water level representing evaporation exceeding precipitation. Where precipitation exceeds evaporation, the water
level would rise until the bucket overflows producing runoff (Sellers et al., 1986).
Although this theory places reasonable bounds on evapotranspiration, it cannot
simulate evapotranspiration realistically as there is no vegetation and evaporation
is calculated from a bare soil surface only (Stockli and Vidale, 2005). These models
generally assumed spatially homogeneous values for the water holding capacity of
the bucket and did not include the impacts of vegetation and soil types on the fluxes
of heat, water and momentum (Cox et al., 1999).

The second generation of land surface models was developed in the early 1980’s
and recognised the fact that vegetation played an active part in the calculation of
the surface energy balance. Previous first generation models had viewed the vegetation as a pervious sheet separating the soil from the atmosphere. The second
generation schemes began to model the vegetation-soil system explicitly and then
let this determine how the land surface interacted with the atmosphere including
processes such as radiation absorption, momentum transfer, biophysical controls on
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evapotranspiration, interception of precipitation and soil moisture availability. It
was found from sensitivity experiments that albedo, roughness and surface wetness
had important impacts on the atmosphere (Sellers et al. (1997), Sellers et al. (1986)).

The latest (third) generation models was developed in the late 1980’s and 1990’s, as
knowledge on possible global climate change became apparent. Advances were made
on the modelling of the carbon cycle with the addition of a carbon flux pathway,
a canopy photosynthesis-conductance model controlling canopy carbon and water
fluxes, a soil respiration model and atmospheric gas (e.g. CO2 ) tracer-transport
model. More recently there has been advancements in atmosphere and ocean models
which include atmospheric chemistry models, regional climate models and coupled
atmosphere - ocean general circulation models, with multi layer and higher resolutions (McGuffie and Henderson-Sellers, 1997).

This thesis uses the Joint UK Land Environment Simulator (JULES), a third generation land surface scheme derived from the UK Met Office Unified Model. Details
of this model are given in section 3.3.1.
Although the latest suite of land surface models are complex and potentially more
realistic, it is often useful to combine them with simple models. This allows us to
understand key processes more clearly. An example of this is a simple conceptual
model of the surface energy balance outlined below.

3.2.2

Simple Conceptual Model of the Surface Energy Balance

The surface energy balance can be modelled as the sum of the net longwave and
shortwave radiation, the sensible and latent heat fluxes. The purpose of creating
a simple model is to enable us to solve the surface energy balance equation and to
calculate the surface temperature for a range of soil moistures. This will allow us to
see the sensitivity of LST to soil moisture via the surface energy balance.
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Equations

Consider a land surface with LST, T∗ and specific humidity at this temperature,
qs (T∗ ) , as shown in figure 3.1: The air temperature, Ta and specific humidity, qa are

SN LWdown

2m

λE H

LWup

Soil Moisture β

Figure 3.1: Schematic diagram of the land surface, showing the fluxes involved in
estimating the surface energy balance and the resistances to water and heat
prescribed at a level of 2 metres above the surface. The soil moisture is prescribed
using a β factor (which will be described later in section 3.3.4) which varies between
0 (dry) and 1 (wet). The net amount of solar radiation is SN whilst LWup and
LWdown are the upward and downward longwave radiations. The sensible (H) and
latent heat fluxes (LE) are directed from the surface to the atmosphere. Note that
this is a simple model and therefore there is no thermal inertia above and below
ground. If we assume that these are the only fluxes operating at the surface (i.e.
the ground heat flux is negligible), the following balance can be made:

Energy Absorbed at Surface = Energy emitted Back to Atmosphere
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(3.1)

Sn and LWdown are prescribed and values typical for a mid latitude summer are
275 Wm−2 and 325 Wm−2 respectively (Pavlakis et al. (2004), Hatzianastassiou
et al. (2005)). The emission of longwave radiation (LWup ) is estimated as a function
of surface temperature using Stefan-Bolzmann’s law, using equation 2.5 in chapter 2.

The sensible and latent heat fluxes can be estimated by using the gradients of
temperatures and humidity respectively (equations 2.7 and 2.8 in chapter 2 from
Blyth (1994)). These relationships are analogous to ohms law, as the flux is directly
proportional to the gradient, and inversely proportional to the resistance. The sensible heat flux is assumed to be a linear function of the (surface to atmosphere)
temperature gradient, given by,
H = ρ cp

(T∗ − Ta )
ra

(3.2)

where ra is the resistance limiting heat transport due to turbulence. In this model,
Ta is a fixed boundary condition (constant at 288K) and T∗ is being solved for.
This is a very big simplification because Ta will vary with the surface temperature.
However it is a reasonable assumption for the level of complexity needed for this
model.
The latent heat flux is calculated using the following equation:
LE = ρLv

(qs (T∗ ) − qa )
(ra + rs )

(3.3)

The surface resistance, rs , represents the resistance provided by the surface to evaporate water. Standard empirical equations have been found to estimate the surface
and aerodynamic resistance, as detailed in chapter 2. In this model the equations
have been simplified further and the following have been used to estimate the resistances (Maidment, 1992),
80
β
208
ra =
u(z)
rs =

(3.4)
(3.5)

where β is the soil moisture availability factor, with a maximum value of 1.0 (well
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watered vegetation) and minimum value of 0.0 (completely dry soil). The wind
speed, u(z) is the wind speed at a height of 2.0 m. In reality, ra is a function of
surface layer stability (i.e. is a function of (T∗ - Ta and u(z)).
In order to calculate qs , one must first calculate the saturation vapour pressure esat
from the Clausius Clapeyron equation (equation 3.6 (Stull, 2000)) and then q can
be derived from a relationship between e and q (equation 3.15 (Stull, 2000)).



Lv 1
1
esat = e0 EXP
−
(3.6)
Rv T0 Ts
and
qs = 0.622

esat
P

(3.7)

where e0 and T0 are saturation vapour pressure and temperature constants of 0.611
kPa and 273 K respectively.

3.2.2.2

Results

The conceptual model solves the surface energy balance iteratively using equations
3.1 to 3.5 in order to give the surface temperature as a function of the soil moisture
availability factor. This is important as it shows numerically how changes in soil
moisture affect the surface temperatures.
Figure 3.2 shows the variation in simulated surface temperature (Ts ) with increasing
soil moisture availability factor, β. The β values are prescribed from 0.0 to 1.0
and the surface temperatures are calculated using an iterative procedure on the
surface energy balance equations. There is a clear relationship between the LST
and β. For values of β of around 0.6 - 1.0, there is an almost linear relationship
between β and the LST. As a soil gets drier (β less than 0.5), the temperatures at
the surface increases more rapidly. This indicates that the LST is more sensitive
soil moistures when soil moistures are low i.e. when surface resistance rs is high.
Conversely, LSTs are only weakly sensitive to β when surface resistance is small,
i.e. β close to 1.0. This suggests that, climate regimes where β is typically in the
range of 0.0 to 0.5 will exhibit relatively strong LST variations. The results shown
by figure 3.2 are similar to those found by Fischer et al. (2007b), from diagnosis
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of regional climate model. He found that summer surface temperatures correlate
linearly with absolute soil moisture amount in the summer and that the range of
this effect was approximately 3K. At lower soil moistures, simulations showed an
exponential relationship (communication from E. Fischer), in the same way that
figure 3.2 has showed.
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Figure 3.2:

The variation of land surface temperatures with increasing soil mois-

ture availability factor (β)

Figure 3.3 shows how land surface temperature varies for different aerodynamic resistances. The simple model shows that over a rougher surface and hence smaller
aerodynamic resistance, land surface temperatures are less sensitive to β (and so
evaporative resistances). The aerodynamic resistance is controlled by two factors;
Wind speed and aerodynamic roughness length. As wind speed increases, the aerodynamic resistance decreases. This increases the turbulent fluxes but decreases
the amount of upwelling longwave radiation, which decreases LSTs. Land surface

1.0
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temperatures are less sensitive to soil moisture when the aerodynamic resistance is
low (and wind speed high), hence LSTs increase less sharply at low soil moistures.
Similarly, an increase in roughness length will decrease the aerodynamic resistance,
increasing turbulent fluxes and decreasing LSTs in the same way as increasing wind
speed.
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Figure 3.3:

Testing the sensitivity of land surface temperatures to changes in

aerodynamic resistance

Real vegetation has differences in roughness and leaf area. In this simple model, rs ,
is controlled by β and minimum resistance of 80. The value is fixed and represents
a proxy for vegetation coverage and leaf area. A lower leaf area represents a higher
value of minimum resistance, hence a higher value of rs (equation 3.4). Figure 3.4
demonstrates the effects that this has on LSTs. The blue and red lines represent
a land surface that is rougher (e.g. forest) than the yellow and green lines which
represent a smooth surface (e.g. grassland). The sensitivity of LST to β is smaller

1
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when the surface is rougher. This is because over a rougher surface, ra is lower,
turbulent fluxes are enhanced and LSTs are up to 5K lower.
An increase in rs is shown by the red line (or yellow) compared to the blue line (or
green). This change has enhanced LSTs especially at high β values. Increasing the
minimum resistance (80), is the equivalent of reducing the leaf area. With this in
mind, transpiration is reduced and hence LSTs increase. The biggest change in transpiration occurs when β=1, hence the larger change in LSTs observed. The change
is larger for the lines with higher ra (yellow verses green) because the turbulent
fluxes are being resisted more, hence LSTs are higher.
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Figure 3.4: Testing the sensitivity of land surface temperatures to changes in leaf
area index and roughness lengths

These results provide simplified explanations of normally more complex processes
and will be used to understand results from JULES (a more complex land surface
model) in chapters 4 and 5. There are however drawbacks here that have arisen
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due the simplistic nature of this conceptual model. The equations are valid but
the iterative solution may not necessarily converge, for example, when the gradients
of temperature and humidity are positive. If this is the case the model will break
down. In reality the atmospheric temperatures are not constant and do vary with
surface temperature. This can have an effect on the temperature gradients and in
turn affect the sensible heat fluxes. There is no ground heat flux term. In reality
this flux allows heat to conduct away from the surface thus lowering LSTs.
It can be concluded that land surface temperatures are most sensitive to β when rs
and/or ra are high. LSTs increase very rapidly over smooth, small leaf area surfaces,
as soil moisture declines. This suggests that LST observations may be more useful
for non-forested surface, especially when LAI is low or soil is dry. The impact of
vegetation on land surface temperatures will be explored further in chapter 5.

3.3

Modelling Water and Heat Exchanges using
JULES

3.3.1

Introduction

The simple models of the surface energy balance and evapotranspiration are useful tools in providing an understanding of key processes, however they do have a
number of drawbacks. In order to simulate land surface temperatures and evapotranspiration over time and space, a land surface scheme is required. This will
allow information on soil and vegetation characteristics to be incorporated and provide a full representation of soil moisture availability through the β factor. Land
surface schemes are an important part of numerical weather prediction and general
circulation models, calculating the surface to atmosphere fluxes of heat, water and
carbon dioxide and updating surface and subsurface variables that effect these fluxes
(Blyth, 2007) (Cox et al., 1999). This thesis uses the Joint UK Land Environment
Simulator, JULES
This is a 3rd generation land surface scheme derived from MOSES 2.1 of the UK
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Met Office Unified Model. JULES is a tiled model with nine different surface types
in each grid box. These surface types are: broadleaf trees, needleleaf trees, C3
grass, C4 grass, shrubs, urban, inland water, bare soil and ice. Each grid box can
be made of any combination of these 9 and the fraction of each within a grid box
are read in from an ancillary file or modelled by TRIFFID (a dynamic global vegetation model). This means that it is able to solve the surface energy balance over
different tiles, each representing some land cover type (section 3.3.2 discusses this
in more detail). Each of these surface types therefore have their own albedo and
longwave heat fluxes, sensible and latent heat fluxes, surface temperatures, ground
heat fluxes, snow mass and melt rates and canopy moisture contents. Above the
surface, air temperature, humidity and wind speed are assumed to be homogeneous
across the grid box. Equally below the surface, soil temperature and soil moisture
are assumed to be homogeneous across the grid box.
In order to understand how well models simulate the land surface, it is essential to
know how the model operates and what factors control the soil water balance at different times of the year. Sections 3.3.2 to 3.3.6 describe how JULES parameterises
land surface processes. Section 3.3.7 describes how the model can be setup and run
and details on the forcing data are given.

3.3.2

Surface Energy Balance

Each JULES tile has its own surface energy balance. These are averaged and
weighted by the fractional cover of each tile, over the gridbox to produce a gridbox mean surface energy balance. In the absence of snow melt, the surface energy
balance for each tile is calculated from:

Cv

∂T∗
= Rn − H − LE − G
∂t

(3.8)

where the surface net radiation, Rn is equal to:
Rn = SN + LWdown − σT∗4

(3.9)

Chapter 3
Tools Used to Understand Soil Moisture Feedbacks and Land
Surface-Atmosphere Interactions

41

The emission of longwave radiation (LWup ) has been estimated as a function of
surface temperature using Stefan-Bolzmann’s law. The current version of JULES
assumes the earth is a black body (i.e. =1)

The surface temperature for bare soil is interpreted as a surface skin temperature
and estimated in JULES from the upper soil temperature and the surface energy
balance. The surface energy balance includes a heat capacity, Cv for the vegetated
surface (for each plant functional type, PFT), which determines the rate of temperature change. Also included is the ground heat flux, G which is a thermodynamic
boundary condition for the surface and is parameterised as a function of soil conductivity, the thickness of the surface soil layer and the temperature gradient between
the land surface and the surface soil layer. Section 3.3.5 will discuss the soil thermodynamics further. Neither G nor Cc are included in the simple model in section
3.2.2.
The sensible and latent heat fluxes over each tile are derived from bulk aerodynamic
formulae (as in chapter 2). The latent heat flux is parameterised as a function of
the humidity gradient as follows:

LE = ω

Lρ
(qs (T∗ ) − qa )
ra

(3.10)

where L is the latent heat of vaporisation for snow-free tiles and sublimation for
snow covered tiles. The atmospheric specific humidity, qs (T∗ ) is the saturated specific humidity at surface temperature T∗ . This equation has an additional term, ω
(unlike that used for the simple model in section 3.2.2). This factor weights the
soil (gsoil ), stomatal (rs ) and aerodynamic resistances (ra ) depending on the surface
cover and where the water is evapotranspiring from. The resistances are weighted
according to how much water is coming from the canopy, the vegetated fraction and
the bare soil (unfrozen and frozen). A large value of ω indicates the soil is moist
and stomatal/soil resistances are low and visa versa. A full equation definition of ω
is given in Essery et al. (2001).

The sensible heat flux is calculated using the temperature gradient between the
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surface and the atmospheric reference height z1 , via aerodynamic resistance only,


ρcp
g
H=
T∗ − T1 − z1
(3.11)
ra
cp
where T1 is the atmospheric temperature at a reference height z1 above the surface.
This differs slightly from the simple model (section 3.2.2) as it includes an adjustment to allow for the dry adiabatic lapse rate between the surface and the first
measurement level. An increase in either the temperature gradient or a decrease in
aerodynamic resistance leads to an increase in sensible heat flux.

JULES calculates the aerodynamic resistance, ra , for each tile as a function of temperature, specific humidity and wind speed, which takes into account variations in
roughness length and atmospheric stability. The roughness length for momentum,
Z0 is calculated as h/20 for trees of height h and h/10 for other vegetation types.
The soil resistance is defined to represent the resistance imposed on water to move
from within the soil or leaf matrix at the saturated humidity value, to the surface
at atmospheric humidity. This is calculated as the inverse of the soil conductance:

gsoil

1
=
100



θ
θc

2
(3.12)

where θ and θc are the volumetric soil moisture concentrations in layer 1 and at the
critical point respectively.
For transpiration the resistance is a canopy or ”bulk stomatal” resistance rs . This
canopy resistance is the inverse of the canopy conductance, gc . The canopy conductance represents the bulk effect of stomatal openings on plant leaves, which respond
to environmental stimuli, controlling both the loss of water by transpiration and the
gain of carbon dioxide through photosynthesis. The canopy (or stomatal) conductance is the rate at which water vapour can evaporate from the stomatal pores found
on the underside of leaves. Cox et al. (1998) parameterised stomatal conductance
based upon 4 main factors: internal CO2 concentration ci , the amount of absorbed
photosynthetically active radiation, Ip (or PAR), leaf temperature,Tleaf and volumetric soil moisture. The amount of water that can transpire given the conductance
then depends on the differences in vapour pressure between the spaces inside the
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leaf and the vapour pressure in the air surrounding the leaf. If the differences in
vapour pressure between the inside of the leaf and the surrounding air is large (air
is less humid than inside the leaf), the vapour pressure gradient is high. This leads
to a larger transpiration and hence an increase in the latent heat flux. In JULES
canopy conductance (gc ) is scaled up from the individual leaf conductance’s (gl ) by
integrating over the entire canopy for every plant functional type. This represents
the bulk effect of stomatal openings on plant leaves. The total canopy conductance
is calculated using a multilayer approach (10 layers) (Mercado et al., 2007), each
layer having different radiation. The leaf conductance for each layer is multiplied by
the leaf area index (LAI) for that layer. Each layer is summed to give the canopy
conductance, given by the equation:
nlayers

gc =

X

(gl,n × LAIn )

(3.13)

n=1

Adding the soil (gsoil , equation 3.12) and canopy conductances (gc ) in parallel gives
a total surface conductance, gs on each tile, such that (Cox et al. (1999), Essery
et al. (2001)),

gs = gc + (1 − fr )gsoil

(3.14)

where (1 − fr ) is the fraction of vegetated tiles.
The evaporation from the canopy water store is subject to an aerodynamic resistance
only.

3.3.3

Surface Hydrology

The surface hydrology parameterisation calculates the partitioning of precipitation
into interception, throughfall, runoff and infiltration. In JULES the total throughfall
is parameterised from the total rainfall as follows.
Given the rain rate R, the amount of rain that falls in a time step ∆t, is R∆t. If
R∆t is less than or equal to the canopy capacity, Cm , then the total throughfall, T
is given by:
T =R

C
Cm

(3.15)
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where C is the canopy moisture content and Cm is the canopy capacity (i.e. the
maximum amount of water it can hold).
However if R is greater than Cm then the total throughfall is given by,
T =R−

(Cm − C)
∆t

(3.16)

This assumes R is uniform across the whole gridbox. The canopy moisture content is
calculated at each time step by the following equation and is subsequently updated
by subtracting the canopy evaporation:
C (n+1) = C (n) + (R − T )∆t

(3.17)

Surface runoff occurs in JULES when the local water flux at the soil surface exceeds
the saturated hydraulic conductivity. Surface runoff is calculated by,
R1 = T − I

(3.18)

where the infiltration rate (I), is proportional to the saturated soil hydrological
conductivity, Ks , given by:
I = ηKs

(3.19)

The proportionality constant η, is an infiltration enhancement factor which varies
according to the plant functional type. Broadleaf and needleleaf trees are assigned
a value of 4, C3 grass is given a value of 2 and ice is given a value of 0. The higher
this factor is, the greater the infiltration rate.

Runoff in JULES is only produced if soil hydraulic conductivity at the surface is low
and rainfall is heavy enough so that water cannot drain away quick enough. It has
been found by Smith et al. (2006) that for regions in the temperate zone, precipitation is rarely heavy enough to exceed the infiltration rate and so the surface runoff
is low.

Equations 3.15 to 3.19 all apply to a point scale and when the model is run over
an area, there is a method to account for this by Gregory and Smith (1990). It
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assumes that the rainfall rate is exponentially distributed across the gridbox and
if rainfall is convective it is assumed to cover only one third of the total grid box area.

The JULES model has a single snow reservoir. Lying snow is accumulated through
simulated convective and large scale snow fall. Lying snow is incremented in the
code by subtracting snow melt and sublimation from the lying snow variable. If
sublimation is negative and lying snow equals zero, lying snow (or frost) is formed.
The snow scheme will not be detailed here as it is not dealt with in this thesis.

3.3.4

Soil Hydrology

The aim of the soil hydrology routines are to calculate the total soil moisture content
in each layer, based on the net water flux flowing into the layer and total transpiration extracted by plants and evaporation loss from the soil. Water movement can
be through either saturated or unsaturated soils. Saturated flow takes place when
the soil pores are completely filled with water. Unsaturated flow occurs when the
larger pores in the soil are filled with air, leaving only the smaller pores to hold and
transmit water. For a given soil column the rate of flow of water is given by the
Darcy Equation:


W = Kθ

∂ψ
+1
∂z


(3.20)

The rate of flow of water, W is a function of the hydraulic conductivity, Kθ and
the soil water suction ψ. As discussed in chapter 2, Kθ represents how easy the soil
transmits the water by gravity alone and ψ is the amount of suction holding the
water to the soil particles. At large and negative soil water suctions (unsaturated
soils), hydraulic conductivity is low and suction gradients can form and dominate
over gravity. This is the key driving force for unsaturated flow.

The soil hydrology parameterisations in JULES are based on a finite difference
approximation of the Richard’s Equation (Richards, 1931). The total soil moisture
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content, M within each layer, n are given by,
Mn = ρw ∆zn θs {Sun + Sf n }

(3.21)

where ∆zn is the thickness of the layer (layers 1 to 4 have thickness’ 0.1, 0.25, 0.65
and 2.0m respectively) and Sun and Sf n are the mass of unfrozen and frozen water
within the layer as a fraction of that of liquid water at saturation,
θu
θs

(3.22)

ρi θf
ρw θs

(3.23)

Su =
and
Sf =

The total soil moisture content within the nth layer is incremented by the water flux
diffusing in from the layer above, Wn−1 , the water flux diffusing out to the layer
below, Wn and the extraction of water by plant roots used for evapotranspiration,
En . Hence the incremented soil moisture content is calculated by,
∂Mn
= Wn−1 − Wn − En
∂t

(3.24)

In order to calculate the water flux, it has to be assumed that hydraulic conductivity
and soil water suction are functions of soil moisture concentration. Simple empirical
equations which describe this relationship are suggested by Clapp and Hornberger
(1978),
ψ = ψs Su−b

(3.25)

K = Ks Su2b+3

(3.26)

where Ks , ψs and b are empirical soil dependant constants. Note that these equations
deal only with unfrozen soil moisture for the reason that the freezing of soil moisture
reduces hydraulic conductivity and produces a large suction by reducing the unfrozen
water content.
The water flux out of the bottom of the soil profile is the subsurface runoff and is
calculated by a default lower boundary condition, corresponding to free drainage,
WN = KN

(3.27)
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where WN is the drainage from the lowest deepest soil layer and KN is the hydraulic
conductivity of this layer. The maximum subsurface runoff occurs at the same time
as maximum total soil moisture content and an annual cycle curve looks very similar
to the soil moisture annual cycle curve. In mid-latitudes, for the majority of the year
sub-surface runoff is greater than surface runoff, with the exception being during
short lived, high intensity rainfall events.

In JULES, the soil water is divided into 3 regimes, which create controls on the
conductance of water through the stomata (figure 3.5). When a soil is completely
saturated it poses no limitations on soil evaporation or plant transpiration. The
saturated soil water content is calculated from a linear equation relating it to the
soil texture (sand, silt and clay fractions)
Below saturation at a point called the critical point, plant transpiration begins to get
limited by soil water availability. The critical soil moisture is defined as a fraction
of saturation, given by,

θc = θs

ψs
3.364

 1b
(3.28)

and corresponds to a soil water suction of -0.033 MPa or equivalent water depth
of 3.364 m. When soil moisture drops below the wilting point no transpiration is
possible. This point is also calculated as a fraction of saturation, given by,

θw = θs

ψs
152.9

 1b
(3.29)

The wilting point corresponds to a soil water suction of -1.5 MPa or equivalent water
depth 152.9 m.
The soil moisture availability factor, β, is a measure of the total soil moisture available for evapotranspiration. It varies between 0 and 1, using the following equations,





 1
f or θ > θc




θ−θ
w
β=
(3.30)
f or θw < θ < θc
θc −θw







 0
f or θ ≤ θw
Figure 3.5 shows the variation in β with soil moisture. Where θ is greater than θc ,
β is equal to 1 and transpiration is not sensitive to soil moisture. Where θ is less
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than θc , β is less than 1 and transpiration is restricted by soil moisture. When θ is
less than θw , β is 0 and there is no soil moisture available for transpiration.

1
Soil
Moisture
Availability
Factor
β

1
0

2

θw

3

θc
Soil Moisture

Figure 3.5: Schematic diagram showing how β varies with soil moisture in terms
of the wilting and critical points.
The unfrozen soil moisture, θ is available for plants to absorb at the roots by osmosis.
The moisture is used to keep cells turgid and transfer minerals from roots to shoots
via mass flow. Mass flow is caused by a decrease in hydrostatic water pressure
in upper parts of the plant due to diffusion of water out of the stomata. Stomata
control the influx of carbon dioxide for photosynthesis with the amount of water lost
as a result of the stomata opening. Soil moisture is the key factor which controls
the conductance of water through the stomata.
The fraction of total water transpired which is extracted from level n, en , is given
by,
Frootn βn
βtot
is the fraction of roots in each soil layer and βn is given by:
en =

where Froot

βn =

(θu (n) − θw )
(θc − θw )

(3.31)

(3.32)

where θu (n) is the volumetric concentration of unfrozen water within the nth layer
θw is the wilting point, and θc is the critical point appropriate to the soil type.
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The stomatal conductance requires a single root weighted soil water availability
factor, βtot for the entire 3m of soil, weighted at each layer by the fraction of roots
accessed by each plant functional type. Bare soil extraction is taken directly from
the top soil layer (Blyth (2007), Cox et al. (1999), Essery et al. (2001)).
JULES uses an exponential distribution to describe the root density profile. The
root fractions of each plant functional type i, in each soil layer n, are described by,




zn
zn+1
Frootn = EXP −P.
− EXP −P.
(3.33)
RootiD
RootiD
where Froot is the fraction of roots in each soil layer, P is a decay constant describing
the depth dependence of the root density profile, zn and zn+1 are the depths of the
top and bottom of soil layers respectively, and RootiD is the total root depth per PFT
i. This is a constant for each PFT; broadleaf trees go down to 3.0 metres, needleaf
trees are 1.0 metre and C3 grasses are 0.5 metres. The Froot is then normalised by
a parameter FT OT , given by,

FT OT = 1.0 − EXP

−P.ZT OT
RootD


(3.34)

where ZT OT is the total depth of the soil (3.0 metres). The fraction of roots in a
layer is given by,
F RACROOT =

Froot
FT OT

(3.35)

Figure 3.6 shows the fraction of roots at each soil level for each of the three dominant
PFT’s. Broadleaf trees have greater 50% of their roots in layer 4. Needleleaf trees
have over 70% of the roots in layers 3 and 4. C3 grass has the highest proportion
of roots in layer 1 at 20%. The soil moisture availability factor is weighted by the
root fraction in order to calculate the total amount of transpiration from that layer
per PFT.

3.3.5

Soil Thermodynamics

The aim of the soil thermodynamics routines is to calculate the temperature of each
soil layer, from the diffusive heat fluxes into and out of the layer and the heat flux
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Figure 3.6: The fraction of total plant roots within each soil layer for the 3 main
plant functional types. C4 grass and shrubs are the same as C3 grass.
advected by the soil moisture The temperature of the soil is dependent on three
factors: (1) The net amount of heat energy partitioned from incoming solar radiation into the ground heat flux, G; (2) The energy required for latent (LE) and
sensible (H) heat fluxes; and (3) The heat required to bring about a given change in
temperature. The heat capacity and thermal conductivity determine the extent of
the soil temperature rise and how much heat diffuses down through the soil profile.
In JULES subsurface temperatures are updated using a discretised form of the heat
diffusion equation. This is coupled to the soil hydrology through soil thermal characteristics which are dependent on soil moisture contents, soil water phase changes
and associated latent heat. The temperature of the nth soil layer, of thickness ∆zn
is updated by diffusive heat fluxes in and out of the layer, Gn−1 and Gn respectively,
and the net heat flux Jn advected from the layer by the moisture flux:
CA ∆zn

∂Tsoiln
= Gn−1 − Gn − Jn ∆zn
∂t

(3.36)

where CA is the apparent volumetric heat capacity of the layer. For dry soils CA is
constant and equal to 0.23 Wm−2 K−1 at each level. For wet soils it varies linearly
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with total moisture content;
CA = Cs + ρw cw θu + ρi ci θf + ρw [(cw − ci )T + Lf ]

∂θu
∂T

(3.37)

The first three terms on the right hand side of the above equation represent the
heat contributions from dry soil, liquid water and ice. The fourth term is the heat
capacity associated with the phase changes. The specific heat capacity of ice is
ci . Moist soils have a higher volumetric heat capacity than dry soils, because more
energy is required to raise the temperature of a given volume by 1◦ K. Hence moist
soil is less easily warmed than a dry one and this can lead to a slower transfer of
heat from the top to the bottom of the soil profile.
The diffusive and advective fluxes are described in JULES by,
G=K

∂Tsoil
∂z

(3.38)

and
J = cw W

∂Tsoil
∂z

(3.39)

where W is the vertical flux of soil moisture, cw is the specific heat capacity of water
and K is the soil thermal conductivity. The soil thermal conductivity is the rate
of heat transfer through a soil per unit area due to a temperature gradient. It is
a linear function of soil moisture content and varies with the density of soil. It is
calculated using soil moisture and the dry and saturated soil thermal conductivities
which are calculated as means of their constituents (minerals, air, water and ice)
(Cox et al., 1999). As the soil moisture content increases in a soil, the air content
decreases. Heat conduction is slower through water as the volumetric heat capacity
is greater, hence transfer of heat is slower in moister soils.

Finally the rate of change of soil temperature with time is given by,
∂Tsoil
∂ λ ∂Tsoil
=
{
}
∂t
∂z ρc ∂z

(3.40)

Based on equations 3.36 to 3.40, JULES can simulate the propagation of heat down
the soil profile. The timescales of heat propagation with depth are dependent on
the soil thermal conductivity and volumetric heat capacity. As you go deeper into
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the soil, the volume in each layer increases and hence it takes longer for a change
in temperature change to occur. Hence very little fluctuation in soil temperature is
observed at these deeper layers.

3.3.6

Vegetation: Photosynthesis and Respiration

Vegetation regulates the fluxes of carbon and water through the processes of photosynthesis and respiration. In photosynthesis, plants absorb water through the roots
and carbon dioxide through the stomata (plus light) in order to synthesise organic
carbon. Respiration converts the organic carbon (with addition of oxygen) into
energy which is required for plant growth . Carbon dioxide and water vapour are
returned to the atmosphere. Although carbon fluxes and vegetation growth are not
of interest in this thesis, their calculation is outlined briefly below.

The canopy conductance (gc ) controls the gain of carbon dioxide through photosynthesis as well as the loss of water (described earlier in section 3.3.2). Carbon
dioxide must diffuse through stomata before it can be fixed by photosynthesis. The
stomatal conductance to water vapour at the leaf scale, gl , is closely related to the
net leaf photosynthesis, A, by the following relationship,
A=

gl
(Cc − Ci )
1.6RTleaf

(3.41)

where Cc and Ci are the leaf surface and internal CO2 partial pressures respectively.
Tleaf is the leaf surface temperature and R is the perfect gas constant. The constant
1.6 is present to account for the differences in molecular diffusivities between water
and carbon dioxide.
Leaf photosynthesis is also dependent on a number of environmental variables, including the internal CO2 concentration, ci , the photosynthetically active radiation,
Ip , leaf temperature,Tleaf and volumetric soil moisture, θ, so A can be expressed as:
→
−
A = A( X , ci )

(3.42)

→
−
where X is a general vector of environmental variables. An additional direct soil
moisture dependence is suggested by Cox et al. (1998) which gives net leaf photo-
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synthesis as a function of the soil moisture availability factor βtot :
A(ci , Ip , T, θ) = Ap (ci , Ip , T )βtot

(3.43)

where Ap is the potential rate of photosynthesis that is non moisture stressed and
βtot is the total soil moisture availability factor defined in section 3.3.4.
Leaf level fluxes are scaled up from the canopy scale using an approach by Sellers
et al. (1992). Once re-scaled the gross primary productivity can be calculated from
the gross canopy photosynthesis and the plant respiration. From this, net primary
productivity, Π is given by:
Π = ΠG − Rp

(3.44)

Where ΠG is the gross primary productivity and plant respiration, Rp , is split into
maintenance respiration (Rpm ) and growth respiration (Rpg ).
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Running JULES

The previous section has described the key equations used in JULES. In order to
run the model a number of forcing data sets are required. These include,

• A meteorological forcing data set (containing fields of downwelling shortwave
and longwave radiation, rainfall rate, snowfall rate, air temperature, windspeed, surface pressure and surface humidity)
• Soil map with sand, silt and clay fractions.
• Vegetation map with fractions of plant functional types (PFTs) and leaf area
indices (LAI) per PFT.

The option is available for JULES to be run at either a point scale or over a grid.
If JULES is run over a grid, this can be for any number of grid boxes and any
resolution, provided the necessary data is available.
At a point scale JULES is driven with meteorological forcing data from flux towers
in the FLUXNET observation network (Kramer et al. (2002), Rambal et al. (2004)).
Typically the area of a flux tower (its footprint) is approximately 1km2 (Leclerc
and Thurtell, 1990). At a grid box scale, JULES can be driven using 1◦ resolution
driving data from the GSWP2 (Global Soil Wetness Project 2, GEWEX (2002)).
The GSWP2 is an international project that has produced a global 1◦ data set of
land surface parameters and meteorological forcing data used to specify initial conditions and boundary conditions (forcing) for land surface models from 1986 to 1995.

At a point scale, soil can be initialised using data from the FAO soil map (FAOUnesco, 1995) or the Wilson and Henderson-Sellers (WHS) global soil archive (Wilson and Henderson-Sellers, 1985) . At a grid box scale, soils can be initialised using
a 1◦ soil texture map from the ISLSCP global soil characteristics dataset (International Satellite Land Surface Climatology Project, Hall et al. (2005)). The soils in
JULES are defined according to the soil texture (% sand, silt and clay) at the point
scale or grid box. Soil hydraulic parameters (ψs , Ks , θs and b) are calculated (using
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equations below) from the soil textures and all other parameters (e.g. θc and θw )
are calculated from these. Calculations are done in ancillary programs separate to
the main JULES code.

ψsat = 0.01 × 10(2.17−0.63×Clay−1.58×Sand)

(3.45)

Ksat = 10(−5.55−0.64×Clay+1.26×Sand)

(3.46)

θs = 0.505 − 0.037 × Clay − 0.142 × Sand

(3.47)

b = 3.10 + 15.70 × Clay − 0.3 × Sand

(3.48)

For simplification at a point scale, JULES uses 3 averaged textural classes (fine,
medium and coarse) and from these the soil hydraulic parameters are calculated.

The vegetation is initialised using two different land cover data sets. The first of
these is the WHS (Wilson and Henderson-Sellers, 1985) archive of land cover data.
In addition to this an improved data set has been developed which uses satellite data
to provide up to date maps of fractional vegetation cover and LAI. The IGBP land
cover classification data set (Strahler et al., 1999) retrieved from MODIS Terra, has
17 land cover classes. The IGBP land cover is converted into JULES PFT’s using a
mapping by Jones (2008) in table 3.1 and initialised in the JULES input file. In this
thesis, plant phenology is not simulated, therefore Leaf Area Indices (LAI) are required either constant or varying with time. At the point scale, leaf area indices are
initialised with constant values per PFT. These have been calculated using fAPAR
(Fraction of Absorbed Photosynthetically Active Radiation) data from Los et al.
(2000). The model equations have been used to convert fAPAR to LAI. At the grid
box scale, a new 1◦ LAI data set has been created. This consists of LAI data retrieved from MODIS Terra every 8 days from 2000-2008. The retrieved LAI has been
weighted to the individual PFT’s in order to give a seasonally varying LAI per PFT.

In chapter 4, the model mechanisms controlling the soil water balance will be tested
at the point scale. Here JULES will be run with meteorological driving data from
Loobos (Netherlands) and Puechabon (south of France), and initialised with FAO
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JULES Surface Types
IGBP Class

BT

NT

C3

C4

Shrub Urban Water

Bare Soil

Ice

Evergreen needleleaf

0.0

70.0 20.0

0.0

0.0

0.0

0.0

10.0

0.0

Evergreen broadleaf

85.0

0.0

0.0

10.0

0.0

0.0

0.0

5.0

0.0

Deciduous needleleaf

0.0

65.0 25.0

0.0

0.0

0.0

0.0

10.0

0.0

Deciduous broadleaf

60.0

0.0

5.0

10.0

5.0

0.0

0.0

20.0

0.0

Mixed forest

35.5 35.5 21.0

0.0

0.0

0.0

0.0

8.0

0.0

Closed shrub

0.0

0.0

25.0

0.0

60.0

0.0

0.0

15.0

0.0

Open shrub

0.0

0.0

5.0

10.0

35.0

0.0

0.0

50.0

0.0

Woody Savanna

50.0

0.0

15.0

0.0

25.0

0.0

0.0

10.0

0.0

Savanna

20.0

0.0

0.0

75.0

0.0

0.0

0.0

5.0

0.0

Grassland

0.0

0.0

66.0 15.7

4.9

0.0

0.0

13.5

0.0

Permanent wetland

0.0

0.0

80.0

0.0

0.0

0.0

20.0

0.0

0.0

Cropland

0.0

0.0

75.0

5.0

0.0

0.0

0.0

20.0

0.0

Urban

0.0

0.0

0.0

0.0

0.0

100.0

0.0

10.0

0.0

Mixed Cropland

5.0

5.0

55.0 15.0

10.0

0.0

0.0

10.0

0.0

Snow and ice

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

100.0

Barren

0.0

0.0

0.0

0.0

0.0

0.0

0.0

100.0

0.0

Inland water

0.0

0.0

0.0

0.0

0.0

0.0

100.0

0.0

0.0

Table 3.1: Mapping of IGBP classes to JULES PFTs (Jones, 2008)
and IGBP soil and vegetation. In addition, the sensitivity of the soil water balance
to other sources of soil and vegetation will be tested. These sources include in-situ
measurements and data from WHS (Wilson and Henderson-Sellers, 1985).
In chapter 5 JULES will be run at the grid box scale over Europe, using 1◦ driving
data from the GSWP2 and initialised with the ISLSCP soil dataset, MODIS Terra
IGBP land cover and seasonally varying LAI.
Older soil and vegetation datasets (such as that by Wilson and Henderson-Sellers
(1985)) used ground based observations which were often scaled up to represent
large areas. This data was useful at a time before satellites were fully established
but this has since been found to be spatially unrepresentative. In order to capture
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the spatial variability of soil and vegetation more accurately, satellite observations
have been used to create soil and vegetation maps. These datasets can provide up to
date information used to initialise land surface models. In chapter 5 JULES will be
initialised with MODIS Terra IGBP land cover and seasonally varying LAI. Section
3.5 shows the differences that the satellite data has made to the vegetation fraction
and LAI and the effects this has had to the JULES output compared to the original
(Wilson and Henderson-Sellers, 1985) dataset.
The next section (3.4) introduces the observations that have been used to produce
these data sources, including details on the measurement of turbulent fluxes and soil
moisture at local scales and using remote sensing products.

3.4

Observations used to measure and Infer Soil
Moisture and Evapotranspiration

Land surface models are useful tools that help understanding of land surface processes by simulating evapotranspiration over time and space. However, observations
are just as important, as they are not only used to initialise land surface models,
but they also provide important tools for validation by comparisons with simulated
output. Soil moisture and evapotranspiration can be measured at a field scale (insitu) and measured or inferred at the large scale (remotely sensed), allowing any
potential soil moisture feedbacks to be measured.

3.4.1

Measurements of Soil Moisture

Most field measurements of soil moisture are indirect and soil moisture has to be
inferred using empirical calculations or water release curves. Methods widely used
in the field include tensiometers, capacitance probes and electrical resistance blocks.
A tensiometer is an instrument that measures the soil water tension at a fixed depth
in the soil. The instrument is not usually portable and is installed at one site for an
entire season. Electrical resistance blocks are blocks of gypsum material installed
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in the ground and a meter is used to read the electrical resistance, from which
changes in the amount of water in the soil can be inferred. The capacitance probe is
used for routine measurement of soil moisture. The soil moisture heavily influences
the dielectric permittivity of the soil because the dielectric of water (80) is much
greater than the other constituents of the soil. When the amount of water changes
in the soil, the probe will measure a change in capacitance due to the change in
dielectric permittivity. This can then be directly correlated with a change in soil
water content. (Werner, 1992).
More recently microwave remote sensing techniques have provided new opportunities
for measuring soil moisture at the large scale, typically at resolutions of 10s of
kilometres. It has been shown that the microwave emissions are mainly a function
of surface roughness and the moisture content of the surface in the case of bare
soil conditions (Wigneron et al. (2003), (2004)). The presence of vegetation cover
can have considerable influence on the signature which depends on the scattering
and attenuation properties of the canopy which are related to vegetation structure
and water content (Guglielmetti et al., 2008). However applications of soil moisture
retrievals are limited as the microwave signal is only originating from the uppermost
soil layer (Loew et al., 2009). At present no information is available on the root zone
soil moisture which is of primary importance for improving model simulations.

3.4.2

Measurements of Turbulent Fluxes

In this thesis, flux data is used to validate JULES by comparing measured turbulent
fluxes with simulated output. The eddy correlation method measures the vertical
fluxes in the boundary layer directly, by sensing the properties of turbulent eddies
as they pass through a measurement level on instantaneous time intervals. Temperature, water vapour, momentum and carbon dioxide fluctuate on short time periods
about their mean value. The amount of each property can be broken down into the
mean and the fluctuating part, given by:
s = s + s0

(3.49)
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where the overbar indicates the time averaged property and the prime signifies
instantaneous derivation from the mean.
The properties contained and transported by each eddy are its mass (given by its
density ρ, assuming a unit volume), its vertical and horizontal velocities (u,v,w) and
the volumetric content of water vapour, heat and carbon dioxide. Given this, the
mean vertical flux density for each property is given by the general equation of the
form:
S = ρ w 0 s0

(3.50)

In terms of the fluxes of interest this can be re-written as:
M omentum F lux = ρ w0 u0

(3.51)

Sensible Heat F lux = Ca w0 T 0

(3.52)

Latent Heat F lux = L w0 ρ0v

(3.53)

where u0 , T 0 and ρ0v are the instantaneous fluctuations in horizontal windspeed, temperature and vapour pressure respectively (Oke, 1987).

To obtain the fluxes from these equations, it is essential to have instruments which
can measure high frequency variations (≈ 50Hz) in vertical wind velocity as well as
horizontal wind velocity, temperature and vapour pressure. Also required is a fast
recording data logger to quickly store large amounts of information. The instruments
need to be sufficiently fast in order to sense the properties of the smallest of eddies
capable of contributing to the transport. Typical sensors for measuring vertical wind
velocity include hot-wire anemometers and acoustic anemometers. Temperature can
be measured using fine-wire resistance thermometers or acoustic thermometers and
water vapour is measured using an infrared gas analyser.
This method has tough instrument requirements; fast responding instruments are
essential for accuracy of measurements and it is time consuming to setup. Additionally the instruments need to be mounted sufficiently high above ground in order
to capture a representative sample of eddies. However, an increase in measurement
height leads to an increase in size of the footprint (the field of view of the flux measurement) and a move of peak contribution away from the instrument. Footprint
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size can range from 30 m to 3 km depending on the fetch, surface roughness, and
atmospheric stability. Ideally a flux measurement site should be homogeneous over
several square kilometres in order to obtain a representative flux measurement. Despite this, the eddy correlation method is widely used as it is based on simple theory
of measuring fluxes directly (Oke, 1987). Figure 3.7 shows the location of present
eddy correlation sites part of the FLUXNET observation network. In this thesis
meteorological data and flux measurements will be used from Loobos (Netherlands)
and Puechabon (Southern France).

Figure 3.7: Location map of FLUXNET observation network in Europe

3.4.3

Using Satellite Data to Infer Soil Moisture Status

Evapotranspiration and soil moisture observations such as those in the previous two
sections, only represent local processes. Even measurements with advanced eddy
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correlation systems on towers can rarely be extended to large areas due to land
surface heterogeneity and the dynamic nature of surface fluxes. Large scale spatial
variability in evapotranspiration is important for feedback processes and relatively
recent advancements in remote sensing have meant that spatially dense measurements of evapotranspiration can be made or inferred from other parameters. A
large number of recent studies have made use of remotely sensed LST data to estimate evapotranspiration.

The land surface emits thermal infrared (TIR) and microwave radiation as functions of the LST, which are detected by satellite sensors in the 8 - 14 micron band
and 1.5 - 300 mm bands respectively. The LST is an important diagnostic of biospheric stress resulting from soil moisture deficit. Soil surface temperature increases
with decreasing water content (as demonstrated by the simple model in section
3.2.2), while moisture depletion in the plant root zone leads to stomatal closure,
reduced transpiration and elevated canopy temperatures that can effectively be detected from space (Anderson and Kustas, 2008).

Studies by Mauser and Schadlich (1998) used the relationship between latent heat
flux and LST to evaluate a land surface model in an area 100km by 150 km in
Germany. Remotely sensed LSTs from NOAA-AVHRR were compared to simulated LST. The spatial pattern of simulated LSTs was very similar to that observed.
Through a pixel-by-pixel comparison between simulated evapotranspiration and observed LST, a clear trend of increasing simulated evapotranspiration with decreasing
observed LST was found.
Work by Silberstein et al. (1999) used images from Landsat-TM to evaluate model
performance in LST over a small 1km2 catchment. The model was found to give
consistent LSTs comparable with the satellite.
Biftu and Gan (2001) used LSTs from NOAA-AVHRR and Landsat-TM to evaluate
a hydrological model for a river basin. The model was able to reproduce observations in LST over four different land use classes to within 2◦ C.
More recently studies have focussed on wider applications of remotely sensed LST,
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such as for irrigation and water resources, such as that shown in a study by Glenn
et al. (2007). Verstraeten et al. (2008) provides a comprehensive review of all ground
based and remote sensing methods for assessing evaporation and soil moisture content across different scales of observation to date.

In the past 5 to 10 years there has been a significant increase in the quality, quantity
and diversity of satellite observations of the land surface. There is a broad range
of satellite sensors currently available, providing coverage on different spatial and
temporal scales and there is now near global information on surface moisture status.
The majority are thermal imaging sensors but there are a few microwave sensors
available also. Unlike thermal sensors, microwave sensors can provide atmospheric
information in the presence of clouds. This can be used to correct the infrared measurements for the effects of clouds. Microwave data is of coarser spatial resolution
than thermal infrared (TIR) data, therefore a combination of the two products could
produce an optimal LST product (Anderson and Kustas, 2008).

Most land surface radiometric temperatures can be determined from satellite measurements of TIR emissions in the infrared atmospheric window. These thermal
emissions are used to calculate a top of atmosphere brightness temperature. This is
then corrected for atmospheric and emissivity effects to produce an estimate of LST.
The accuracy of the retrieval depends on how well certain factors are accounted for;
The calibration and correction for atmospheric absorption and emission produces
uncertainties of the order of 1-2K (Gillies et al. (1995), Prigent et al. (2003)).
Infrared measurements are sensitive to cloud contamination. Strict cloud detection
in the TIR can reduce the uncertainty of the temperature determinations by up to
2-3K (Rossow and Garder, 1993). The need for strict cloud detection limits the
spatial and temporal sampling of TIR measurements and as a result a clear-sky
bias is significant (order of 4K rms), varying with location, time of day and season.
Despite the limitations remotely sensed thermal data constitutes the best source of
information for LST estimation over large areas (Trigo et al., 2008).
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Several algorithms have been developed to obtain LSTs from space. Most LST
algorithms have in common the use of one or more channels within the thermal
infrared atmospheric window (8-13µm). Among these, two split window algorithms
are widely used. They both assume that LST may be obtained through a semiempirical regression of the top-of-atmosphere brightness temperatures of two channels where the atmospheric correction is a function of the differential absorption in
the two channels (Trigo et al., 2008). The split-window algorithm has an emissivity
specified beforehand, calculated as a function of the land surface classification. The
day-night algorithm uses a day-night contrast at each location to separate temperature and emissivity values. (Trigo et al. (2008), Pinheiro et al. (2008)).

In this thesis, remotely sensed land surface temperature data will be used to estimate evaporative fluxes at a European scale. High resolution data is required on
a daily temporal scale. NASA’s Moderate Resolution Imaging Spectroradiometer
(MODIS) images the Earth daily at moderate spatial resolution (1 km) in the TIR
band. In addition this product has a good quality cloud screening compared to
Meteosat, ATSR and AVHRR. Data from MODIS is therefore appropriate for this
use in this thesis.
Further background information on this product will be provided in the next section. Additionally, land surface model vegetation can be initialised with land cover
classifications and leaf area indices, retrieved from satellite observations. Details of
these products are given in the next section also.

3.4.4

Satellite Background Information

In this study LST observations are being used to improve land surface model representations of soil moisture and evapotranspiration. Land surface temperatures
derived from remote sensing data in the thermal infrared band, are useful indicators
of vegetation stress resulting from soil moisture deficit.
For comparisons with JULES, data will be used from MODIS Terra, which provides
daily LSTs from 2000 to present day, at a 1km spatial resolution. Details on this
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product are provided in section 3.4.4.1.

Land surface model vegetation must be initialised with land cover classifications
and leaf area indices. Satellite datasets are used in this thesis to create these. A
land cover product and seasonally varying leaf area indices are required on a spatial
resolution of 1◦ in order to initialise JULES. MODIS Terra provides a 1 km dataset
which classifies land according to the IGBP classification used in JULES. Details of
this product are provided in section 3.4.4.2. Leaf area indices from MODIS Terra are
available at 1 km resolution from 2000 to present, every 8 days. This provides information on the seasonal variations in vegetation which are used to initialise JULES.
Details on this product is given in section 3.4.4.3. Details on how these products
are used to initialise and update JULES is described in section 3.5.

3.4.4.1

MODIS Terra Land Surface Temperature Products

The MODerate-resolution Imaging Spectroradiometer (MODIS) Land Surface Temperature (LST) product (MOD11A1) provides per-pixel temperature values at a
1km spatial resolution. Terra and Aqua each pass over once a day each, to give
2 pairs of daytime and nighttime observations with an accuracy of on average 2K.
Additionally the product is provided with details on viewing angle, the time of overpass and the quality control flags (Wan, 1999).

To retrieve LST data from satellite thermal infrared radiation (TIR), algorithms
have been created to take into account surface emissivity/reflectivity and atmospheric emission, solar radiation in daytime and atmospheric absorption, emission
and scattering of TIR from the surface. The MODIS Land Discipline Group has
created LST algorithms to process MODIS Terra and Aqua data. Averaged temperatures are extracted in kelvin using a combination of algorithms. A view-angle
dependent split-window LST algorithm has been developed for correcting atmospheric and emissivity effects for the majority of land cover types. In most cases,
the accuracy of the generalised split-window LST algorithm is better than 1K for
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those surfaces with known band emissivities. A physics-based day/night LST algorithm has been developed to simultaneously retrieve surface band emissivities and
temperatures for all cover types including those with emissivities that are difficult
to predict (Wan, 1999).

Figure 3.8:

Land surface radiates as a function of T4 . This is detected by the

satellite and is processed by the numerical algorithms to give a brightness temperature. Atmospheric and emissivity corrections are applied to account for water vapour
absorption and convert the brightness temperature into a land surface temperature.
The land surface temperature is then retrieved for every 1 km grid box along the
satellite swath.

The radiance measured from bands is processed using the split-window algorithm to
give a numerical value for brightness temperature. This is transformed into surface
temperature after corrections for atmospheric and emissivity effects. Atmosphere
and emissivity effects can cause errors in the measurement of LST. Atmospheric effects are due principally to water vapour absorption, which increases with view angle.
Making two simultaneous measurements of emissivity at different wavelengths can
eliminate these effects. This is called the split window algorithm. Many terrestrial
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land covers (e.g. snow, ice, dense evergreen canopies, lake surfaces and moist soils)
show relatively stable and known emissivities. Despite this, errors can arise due to
variations in soil particle sizes and problems with viewing angle and mixed pixels.
For mixed pixels the problem is often dealt with by using the average emissivity.
Sideways viewing angles result in decreasing the signal. As the atmospheric path
length increases, the effects of the attenuating atmosphere get stronger, resulting in
lower accuracy. These errors can amount to as much as 2-5K. The results from the
split window are good but the algorithm requires an input of emissivity known to
within 0.01. For land covers with variable emissivity (such as those in arid and semiarid areas), this requirement cannot be met. Therefore the day/night method uses
multi-temporal data to retrieve emissivity and temperature. The algorithm uses the
assumption that emissivity changes little over short intervals but temperature does
change over time. By measuring the signature at two time periods, the constant
emissivity can be separated from the varying temperature. Figure 3.8 shows diagrammatically how the land surface temperatures are retrieved.

The MODIS Terra Land Surface Temperature (MOD11A1) retrievals from 20002008 have been used in this thesis. The relatively long averaging period means that
a climatological mean LST can be produced at each pixel. Data retrieved from the
satellite algorithm is in the form of 16 bit unsigned integers, projected sinusoidally
and separated into 1100 km squares. Data has now been resampled from a sinusoidal
grid onto a regular lat/lon grid at 0.01◦ resolution. Four European boxes have been
joined together using the MODIS Tool software application. A quality control mask
was applied and pixels were rejected where the quality control was greater than 1 (
i.e. 99% cloud free pixels). In addition data was rejected where there was viewing
angles greater than 50◦ .

3.4.4.2

MODIS Terra IGBP Land Cover Classifications

The MODIS Terra Land Cover product (MOD12Q1) incorporates five different land
cover classification schemes, derived through a supervised decision-tree classification
method (Strahler et al., 1999). The primary land cover scheme identifies 17 classes
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defined by the IGBP, including 11 natural vegetation classes, three human-altered
classes, and three non-vegetated classes. The classification algorithm involves predicting the vegetation class using a set of known land cover classification examples
that have known characteristics. Data is input, for each pixel, into a decision tree,
which then classifies what vegetation class that particular set of data fits into. The
data is a combination of reflected and emitted radiation data with ancillary data
provided from a database for distinguishing land covers. Data includes:

• Land/water flag
• Reflectances (adjusted so it represents reflectance for a given ground location,
at nadir, with medium solar angle for overpass)
• Spatial texture (given by spatial variation in reflectances)
• Vegetation Index (gives indication of greenness and health of vegetation)
• Directional information (gives information on the scattering effects of surfaces
under different illumination and observation conditions.)
• Snow and ice cover
• Land surface temperature

Data is input into classification algorithm which then allocates each pixel 1 of the
17 classes.

3.4.4.3

MODIS Terra Leaf Area Index and the Fraction of Photosythetically Active Radiation

The MODIS Terra Leaf Area Index (LAI) and Fraction of Photosynthetically Active Radiation absorbed by vegetation (FPAR) (MOD15A2) are 1km global data
products updated once each 8 day period throughout each calendar year. Leaf Area
Index defines an important structural property of the plant canopy as the area of
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leaf surface per unit area of soil surface (Campbell, 2002). The fraction of photosynthetically active radiation measures the proportion of available radiation in
the photosynthetically active wavelengths (400 to 700 nm) that a canopy absorbs
(Knyazikhin et al., 1999).

These products are derived using an algorithm which exploits information from an
atmosphere corrected surface reflectance product, a land cover product and ancillary information on surface characteristics using a 3D radiative transfer model. The
algorithm consists of a main procedure that uses the spectral information content of
MODIS surface reflectances at up to 7 spectral bands. Should this main algorithm
fail, a back-up algorithm is triggered to estimate LAI and FPAR using vegetation
indices (Burgan and Hartford, 1993).

3.5

Using Satellite Data to Improve Land Surface
Representation

The 1◦ gridded version of JULES presently uses vegetation fractions from Wilson and
Henderson-Sellers (1985). This is a crude global map of just primary and secondary
cover, for each 1◦ grid box. It was produced from land use and albedo maps and was
created prior to the satellite era. In this thesis, vegetation data from MODIS Terra
using the IGBP land cover classification (Strahler et al., 1999) will be used and
mapped onto JULES PFT’s using the mapping by Jones (2008) (table 3.1 in this
chapter). The advantage of using satellite data is that it can be updated every year
as vegetation changes. Climate and seasonal weather events can have a major effect
on vegetation growth on a variety of time scales (e.g. the heatwave of 2003, global
warming etc.). Additionally human induced land cover changes and urbanisation
can have major affects too.
Currently leaf area indices are initialised with constant values per PFT derived
from faPAR from Los et al. (2000). The lack of seasonality may impact on seasonal
variability in evapotranspiration which could affect the seasonal evolution of land
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surface temperatures.
Section 3.5.1 outlines the methods used to create a new fractional cover and leaf
area index datasets. Section 4.4 then describes the differences between the new
’MODIS Terra’ data set and the old ’Wilson and Henderson-Sellers (1985) and Los
et al. (2000)’ data sets and the changes this makes to JULES output.

3.5.1

Methodology

The MODIS Terra Land Cover product (MOD12Q1) retrieval from 2004 has been
used in this thesis. This data contains vegetation fractions for 16 IGBP land cover
classes (defined in table 3.1). Of these 16, only classes 1 to 12 and 14 are vegetation.
Data retrieved from the satellite algorithm is in the form of 8 bit unsigned integer,
projected sinusoidally at 1km resolution. Data has now been resampled from a sinusoidal grid onto a regular lat/lon grid. Four European boxes have been joined
together using the MODIS Tool software application. The data is aggregated from
1km to 1◦ and mapped onto the JULES PFTs using table 3.1 (Jones, 2008). Finally,
the grid boxes not used by JULES are masked out and the data transferred onto a
1 dimensional grid used by JULES.

The MODIS Terra Leaf Area Index product (MOD15A2) retrieved every 8 days
from 1st January 2000 to 31st August 2008 has been used to create this dataset.
Data retrieved from the satellite algorithm is in the form of 8 bit unsigned integer,
projected sinusoidally at 1km resolution. Like MOD12Q1, data has now been resampled from a sinusoidal grid onto a regular lat/lon grid and 4 European boxes joined
together using the MODIS Tool software. A quality control mask was applied and
pixels were rejected where the quality control was greater than 1 ( i.e. 99% cloud
free pixels). In addition data were rejected where there were viewing angles greater
than 50◦ .
This dataset has one LAI, for each 1km pixel, every 8 days. JULES requires a different input; a monthly LAI for each PFT, for every 1◦ gridbox. In order to calculate
the necessary LAI for JULES, the 8 day LAI data were averaged over each month
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and year to produce a monthly 8 year mean LAI for each 1km pixel. Each 1km
pixel of LAI, has a corresponding IGBP land cover class. Over every 1

◦

grid box,

a mean LAI was taken for each IGBP land cover class (vegetated pixels only) by
taking the average LAI over the pixels in that class. Each IGBP land cover class is
equivalent to set fractions of JULES PFTs given in table 3.1. Therefore, in order
to calculate the unknown mean monthly LAI, per JULES PFT, a matrix equation
had to
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The right hand side of the matrix equation is the known mean monthly LAI for each
N
) are
IGBP vegetation cover. The fractions on the left hand side of the equation (fM

the fractions of JULES PFTs (M) that make up each IGBP vegetation class (N).
The unknown solution is given by the term LAIM , the mean monthly LAI for each
JULES PFT. This calculation is done for each month and for each 1◦ gridbox in the
JULES domain.

3.5.2

Comparison of Datasets and Model Runs

Figure 3.9 shows the differences in fractional cover for WHS (bottom plots) and the
MODIS data set (top plots). Large differences are observed across all 5 PFTs and
for bare soil. There is a marked increase in broadleaf tree cover (BT) from 0 to 25%
in some grid boxes, especially over central Europe and west/north west England.
A similar increase is observed for needleleaf tree (NT) from 0 to 15 %. C3 grass
decreases everywhere from 60-70% to under 40 %. There are increases in both C4
and shrub from 2% to 10 % and 0 to 7% respectively. An increase in bare soil is
observed almost everywhere from 10-15 % to over 20% in places.

There have also been major changes to the leaf area index fields. Figure 3.10 shows
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the old LAIs (Los et al., 2000) (bottom plots) and new varying LAIs (top plots).
For the new LAI data, the peak LAI for the season has been plotted. The biggest
differences are seen in the forested PFTs, (BT and NT) both which show marked
increases of 1.5 to 4 and 0.5 to 3 on average, respectively. Small increases are observed for C4 and shrub from less than 0.5 to 2.0. C3 grass has decreased its LAI
from 2.0 down to 1.0.

To illustrate the changes in more detail, three grid boxes have been focussed on;
Southern England, Northern France and South West France. Figures 3.11, 5.12(d)
and (5.19(d) show the differences in total LAI at these 3 grid boxes throughout
the year. These totals are calculated from the LAIs for each PFT, weighted by the
fractional cover of the PFT. In Southern England (3.11), the new seasonally varying
LAI is lower than the original by up to 1.5. This is because this area was originally
dominated by C3 grass with high LAI. The fraction of C3 has now been reduced,
along with it’s LAI, and has been replaced by smaller amounts of BT, NT C4 and
shrub. Both Northern France (5.12(d)) and South West France (5.19(d)) were originally dominated by C3 grass. This has now been replaced with large fractions of
mixed forest which has a significantly larger LAI in the peak growing season compared to C3. Hence the total new LAI is larger than the old LAI between April and
July in Northern France and almost all year round in South West France. The white
pixels in the old LAI scheme represent areas where there is no LAI value. This is
because the fractional cover of the PFT was zero and therefore no LAI was given.
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Figure 3.9: MODIS Terra and WHS fractional vegetation covers: Broadleaf Tree
(BT), Needleaf Tree (NT), C3 Grass, C4 Grass, Shrub and Bare Soil.
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MODIS Terra and Los et al (2000) Leaf Area Indices: Broadleaf

Tree (BT), Needleaf Tree (NT), C3 Grass, C4 Grass and Shrub. Peak LAI is plotted
for the new data
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Figure 3.11: New and old total Leaf Area Index: Southern England

Figure 3.12: New and old total Leaf Area Index: Northern France
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The change in fractional cover and LAI will have an impact on the soil water and
surface energy balance through changes in the water and heat fluxes. Figure 3.14
shows the evapotranspiration over Europe in August, averaged over 10 years, for
the new and old FRAC/LAI. The differences between the two are also plotted. The
changes overall are, +/-15% of total evapotranspiration. The largest changes are
observed on the coastlines. There appears to be a problem in the old FRAC/LAI
in that it does not have values where the gridbox is a mixture of land and sea.
In addition evapotranspiration is greater for new data across central and southern
Europe by as much as 0.3 mm/day. In contrast, evapotranspiration is lower for the
new data across southern and central England and Northern France. Overall changes
are modest and this is due to a combination of factors. Changes in fractional cover
increase evapotranspiration rates where one PFT may transpire more than another.
Changes in LAI will increase evapotranspiration rates most when soil moisture is
not limiting. Finally, the accumulated effects over the season on soil moisture, will
increase evapotranspiration slowly, hence there are only small changes to the total
grid box soil moisture availability factor (figure 3.15).
The largest changes are observed in the evapotranspiration for the individual tiles
(figure 3.16). Greater evapotranspiration is observed for the new FRAC/LAI run,
across all PFTs apart from C3 grass (due to the decline in the fraction of C3 grass).
Broadleaf tree evapotranspiration increases everywhere by as much a 2 mm/day, the
biggest increase over areas not covered by BT in the old run. Similarly, NT and C4
grass have increases of up to 1.2 and 0.3 mm/day respectively. The shrub evapotranspiration increases only in areas where there previously was not any. Increases
are up to 2 mm/day. A larger fraction of bare soil in the MODIS data has led to
greater evaporation particularly across central Europe where the largest changes in
fractional cover were observed. The changes in C3 grass evapotranspiration are relatively smaller. The new FRAC/LAI run has 0.3 mm/day less evapotranspiration
from C3 grass.
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New and Old FRAC/LAI: Total evapotranspiration over Europe,

August 10 year mean
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New and Old FRAC/LAI: Soil Moisture Availability Factor (β),

August 10 year mean
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Figure 3.16: New and old FRAC/LAI: Total evapotranspiration over Europe for
5 PFTs and bare soil
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Figures 3.17, 3.18 and 3.19 show the new and old seasonal evapotranspiration for the
3 grid boxes across Europe. In addition to the total evapotranspiration, also shown
are the individual tiled evapotranspirations. These are weighted by the fractional
cover of the PFT. Only those which have significant changes between the two set ups
are shown. For Southern England (figure 3.17), the total August evapotranspiration

Figure 3.17: MODIS Terra and WHS/Los et al (2000): Evapotranspiration over
S. England
in the new run is 0.2 mm/day less than that from old run. This was found to be
due to a reduced evapotranspiration for C3 grass. The decline in C3 fractions over
Southern England combined with a reduced LAI, has reduced the overall evapotranspiration. The changes in the other PFTs were relatively small and had only minor
changes in evapotranspiration.

For Northern France (figure 3.18), the total August evapotranspiration for both
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runs were almost equal, whilst the individual tiles varied considerably. The large
increase in BT and C4 grass fractions and LAI in the new run has enhanced evapotranspiration compared to old run. This is balanced by a decrease in C3 (and a
lesser extent Shrub) evapotranspiration in the new run compared to old. This results from a decline in C3 fractions (in new run) over this region combined with a
reduced LAI.

Figure 3.18: MODIS Terra and WHS/Los et al (2000): Evapotranspiration over
Paris

For South West France (figure 3.19), the total August evapotranspiration is 0.5
mm/day greater in the new run compared to the old. This is due to an increase in
fractions and LAI of BT, NT and Shrub in the new run, which has led to an extra
1.2 mm/day of evapotranspiration. Opposing this, is a decrease in fractional cover
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of C3 grass and LAI. This has decreased evapotranspiration by 0.7 mm/day in the
new run compared to the old.

Figure 3.19: MODIS Terra and WHS/Los et al (2000): Evapotranspiration over
Les Landes
It can be concluded that the fractional cover over Europe as a whole, has switched
from a C3 grass dominated system in the Wilson and Henderson-Sellers (1985) data
set, to one which is more equally divided between all PFTs in the MODIS Terra
data (figure 3.9). The MODIS Terra LAI data has produced an increase in peak
seasonal LAI across all PFTs, except C3 grass, compared to the Los et al. (2000)
data (figure 3.10). This has been attributed to the changes in fractional cover and
seasonality introduced.
Very little change is seen in the total soil moisture availability factor. Most changes
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are observed in the evapotranspiration for individual tiles. Spatially, evapotranspiration changes were greatest where the changes in fractional cover and LAI were
greatest. The largest increase in evapotranspiration was from broadleaf tree, which
has biggest change in LAI and fractional cover.
Overall the use of satellite data to initialise JULES has created a more realistic representation of the vegetation than the previously used method, for example there
was previously no trees in the UK.

3.6

Conclusions

There is a whole suite of models available, ranging from those which simulate a small
number of processes on the small scale, to a full land surface scheme which is able to
model the land surface explicitly over time and space. This project will be testing
the JULES land surface model to simulate fluxes of water and heat from the land
surface over Europe. Firstly, this model will be tested at the point scale, validated
by fluxes measured at the sites and land surface temperatures taken from MODIS
Terra and Aqua (chapter 4). Secondly, this model will be tested at the regional
scale, validated with land surface temperatures from MODIS Terra (chapter 5).

Chapter 4
Comparison of JULES with
Observations from Flux Tower
Sites

4.1

Introduction

In order to establish the extent to which soil moisture influences European summertime climate, the surface fluxes of moisture and heat must be correctly simulated
using a land surface model. There is considerable uncertainty in the simulation of
soil moisture and its control on summertime fluxes in land surface models. Inaccuracies in land surface representation provide a significant cause of uncertainty in
climate change predictions (Gedney et al., 2000). It is therefore necessary to establish how good the models representation of the soil and surface processes are and
whether it can simulate soil water stressed conditions.
This can be assessed firstly by comparing JULES with observations at field sites,
where lots of data are available for initialisation and model evaluation. In-situ data
are unavailable at the larger scale for model initialisation and validation. Soil moisture and surface fluxes are very heterogeneous over the land surface and as a result
flux tower observations may be too sparse to be representative. This chapter will
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compare JULES with flux tower data at two European sites where data are available on the soil, vegetation and fluxes. It will also assess the sensitivity of JULES
outputs to initialisation of soil and vegetation using conventional sources. Finally
it will assess the potential for using satellite land surface temperatures as a model
improvement tool where flux observations are unavailable

4.2

Methods

JULES will be run with various parameter set-ups (explained in sections 4.3.3 and
4.3.4) at two European sites, driven by meteorological data for each site. Modelled evaporative fractions will be compared with observed evaporative fractions
from tower observations. This quantity has been used for comparison purposes as
it quantifies the partition between latent and sensible heat fluxes. It is independent
of radiation conditions, remaining fairly constant during the daytime. It is also
less sensitive to known errors in the observed fluxes. The flux observations form
part of the FLUXNET observation network and have been measured using an eddy
correlation technique. The two sites selected for model-observation comparisons are
Loobos (Netherlands) and Puechabon (France). Both sites have been selected as
they have a multi year, gap filled, high resolution time series data available and flux
data are also available for the same years. Loobos is an evergreen coniferous forest
with a shallow amplitude soil moisture cycle with soil moisture peaking in early
spring time and dropping to a minimum around late August/September (Stockli
and Vidale, 2005). Water stress is not usually an issue at this site. Loobos has a
temperate/oceanic climate with annual precipitation around 966±201mm and mean
annual temperatures of 10.02±0.93◦ C (averages from 1996 - 2002 (Moors, 2007)).
Puechabon is also an evergreen coniferous forest, but has a dryer Mediterranean
climate. Its seasonal soil moisture cycle has a larger amplitude as a result, reaching
greater water stress conditions during June, July and August. Puechabon has a
mean annual precipitation of 880mm and mean annual temperature of 13.5◦ C (averages from 1998 - 2005 (Rodriquez-Cortina, 2008)). The two sites have been selected
to provide contrasts in soil moisture stress levels.
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Before comparisons were made, observations were quality controlled to allow screening out of errors. Missing values were set to an undefined value, and daily daytime
(downwelling shortwave radiation greater than zero) averages were ignored if the
number of undefined values exceeded half the day. Where the total sum of the
fluxes was less than than 50% of the net radiation, then the observation for that
time was undefined, i.e.,
H + LE
< 50%
(4.1)
Rn
At a point-scale evaporative fraction observations from the tower are well suited
to assess model performance at this scale. However flux data such as this, are not
available for large areas of Europe. Therefore, to assess model performance at regional scale, simulations require remote sensing data to evaluate output. Here land
surface temperature data from MODIS Terra and Aqua have been used.

Observations of land surface temperature will be compared to the modelled land
surface temperature. This will be done at the point scale in order to compare
model-observation biases for land surface temperatures and evaporative fractions
together. Satellite observations were quality controlled as described in chapter 3.
The model was then compared to the satellite observations at the same time of
overpass as the satellite.

4.3
4.3.1

Sensitivity Analysis
Introduction

A range of parameters is required by JULES to initialise and set up the model.
These parameters are often quantities that are difficult to measure with accuracy
and a variety of different sources are available. In order to assess how important
these parameters are, for a given site, a sensitivity analysis has been undertaken. A
sensitivity analysis will show how sensitive the outputs are to the soil hydraulic and
vegetation parameters. There will be no attempt to compare with observations at
this stage as a comparison will be done in section 4.4.
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Initialisation

JULES requires initialisation of soil hydraulic parameters, vegetation fractional
cover and leaf area indices. In order to explore the sensitivity of JULES to these
parameters and quantify the uncertainty of the model simulations, these parameters have been varied. The sensitivity analyses will investigate the effects of using
different sources of data to calculate the soil hydraulic and vegetation parameters.
Two sets of runs were done, one looking at the sensitivity of JULES to soil, and one
looking at the sensitivity to vegetation.

There are a number of sources that can be used to obtain information on the soil
type and hence the calculation of the soil hydraulic parameters can vary over a wide
range. The question is, how sensitive are the soil moistures and therefore the soilatmosphere water fluxes, to the choice of the soil hydraulic parameters?

As with soil textures there are also a number of sources that can be used to obtain information on land cover and leaf area. The vegetation is believed to play a
major part in the regulation of water fluxes from deep in the soil to the atmosphere
through plant roots, leaves and stomata.

For each set of parameters, the model was spun up for ten years prior to the main
run using data from the first year. This was to ensure the soil water and soil temperatures were in equilibrium and the initial conditions of the model were consistent
with the meteorological forcing. In each simulation, the years 1997 and 2003 have
been used to show the sensitivity of the parameters. The year 2003 is an extreme
year in terms of precipitation and temperature. In contrast 1997 is an average year.
These provide a range of water stressed and un-stressed soil water regimes. The
Loobos site will be used for this analysis.
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Sensitivity of Fluxes to Soil Hydraulic Parameters

• Details of Initialisation

The soil hydraulic parameters are used to define how soil moisture affects evapotranspiration from the soil and vegetated surface, and drainage through the soil
profile. In addition, the rate of heat transport is influenced by the soil moisture
flux. However the soil heat flux parameters will not be tested at this point. The
parameters are defined according to the soil texture (percentage sand, silt and clay)
at the location/grid box scale. The equations used to calculate the soil hydraulic
properties from soil textures are described in chapter 3, section 3.3.7. Four different
methods have been used to initialise the model. The percentage sand, silt and clay
fractions and key soil parameters for each method are described in table 4.1.
Table 4.1: Soil Setups for Loobos
Soil Setup

% Sand

% Silt

% Clay

θcrit

θwilt

θsat

ψsat

Ksat

Old soil pre-2007

27

50

23

0.242 0.136 0.458 0.049 0.0047

New soil post-2007

27

50

23

0.333 0.188 0.458 0.397 0.0028

Local soil

57

42

1

0.173 0.053 0.424 0.183 0.0091

FAO soils

76

19

5

0.153 0.057 0.395 0.087 0.0149

The pre- and post- 2007 methods use particle size fractions from Wilson and HendersonSellers (1985). The pre-2007 set up then uses these textures in equations from Clapp
and Hornberger (1978) to calculate the soil hydraulic parameters. The post 2007
method uses the same fractions but with a bug-fixed equation set, described below.

It has been known for many years that the land surface scheme in the Hadley Centre
climate model is very insensitive to soil moisture. Koster et al. (2004) showed that
HadCM3 had a low land-atmosphere coupling strength globally, when compared to
other models in the climate modelling community. An ongoing problem had been
an inconsistency in the calculations of the soil hydraulic parameters. In particular
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the calculation of the saturated soil water suction parameter (ψs ). The value for
this parameter was found to be consistently out by a factor of 10 compared to other
climate model calculations. In 2007, the Met Office identified a bug in the calculation of this parameter. The saturated soil water suction parameter was originally
calculated using a natural log function as cited from Cosby et al. (1984). However
this was interpreted wrongly and should actually be a base 10 function. This has
a knock on effect, in that the saturated soil water suction is used to calculate volumetric soil moisture at wilting point and critical point. Of particular interest is the
sensitivity of the soil hydraulic parameters as a result of this bug. The sensitivity
of the fluxes to the old and new parameter setups will be assessed by comparing the
soil moisture and the water balance components before and after the bug fix.

The third simulation is initialised using local in-situ measurements of soil texture
obtained from the FLUXNET site characteristics for Loobos, Netherlands (Moors,
2007). These have been obtained by taking soil samples from the site and performing
particle-size analysis on them to determine relative sand silt and clay fractions. This
method provides an accurately measured soil type, however the spatial variability
of such measurements is high within the footprint of the flux tower itself.

The fourth method uses textures for the closest pixel, retrieved from the Food
and Agriculture Organization of the United Nations (FAO) soil classification map
(FAO-Unesco, 1995). The soil map provides much needed large scale coverage but
resolution and quality are lower than the other methods.

Each of the four methods have rather contrasting sand, silt and clay fractions (table
4.1). WHS soil is made up of half silt and a quarter each of clay and sand. The
locally observed soil, in contrast, has a higher proportion of sand, slightly less silt
and virtually no clay. The FAO soil is different again containing just over 3 quarters sand. The range of soil textures has resulted in variations in the soil hydraulic
parameters, show by figure 4.1. This will alter the relative sizes of the soil water
balance components.
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Figure 4.1 is a schematic diagram showing how the soil moisture availability factor varies with soil moisture, for each of the four soil methods. The consequence of
the bug fix is that a larger volumetric soil moisture is now needed to reach β equals
1.0, and the gradient of the β line is now shallower. This could have an effect on the
flux partitioning by reducing latent heat fluxes and increasing sensible heat fluxes.
The FAO soil parameters in contrast require less water to reach β equals 1.0 and
hence less restriction is placed on transpiration. Each of these methods is initialised

θcrit2

θcrit1

θcrit3

θcrit4

Soil Moisture Availability
Factor

1.0

0.0
θwilt1 θwilt2

0.153 θwilt3 0.173 θwilt4

0.242

Soil Moisture m3m‐3

1. Local

0.333

2. FAO

3. Pre 2007
4. Post 2007

Figure 4.1: Schematic showing the Soil Parameter Setups
with the same locally observed vegetation fractions and LAI (method described in
more detail in section 4.3.4). Details of the experimental setups are shown in table
4.5.
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• Results

Results in this section show the effects that the different set ups have had on the
components of the soil water balance. In this section the differences in evapotranspiration, surface and subsurface runoff, and soil moisture will be analysed. JULES
has been run with the soil parameter choices shown in table 4.1 and results are
shown in table 4.2 and figures 4.2 to 4.7.

Table 4.2 shows the 10 year mean evapotranspiration and runoff for each soil setup.
Compared to the pre-2007 soil (with bug), the post- 2007 soil shows a large reduction in evaporation by 20% and an increase in run off by 250%. The local and FAO
soils show modest changes in contrast; 13% reduction in evapotranspiration and
50% decrease in runoff, relative to the old soil. The values of runoff are between
0.7% and 4% of evapotranspiration and therefore make up a very small component
of the soil water balance for the four runs. These are consistent with results found
elsewhere (Smith et al. (2006), Clark and Gedney (2008)). Figures 4.2 to 4.5 show
Table 4.2: 10 year mean evapotranspiration and runoff for each soil setup.
10 Year Mean [mm/day]
Soil Setup

Evapotranspiration

Runoff

Old soil pre-2007

2.150

0.026

New soil post-2007

1.667

0.066

Local soil

1.832

0.0123

FAO soils

1.860

0.0127

the monthly accumulations of key components of the soil water balance over the
2 selected years (1997 and 2003). The total throughfall (figure 4.2) does not vary
between the runs as it is dependent on vegetation (vegetation is constant for these
runs). The input of throughfall into the soil can lead to either changes in the water
fluxes (evapotranspiration, surface run off and sub surface run off) or a change in
the soil moisture. During the winter months (DJF), large throughfall rates result
in an increased subsurface runoff (figure 4.4) and an increase in total soil moisture
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Monthly accumulations of throughfall [mm/month] for Loobos 1997

and 2003 - 4 JULES set ups: Soil Pre 2007 (black), Soil post 2007 (green), Observed
soil (blue), FAO soil (red)
(figure 4.5). The evapotranspiration (figure 4.3) component remains small due to
low solar radiation, and surface runoff (not shown) is almost non existent. This was
particularly the case in February 1997 where total throughfall was of the order of
90mm, and 50mm was put into subsurface runoff and the remainder increased the
total soil moisture by around 40 mm.
In contrast during the summer months (JJA), all throughfall is immediately output
via evapotranspiration and the soil moisture declines rapidly. This was particularly
the case during the summer of 2003 where evapotranspiration exceeded throughfall
by as much as 40mm in August and this resulted in a 40mm drop in total soil moisture.

There are differences in the soil water fluxes between runs and these will now be
discussed in further detail. The most noticeable difference occurs from March to
October in the Pre-2007 Soil run. Most of the throughfall goes into evapotranspiration (figure 4.3) making this flux larger than the other 3 runs. As a result there
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is a smaller change in total soil moisture and subsurface runoff compared to the
other runs. Evapotranspiration decreases most in the post-2007 run compared to
the other 3 runs. This is consistent with table 4.2. Compared to post-2007, the
other 3 runs output smaller amounts of subsurface runoff and reduce their soil moisture by a greater fraction to keep the water budget in balance. The local soil and
FAO soil runs both reduce their soil moisture more than the other two runs that
use soil from Wilson and Henderson-Sellers (1985). In all runs, the surface runoff
is small.

The changes in summer daytime mean evapotranspiration is shown in

Figure 4.3:

Monthly accumulations of daytime evapotranspiration [mm/month]

for Loobos 1997 and 2003 - 4 JULES set ups: Soil Pre 2007 (black), Soil post 2007
(green), Observed soil (blue), FAO soil (red)
figures 4.6 and 4.7. The sensitivity of daily fluxes to soil parameters is small when
evapotranspiration is low. The sensitivity is increased by as much as 2 mmd−1 when
evapotranspiration is highest, especially by the Pre-2007 set up.

Figure 4.8 shows the effect that the different choices of soil parameters have on
β for the pre- 2007 (black line), post- 2007 (green line), observed soil (blue) and
FAO soil (red) runs. The soil moisture availability factor in this case is not explic-
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Figure 4.4: Monthly accumulations of sub surface runoff [mm/month] for Loobos
1997 and 2003 - 4 JULES set ups: Soil Pre 2007 (black), Soil post 2007 (green),
Observed soil (blue), FAO soil (red)
itly capped at 1.0 (unlike that described in chapter 3). It is calculated from a root
fraction weighted soil moisture summed over each soil layer to give a total column
β factor.
The soil moisture availability factor for the post- 2007 run is almost 60% lower than
the pre- 2007 run. The β drops down lower in the Post-2007 soils, because θcrit is
higher than all the other runs (shown by figure 4.1). Soil moisture drops below θcrit
much sooner and hence transpiration is restricted much earlier on in the season. Soil
moisture availability remains below 1.0 for both years and for the majority of the
spring/summer, and therefore stays the most stressed.
The Local and FAO set ups also show a reduction in β compared to the Pre-2007
soils. However, β drops below 1.0 briefly during August 1997 and for longer periods
during summer 2003. Both the Local and FAO set ups have lower values of θcrit
than the the other two runs, but total soil moisture for these runs is much lower
than for the post and pre-2007 run. Hence transpiration remains lower than for the
post and pre-2007 runs.
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Figure 4.5: Total daily mean soil moisture or Loobos 1997 and 2003 - 4 JULES
set ups: Soil Pre 2007 (black), Soil post 2007 (green), Observed soil (blue), FAO
soil (red)
The pre-2007 set up has a higher θcrit than the Local and FAO set ups and total soil
moisture is higher. Hence evapotranspiration is larger than all other runs.
The β in all runs drops below 1.0 from mid July 2003 onwards as a result of the
drought occurring in this year. Dry conditions at the surface have reduced soil moisture below the critical point (figure 4.8, β less than 1) from early July onwards, and
as a result, the evapotranspiration had decreased across all runs (figure 4.7).
In summary, pre-and post-2007 soils have higher soil moisture than the other two
runs. Pre-2007 soils have a lower value of θcrit and up to 20% more transpiration
compared to the post-2007 run, which has a higher value of θcrit and less transpiration. The FAO/local soils have lower soil moistures than the pre/post 2007 soils.
However, θcrit is much lower than these runs and therefore transpiration is of comparable magnitude to the post-2007 run.
This analyses has shown that water fluxes are highly sensitive to the choice of soil
parameters and particularly the value of the θcrit . The differences between these
runs show that there is considerable uncertainty in the simulation of soil moisture
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Figure 4.6:

Total Evapotranspiration [mm/day] for Loobos 1st April - 1st October

1997 - 4 JULES set ups: Soil Pre 2007 (black), Soil post 2007 (green), Observed
soil (blue), FAO soil (red)
and its control on summertime fluxes.
The next section looks at the sensitivity of fluxes to the initialisation of the vegetation fraction and leaf area index.
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Figure 4.7: Total Evapotranspiration [mm/day] for Loobos 1st April - 1st October
2003 - 4 JULES set ups: Soil Pre 2007 (black), Soil post 2007 (green), Observed
soil (blue), FAO soil (red)

Figure 4.8: Soil Moisture Availability Factor, β, for Loobos 1st April - 1st October
1997 and 2003 - 4 JULES set ups: Soil Pre 2007 (black), Soil post 2007 (green),
Observed soil (blue), FAO soil (red)
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Sensitivity of Fluxes to Vegetation Fractions and LAI

• Details of Initialisation

The vegetation also plays a major role in the JULES initialisation and the simulation of water and energy fluxes. Therefore it was essential to test model sensitivity
to different vegetation setups. JULES defines its vegetation structure from Leaf
Area Indices (LAI) and the fractional cover of surface types (FRAC). The fractional
cover initialises the fractions of the five plant functional types (PFTs) and 4 nonPFT tiles, for each grid box or point. The LAI initialises the total leaf area per unit
ground area for each PFT.

The sources used for initialising vegetation type at a particular location will have
varying levels of resolution and accuracy. Observed vegetation measurements are
taken in-situ at the locality. Vegetation can be spatially heterogeneous across an
area comparable with the flux tower footprint and hence may be unrepresentative
of the larger scale. However sites do tend to be sited in fairly uniformly vegetated
areas. This data is available at a few scattered locations around flux tower sites.
Additionally networks of flux towers are positioned in the locations for specific research. For example FLUXNET specifically positions its towers to study the carbon
and water dynamics of forests, hence positioning is biased towards forested locations. This bias is not ideal when a range of vegetation types are required.

In contrast, satellite observed land cover (from IGBP classifications) has a large
scale element. The accuracy of the data retrieval is good (up to 90% (Strahler
et al., 1999)) and provides good coverage. However resolution is often lower than
in-situ observations and vegetation types are classified into a small number of classes
(17 in the case of IGBP). The key question is, how sensitive are water fluxes to the
type of vegetation cover the model is initialised with? Table 4.3 shows the methods used to initialise FRAC and LAI. Each of these methods is initialised with the
post-2007 soil parameters. Details of the experimental setups are shown in table
4.5.
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% BT

% NT

% C3

% C4

% Shrub

% Bare Soil

Generic Vegetation

35.5

35.5

21.0

0.0

0.0

8.0

Local: FRAC

0.5

96.0

3.5

0.0

0.0

0.0

Local: FRAC and LAI

0.5

96.0

3.5

0.0

0.0

0.0

IGBP Land Cover Map

35.5

35.5

21.0

0.0

0.0

8.0

BT LAI

NT LAI

C3 LAI

C4 LAI

Shrub LAI

Generic Vegetation

5

4

2

4

1

Local: FRAC

5

4

2

4

1

Local: FRAC and LAI

5

2

2

4

1

IGBP Land Cover Map

5

2

2

4

1

Table 4.3: Vegetation Setups for Loobos
The first method is the original ’generic’ pre-2007 vegetation set up, which uses
fractions derived from the International Geosphere-Biosphere Program (IGBP) land
cover classification retrieved from MODIS Terra (Strahler et al., 1999) at a 1km resolution. The pixel overlaying each site has been selected and IGBP classes converted
to JULES plant functional types using table 3.1 (Jones, 2008) in chapter 3, section
3.3.7. In this method, LAI is derived from TRIFFID, the dynamic global vegetation
model used within MOSES (Essery et al., 2001). At the Loobos site vegetation is
defined as ’Mixed Forest’, with equal proportions of broadleaf tree (LAI=5) and
needleleaf tree (LAI=4). The second and third methods use observed in-situ estimates of FRAC and LAI (Moors, 2007). Observations at Loobos are dominated
by needleleaf tree. The second method uses the TRIFFID LAI’s and third method
uses observed LAI’s. The fourth method uses PFTs from the IGBP land cover
classification and LAI’s from local measurements.

• Results

The simulation of water and energy fluxes is thought to be sensitive to the choice of
the vegetation fraction and leaf area index values. Therefore it is essential to test
model sensitivity to different vegetation setups. In order to assess the sensitivity,
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simulations of evapotranspiration, runoff, stomatal conductance (gridbox mean and
tile) and soil moisture availability have been analysed for each vegetation set up
(figures 4.9 to 4.14). The gridbox mean stomatal conductance is the sum of the individual PFT stomatal conductances weighted by the fraction of each PFT present
in the grid box. Both are analysed because small scale tile affect may not necessarily
be observed when scaled up to the grid box scale.

Table 4.4 shows the differences in the 10 year mean evapotranspiration and runoff
for each vegetation setup. The generic and IGBP runs show a negligible difference in
the mean 10 year evapotranspiration. This is also seen in figures 4.9 and 4.10. Both
these runs use the same fractions of PFTs (from MODIS Terra), but have different
LAI’s. The needleaf tree tile has been reduced from an LAI of 4 (in the generic
run) to 2 (in the IGBP run). The changes made to the LAI in this case, have made
little difference to the total evapotranspiration. However, the reduced LAI in the
IGBP run, has reduced the NT tile stomatal conductance by approximately 10%
(figure 4.11) compared to the generic run. In spite of this, little change has been
made to the total stomatal conductance (figure 4.12). This may be because when
scaling from tile to bulk stomatal conductance, the conductance is weighted by the
fractional cover (35%), therefore changes to the bulk total stomatal conductance
are small (approximately 3%). This suggests that the relationship between LAI and
stomatal conductance is non-linear.

Both the ’local frac’ and ’local frac lai’ runs show a drop in the 10 year mean
evapotranspiration by 20% compared to the generic and IGBP vegetation runs.
The key difference between the generic/IGBP and local runs is the relative fractions of BT and NT. The ’local frac’ and ’local frac lai’ runs have a NT fraction of
96%. Broadleaf tree and NT have different responses to parameters in the stomatal
conductance (for example light, humidity etc.) which means that BT has a higher
stomatal conductance than NT (shown by figures 4.11 and 4.13). Needleaf tree
transpires less than BT, hence ’local frac/local frac lai’ runs have a lower 10 year
mean evapotranspiration than generic/IGBP runs.
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Also, the ’local frac’ has a NT LAI of 4 and the ’local frac lai’ run has a NT LAI
of 2. The reduced LAI in the ’local frac lai’ run, has reduced the NT tile stomatal
conductance (figure 4.13) compared to the ’local frac’ run by a similar magnitude to
before. However, because the NT tile fraction is 3 times as large, a more noticeable
decrease in the total stomatal conductance is observed (figure 4.12).
Runoff values (table 4.4) are fairly small compared to the magnitude of evapotranspiration.

There is a notable sensitivity of the soil moisture availability factor (β, figure 4.14)
to vegetation initialisation. For the IGBP and generic vegetation runs, β is lower,
especially during the summer months, compared to the observed runs. This is likely
to be due to evapotranspiration rates being higher, allowing more water to transpire
out of the soil, hence drying the soil out. In contrast, the observed runs transpire
less due to larger fractions of NT. The needleleaf tree has shallower roots compared
to BT (shown in section 3.3.4, chapter 3), less soil moisture is available, β is lower
and hence water is retained in soil for longer.
10 Year Mean [mm/day]
Vegetation Setup

Evapotranspiration Runoff

Generic Vegetation

2.052

0.087

Local: FRAC

1.826

0.057

Local: FRAC and LAI

1.667

0.066

IGBP Land Cover Map

2.001

0.086

Table 4.4: 10 year mean evapotranspiration and runoff for each vegetation setup.

The local vegetation set ups have higher proportions of NT. The NT has lower
stomatal conductance and therefore transpires less, β remaining higher overall. In
contrast, the generic/IGBP runs have higher proportions of BT and less NT. The
total conductance is higher, vegetation transpires more and β is considerably lower
during the summer months. Changes in NT LAI has effects on the stomatal conductance of the NT tile. The changes in total evapotranspiration are only observed
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Figure 4.9: Total daytime mean evapotranspiration for Loobos 1st April - 1st October 1997 - 4 JULES set ups: Generic Vegetation (black), Observed FRAC (green),
Observed FRAC/LAI (blue), IGBP Vegetation (red)
if the NT fractional cover is high enough. This has suggested that the relationship
between LAI and stomatal conductance is non-linear.
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Figure 4.10: Total daytime mean evapotranspiration for Loobos 1st April - 1st October 2003 - 4 JULES set ups: Generic Vegetation (black), Observed FRAC (green),
Observed FRAC/LAI (blue), IGBP Vegetation (red)

Figure 4.11: Broadleaf and needleleaf tree stomatal conductances for Loobos 1st
April - 1st October 2003 - 2 JULES set ups: Generic Vegetation (BT black and NT
red), and IGBP Vegetation (BT green and NT blue)
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Figure 4.12: Grid box mean stomatal conductance for Loobos 1st April - 1st October 2003 - 4 JULES set ups: Generic Vegetation (black), Observed FRAC (green),
Observed FRAC/LAI (blue), IGBP Vegetation (red)

Figure 4.13:

Broadleaf and needleleaf tree stomatal conductance for Loobos 1st

April - 1st October 2003 - 2 JULES set ups: Observed FRAC (BT black and NT
red) and Observed FRAC/LAI (BT green and NT blue)
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Figure 4.14: Soil moisture availability factor for Loobos 1st April - 1st October
1997 and 2003 - 4 JULES set ups: Generic Vegetation (black), Observed FRAC
(green), Observed FRAC/LAI (blue), IGBP Vegetation (red)
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Table 4.5: JULES experimental setups
Experiment Name

Soil Setup

Vegetation Setup

Old soil pre-2007

Generic Vegetation

GENERIC VEG

New soil post-2007

Generic Vegetation

LOCAL FRAC

New soil post-2007

Local: FRAC

LOCAL FRAC LAI

New soil post-2007 Local: FRAC and LAI

IGBP

New soil post-2007

IGBP land cover map

Old soil pre-2007

Local: FRAC and LAI

OBS SOIL

Local soil

Local: FRAC and LAI

FAO SOIL

FAO soils

Local: FRAC and LAI

MO STD

FAO soils

IGBP land cover map

DEFAULT

SOIL PRE07

Table 4.5 summarises the sensitivity experiments that were undertaken. In addition,
2 final runs were done, one which has the pre-2007 soils and vegetation (’default’) and
a second having the Met Office standard set up of FAO soils and IGBP vegetation
(’MO std’) .

4.3.5

Conclusion

In conclusion, this sensitivity analysis has shown that the fluxes of water from the
soil to the atmosphere are dependent on the initialisation of the soil and vegetation.
In both cases differences were noted between initialisations using the observed insitu data and large scale maps and remotely sensed data.
The variations in soil hydraulic parameters has impacted the simulations of evapotranspiration and soil moisture. A 20% reduction in evaporation has been observed
due to the bug fix in the post-2007 soil. Additionally a 13% reduction was observed
with local observations and FAO derived soils (compared to pre-2007 soils). This
has highlighted that evapotranspiration is particularly sensitive to changes in the
relative value of θcrit .
The variations in vegetation fractions and LAI has impacted the rates of transpi-
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ration and stomatal conductance at the grid box and tile scales. A decrease in
transpiration of 20% was observed with the locally observed vegetation compared
to the IGBP vegetation map. This can be attributed to the changes in fractional
cover. LAI changes contribute very little to this, unless the fractional cover is large.
This has shown that the sensitivity of evapotranspiration to the fractional cover is
high.
The accuracy of the soil and vegetation properties at the large scale is lower than at
the local scale. This is likely to impact on the simulation of summertime droughts.
The ’MO std’ set up used in this analysis is how the land surface models in operational numerical weather prediction (NWP) and climate models would be initialised
at the UK Met Office (usually at different resolutions). This data provides models
with large scale data, but a compromise is made on resolution and quality. In-situ
data is very accurate at the point scale, but fails to provide spatially representative
data at scales larger than this. For this reason, the next section will use simulations
from the ’MO std’ set up, which aims to illustrate how a current operational model
behaves based only on data available from satellite and soil maps.

4.4

Comparison Of Modelled and Observed Evapotranspiration

4.4.1

Introduction

Land surface models are known to contain uncertainties caused by the parameterisation and simplification of key processes. Hence it is important to identify any biases
and ensure that the model is simulating accurately by comparing the model with the
observations. In this section JULES will be tested to see how well it can simulate
the evaporative fraction over time and across the whole range of soil moistures in the
annual cycle. The simulated fluxes will be compared with the observed evaporative
fraction calculated from measurements of latent and sensible heat flux from a flux
tower. This will be done at 2 separate sites each with contrasting climate regimes.
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In this analysis, data will be used from the JULES run which has been initialised
using the ’MO STD’ soil and vegetation set up (see table 4.5), as this is what is
used in the land surface scheme in the Hadley Centre Climate model. This section
will quantify how well JULES can simulate evaporative fluxes, particularly under
soil water limiting conditions and whether there are significant biases.

4.4.2

Time Series of Evaporative Fraction

In this section, data from 2003 will be used. This extreme year provides soil moistures across a wide range and allows soil hydraulic parameters to be fully tested.
Figures 4.15 and 4.16 show the modelled (’MO STD’) and observed evaporative fraction for Loobos and Puechabon respectively for the period 1st April to 1st October
2003. Over a large part of the period the model does not match the observations at
either site. Modelled evaporative fraction is overestimated compared to the observations, indicating that the partition between latent and sensible heat flux is poorly
simulated and too much water is lost from the soil via evapotranspiration. These
results suggest that the model performs better when β is low.
The green line shows the modelled evaporative fraction for the FAO soil run. This is
the same as the MO STD run, except that the vegetation has been initialised with
in-situ observations of FRAC and LAI (see table 4.5). This set up improves the
simulation of evaporative fraction so that it better matches the observations. This
shows the improvement made by increasing NT from 33% to 96%. It appears that
the IGBP puts too much BT into Loobos and this has had a very big impact on
EF. This must be taken into consideration when using the IGBP dataset for future
simulation in this thesis.
Figures 4.17 and 4.18 show the observed versus modelled evaporative fraction and
table 4.6 shows statistics for the comparisons. These figures show that there is a
better correlation between model and observations at Puechabon (r2 is higher, the
gradient (b) is closer to 1.0 and the intercept (a) is closer to 0.0), significant to the
95% level.
Figures 4.19 and 4.21 show the modelled and observed evaporative fraction for the
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Figure 4.15:

Modelled and observed daytime averaged evaporative fraction for

Met Office Standard (blue), FAO Soil (green), observations (red) and soil moisture
availability factor (black)
Table 4.6: Statistics For Evaporative Fraction Model-Observation Comparison at
Loobos and Puechabon
Statistics

Loobos

Puechabon

Mean Model

0.664

0.482

Mean Obs

0.504

0.340

r2

0.071

0.485

b

0.376

0.582

t value for b

8.397

26.781

a

0.254

0.059

t value for a

8.432

5.351

whole data period (1997-2003 Loobos, 2001-2005 Puechabon), against total modelled
soil moisture. The blue markers show the average of the data for each soil moisture
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Modelled and observed daytime averaged evaporative fraction for

Met Office Standard (blue) tower observations (red) and soil moisture availability
factor (black)
interval. These points are plotted in figures 4.20 and 4.22 for both the model and the
observations. The observations suggest that there is a stronger soil moisture control
at Puechabon than Loobos. Both sites show large biases in evaporative fractions
across the whole range of soil moistures, an overestimation by the model of up to 50%
is seen. The error bars represented in figures 4.20 and 4.22 represent +/- 1 standard
deviation of the data within the soil moisture interval. The model observation bias
is outside the range of these error bars across the majority of the soil moisture range
at Loobos and in the upper range at Puechabon, indicating that these biases are well
above sampling errors. At Puechabon biases remain small at the low soil moisture
end. However they increase as the soil moisture increases and are beyond the range
of the error bars at this end also. At Loobos the bias remains fairly constant across
the soil moisture range and both model and observations show a noticeable peak in
evaporative fraction at soil moistures less than 0.12m3 m−3 (clearer in figure 4.19).
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Figure 4.17: Modelled and observed daytime averaged evaporative fraction. Solid
line is the one-to-one line. Dashed line is the line of best fit
This was not expected and is associated with a few days in 2003 when synoptic
conditions changed, temperatures fell and conductance increased. These results
found here imply that there could be problems with the simulation of β and the
regulation of soil moisture through the stomatal conductance.
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Figure 4.18: Modelled and observed daytime averaged evaporative fraction. Solid
line is the one-to-one line. Dashed line is the line of best fit
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Figure 4.19:

Modelled (top) and observed (bottom) evaporative fraction as a

function of total soil moisture in the 3.0 m column (mm) for Loobos. Data is shown
by the red markers, the blue dots indicating the average of the data over each 30mm
soil moisture interval

Figure 4.20:

Averaged modelled (blue) and observed (pink) evaporative fraction

for each 30mm soil moisture interval.
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Figure 4.21:

Modelled (top) and observed (bottom) evaporative fraction as a

function of total soil moisture in the 3.0 m column (mm) for Puechabon. Data is
shown by the red markers, the blue dots indicating the average of the data over each
30mm soil moisture interval

Figure 4.22:

Averaged modelled (blue) and observed (pink) evaporative fraction

for each 30mm soil moisture interval.
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In order to explain this behaviour and identify the problem with the simulation of
evaporative fraction when β=1, additional sensitivity runs have been performed on
JULES. The first of these will maintain the modelled soil moisture at all levels at
the critical point (β=1). This will allow any differences between this run and the
control run to be attributed to soil moisture effects only. The stomatal conductance
responds strongly to the temperature of the leaves. An optimal temperature exists
where the stomatal conductance reaches a maximum. Beyond this temperature,
the conductance declines. A second sensitivity run was performed which increased
the optimum leaf temperature from 32◦ C to 45◦ C allowing the stomata to remain
open for longer and conductance to remain high. This isolates the effect of stomatal
conductance alone. In the final run, the optimum leaf temperature was increased to
45◦ C and β was set to 1.0 everywhere, allowing no control by soil moisture or leaf
temperature on the fluxes.

Figure 4.23 shows the changes in the evaporative fraction in the 3 sensitivity runs
(plus a control run) from the 1st May to the 1st September 2003 at Loobos. During
early May and late September evaporative fraction is higher for the β=1 run. This
implies that β is less than 1 in the control run, suggesting that spring and autumn
were particularly dry during 2003. During late May and early July soil moisture is
no longer limiting and surface temperatures are relatively low. The plants are not
stressed and hence very little difference is observed between the runs for evaporative
fraction. As soil moisture depletes and surface temperatures increase, there is an
increase in evaporative fraction compared to the control run in both the β=1 run
and the Topt =45◦ C runs. Summed together these runs show an increase in evaporative fraction of up to 0.2 in mid August. The blue line shows the effects of the
combined run (no controls on the fluxes through soil moisture and stomatal conductance). During mid August there is an increase in evaporative fraction of up to 0.35
compared to the control run. This implies that soil moisture and leaf temperature
are not independent controls on stomatal conductance and there is a non- linear
feedback operating (schematic diagram explaining this in figure 4.24). Figure 4.24
shows that low soil moisture (β), increase LSTs which has two effects. Firstly there
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are interactions with the surface energy balance. An increase in LST, leads to more
partitioning of available energy into sensible heat, rather than latent heat, which can
impact on the boundary layer and clouds through changes in atmospheric moisture.
However this branch of the feedback loop is not responsible here as the atmospheric
conditions are already prescribed. Secondly, an increase in LST, decreases stomatal
conductance which increases LSTs further, which has further impacts on the surface
energy balance described above. This puts these processes into a positive feedback
regime.

Figure 4.23: Plot showing the Evaporative Fraction from 1st March to 1st September 2003 under 4 scenarios; (i) a control run, (ii) β=1 everywhere, (iii) the maximum leaf temperature increased to 45◦ C and (iv) a combination of both β=1 and
Topt =45◦ C.
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Figure 4.24: Soil moisture positive feedback process.
Soil moisture and stomatal conductance drive the feedback loop and if either are
incorrectly simulated this could impact simulation of evaporative fraction and LST.
At both Loobos and Puechabon, when soil moisture is high (i.e. β=1 ) simulated
evaporative fraction is overestimated compared to observations. It is reasonable to
assume that LSTs are not sensitive to soil moisture when β=1. Therefore evaporative fraction must be overestimated because the unstressed conductance is too
high, i.e. it is too easy for the soil moisture to get out of the soil. If the soil
evaporation is well simulated at β=1, then high conductance can be attributed
to the stomatal control and must lie with an issue in the leaf area index or the
representation of stomatal conductance for individual PFTs. Excessive spring evapotranspiration will cause early drying. As the soil dries (more so at Puechabon than
Loobos), LSTs increase and the simulated β declines. The conductance, which may
already be too high, declines also. This, combined with a decrease in β, reduces
the evaporative fraction to better match the observations. Given that the stomatal
conductance is already too large, this suggests that β may be getting too small and
over-compensating. In this case, evaporative fraction is matching observations for
the wrong reasons.

This section has shown that JULES is unable to simulate the observed partitioning

Chapter 4

Comparison of JULES with Observations from Flux Tower Sites 118

between sensible and latent heat flux. Modelled evaporative fraction as a result is
overestimated by up to 50%. Biases are large across the entire range of soil moistures
particularly at higher soil moistures (β=1). The sensitivity analyses have confirmed
that soil moisture is not the only controlling factor on evaporative fraction. Atmospheric conditions and the stomatal responses to these can limit the influence of soil
moisture. A positive feedback loop exists which enhances LSTs though soil moisture
and stomatal conductance and this then feeds back on the atmosphere through the
surface energy balance. In the cases of Loobos and Puechabon, the overestimation
of evaporative fraction, could lead to the positive feedback loop being incorrectly
simulated and also the drying out too soon due to high spring evapotranspiration.

An overestimation of evaporative fraction might imply an underestimation of land
surface temperatures and this will be examined in the next section. The next section
will test whether JULES can accurately simulate LSTs by comparing the modelled
output with satellite land surface temperatures from MODIS Terra.

4.5

Comparison Of Modelled and Observed Land
Surface Temperatures

4.5.1

Introduction

Soil moisture plays a major role in determining LSTs through its role in the surface
energy balance. In JULES, where soil moisture is greater than the critical point,
the LSTs remain low and insensitive to soil moisture. When they drop below this
point, plants start to restrict water movement by closing stomata, leading to a
reduction in latent heat flux and evaporative fraction. This enhances LSTs and
sensible heat fluxes. The modelled soil moisture under the ’MO STD’ run, at Loobos
and Puechabon, spends large parts of the summer months below the critical point
and hence surface temperatures must vary as a function of soil moisture. This section
will test whether JULES can accurately simulate LSTs by comparing model output
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with remotely sensed temperatures from MODIS Terra and Aqua. Remote sensing
data will be tested to see if it could be used to compare with modelled LSTs at the
point scale. It can then be assessed whether satellite data are useful to evaluate
model performance at the regional scale where local tower data is too sparse for this
use. Model performance at the regional scale has been evaluated in chapter 5.

4.5.2

Outgoing Longwave Radiation Data

It is important to verify that satellite derived LSTs are comparable with locally
measured tower data. To this end, outgoing longwave radiation data measured by a
radiometer at the Loobos site has been compared with the satellite equivalent calculated using the Stefan-Boltzman equation (see Chapter 2 for details) and MODIS
Terra/Aqua LSTs and emissivities. Satellite data have been compared with radiometer measurements at the same time as the overpass of the satellite. Figure
4.25 shows that the relationship between satellite and radiometer measurements is
very close to one-to-one (dashed line is the best fit, solid line is the one-to-one), the
gradient being 0.862. The value of r2 is high at 0.823, indicating that a high degree
of variability in the data is explained by this linear regression. A single tailed t-test
confirmed that the gradient is significant to the 95% level.
This result shows that the satellite data is comparable with data measured on the
ground. The root mean squared error is 0.087K which compared to the quoted 2K
errors in the MODIS Terra LSTs, is relatively small, considering the differences in
spatial scales (1km2 versus a few 10s metres2 ). This also gives an initial indication
that satellite data is of use in assessing model simulations of LST at the point scale.
A more detailed comparison of satellite and modelled LSTs will be examined next.

4.5.3

Comparison of Modelled and Satellite Land Surface
Temperatures

The MODIS Terra LSTs at the Loobos and Puechabon pixels have been compared
to the modelled LSTs for the April to October period of 2003, at the same time as
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Figure 4.25: Upwelling long wave radiation for Loobos 1st April to 30th September
2000-2003, from (i) site observations taken from the CarboEuropeIP Database (Ciaccia, 2008) and (ii) derived from satellite land surface temperatures and emissivities
and calculated from the Stefan-Boltzmann equation. Solid line shows the one-to-one
line, dashed line shows the line of best fit calculated through linear regression analysis
the overpasses (figures 4.26 and 4.27). Overall the time series of satellite observations fit the model output relatively well. Table 4.7 summarises the linear regression
statistics for the model verses the satellite for Loobos and Puechabon, taken from
figures 4.28 and 4.29. Both sites have high r2 values, indicating that a high degree
of variability in the data can be explained by the linear regression analyses. The
gradients at both sites are positive and close to 1 (significant to the 95% level, shown
by a single tailed t test). This implies that the model at both sites is doing a reasonable job in capturing seasonal variability.

The gradient at Puechabon is biased by a cluster of points that have lower LSTs
in the model than the satellite (shown in figure 4.29). The reasons for this could
be due to small amounts of cloud cover in the forcing data which are not present
at the time of the satellite overpass. This could mean that the measured satellite
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LST is considerably higher than the model forcing data measured at the flux site.
Alternatively there could be a problem with the LST retrieval, calculating higher
LST than reality but not systematically.

Figure 4.26:

Modelled (blue) and satellite (red) land surface temperatures for

Loobos 1st April to 30th September 2003, at time of overpass

Table 4.7: Linear regression statistics for model versus satellite land surface temperatures for Loobos and Puechabon.
Statistics

Loobos

Puechabon

r2

0.698

0.763

b

0.847

0.696

t value for b

23.94

45.03

Mean LST bias

-4.710

2.385

(model - obs)
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Figure 4.27:

Modelled (blue) and satellite (red) land surface temperatures for

Puechabon 1st April to 30th September 2003, at time of overpass
The mean LST model biases between the two sites are both above the quoted error of
2K and of the opposite sign. At Loobos, the model on average underestimates LSTs
compared to the satellite observations by more than 4K. This is likely to be linked
to the models overestimation of evaporative fraction in section 4.4.2. The higher
evapotranspiration rates have on average reduced LSTs at this site. In contrast,
at Puechabon, the model is on average overestimating LSTs compared to satellite
observations. In figure 4.22, it was found that the model tended to over-predict
evaporative fraction. Therefore an under-prediction of LST was expected rather
than the over-prediction seen here. This implies that the modelled LST is not
linked solely to evaporative fraction at this site. It suggests that there may be errors
introduced from elsewhere, for example, there may be biases in the forcing data or
errors in the initialisation of fractional cover and soil. There may also be problems
related to the model parameterisations, for example, errors in the calculation of
albedo and roughness length, incorrect initialisation of emissivity or problems with
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Modelled versus satellite land surface temperatures for Loobos 1st

April to 30th September 2000 - 2003, at the time of overpass. Solid line shows
the one-to-one line, dashed line shows the line of best fit calculated through linear
regression analysis
the soil thermal conductivity calculations. These will be discussed further in chapter
6.
This section has shown that the evolution of LST is quite well captured, but there
are distinct differences between the two sites in the relationship between evaporative
fraction and LSTs. The next section will explore this further and discuss potential
reasons for these differences.
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Modelled versus satellite land surface temperatures for Puechabon

1st April to 30th September 2001- 2005, at the time of overpass. Solid line shows
the one-to-one line, dashed line shows the line of best fit calculated through linear
regression analysis
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How do the Land Surface Temperature Biases Relate
to Biases in Evaporative Fraction?

We would expect that any biases which may have occurred between the modelled and
observed evaporative fraction would have an effect on the biases between modelled
and observed land surface temperature. As evaporative fraction increases, the LST
should decrease as evaporation causes cooling. In order to quantify the relationship
between model and observed evaporative fraction and land surface temperatures,
the model-observation biases (model minus observations) have been plotted (figures
4.30 and 4.31) for multiple years (Loobos 2000-2003, Puechabon 2001-2005) and
multiple satellite sensors (Terra and Aqua). The bias is calculated at the time of
overpass of the satellite. For the sites of Loobos and Puechabon, the overestimation
of modelled evaporative fraction should result in an underestimation of land surface
temperature.
This is the case with Loobos; on average, the mean evaporative fraction is positive
and the mean LST bias is negative. There is a negative correlation between the
two biases. Linear regression analysis performed on this data shows that there is
a negative gradient of -7.4. This is significant to the 95% level, shown by a single
tailed t-test. The r2 value is 0.03 indicating that there is high degree of variability
in the data.

However, for Puechabon, on average, both biases are positive, the modelled evaporative fraction and land surface temperatures both being greater than the observations.
The model is therefore unable to correctly simulate the observed relationship between evaporative fraction and land surface temperature. Again there is a negative
correlation between the two biases. Linear regression analysis gave a negative gradient of -10.8 (negative gradient significant to 95% level shown by a single tailed
t-test). The r2 is 0.18, showing that there is also high variability in this data.

The very low r2 values show that there is a weak relationship between evaporative fraction and LSTs when β is 1.0 (like at Loobos). However, when β is below
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Figure 4.30: Plot showing the biases (model minus tower observations) in evaporative fraction against the biases in land surface temperature (model minus satellite
observations) from 2000 to 2003, Modelled data is for Loobos and satellite data is
from MODIS Terra and Aqua. Solid line is the line of best fit calculated from the
linear regression analysis.
1.0, evaporative fraction is close to observations and LSTs are high (as shown at
Puechabon), the relationship between evaporative fraction and LST breaks down.
Results have implied so far that this may be due to model errors. This is likely to
be due to errors in the simulation of evaporative fraction. Also there may be errors
in the vegetation cover and albedo, emissivity, and the radiative forcing data.
Coupled with model error, limitations with the satellite observations may also be an
issue. Satellite and modelled LST are not strictly the same things. The LST produced by JULES (and other land surface models) is an aerodynamic LST, whereas
the LST produced from MODIS Terra and Aqua is a radiant LST. The aerodynamic
temperature is the temperature which fits the log profile at the roughness length for
temperature (Z0T ) (see chapter 2 for more details). In contrast, the radiant tempera-
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Figure 4.31: Plot showing biases (model minus tower observations) in evaporative
fraction against biases (model minus satellite observations from Terra and Aqua) in
land surface temperatures from 2001 to 2005. Negative gradient significant to the
95% level
ture of a body is the external indication of an object’s energy state. A body radiates
energy as a function of temperature (according to Stefan-Boltzman’s Law) and this
is remotely sensed by thermal scanners aboard satellites. This emitted energy is
used to determine the radiant temperature of the earth’s surface. By comparing the
outgoing longwave data (of which is the product of radiant LST), it has been shown
that satellite data can be significantly correlated with the point scale data. However if satellite LSTs are directly compared with point scale modelled LST, there
may be a significant bias, dependent on the vegetation cover. It has been found
that large discrepancies can occur in the two LSTs over sparsely vegetated surfaces
(Chehbouni et al., 1995). In addition to this there may be also be issues related to
the accuracy of the retrieval. The atmosphere and emissivity effects can cause errors in the retrieval of LST. Atmospheric effects are due to principally water vapour
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absorption which increases with viewing angle. Errors can arise in the emissivity
due to instabilities in the measured values. Cloud cover contamination can also be
a problem as sub pixel cloud cover my not be picked up by the quality control flags.

In conclusion, the model-observation biases in evaporative fraction and LST are
both positive for Puechabon and positive/negative respectively for Loobos. The difference in the relationship between sites suggests that the use of the absolute LST
to identify modelled evaporative fraction and biases, is not possible. It has however,
been shown that there is a significant negative correlation between the two biases.
This implies that variations in the seasonal LST biases may be related to variations
in the seasonal evapotranspiration biases. Therefore by looking at the seasonal variation in the LST biases we may be able to infer where and when JULES is unable
to reproduce a reasonable seasonal cycle of evapotranspiration.

4.6

Conclusion

The aim of this chapter was firstly to assess the sensitivity of JULES to the initialisation of soil and vegetation and to establish how good the model representation
of soil and surface processes is and whether it can simulate soil water stressed conditions. The second aim was to assess the potential for using satellite land surface
temperatures as a model improvement tool.

JULES was run with different permutations of parameter set ups at two European
sites, to assess the sensitivity to initialisation. This has shown that the modelled
fluxes of water and heat are highly sensitive to the initialisation of the soil and vegetation parameters. Using in-situ observations of soil and vegetation properties has
provided the best model-observation match. However in practise, simulations using
these are unrepresentative, due to spatial heterogeneity. The footprint of an individual tower can be as large as a 2km square. Soil and vegetation can vary substantially
in this space. Additionally the use of in-situ data at the regional scale is impossible
due to the scarcity of soil and vegetation data. The information provided by soil and
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vegetation maps give the necessary coverage required and are more representative of
the tower footprint, but there is often a compromise made on resolution and quality.

Modelled evaporative fractions were compared with observed evaporative fractions
from tower observations, using initialisation from the FAO soils and IGBP vegetation maps. JULES is unable to simulate the observed partitioning between sensible
and latent heat flux and modelled evaporative fraction was overestimated by up to
50%, particularly when wet. During dry conditions, the simulations improve, suggesting that there is an overly strong β control. The implications of this are that
the positive feedback loop in figure 4.24 is incorrectly simulated and this could have
repercussions in a coupled model, for example the model may produce droughts too
often.

The simulated LSTs have been compared with remotely sensed LSTs from MODIS
Terra and Aqua. This has been tested to see whether remotely sensed LSTs are
useful to evaluate model performance at the regional scale where tower data is too
sparse for this use. Results have shown that the mean modelled biases in LST
between sites are different, with modelled LSTs at Loobos underestimating observations by over 4K and at Puechabon modelled LSTs are overestimated by over 2K.
This is thought to be linked to the biases in evaporative fraction. At Loobos the underestimation in LSTs has resulted from the overestimation of evaporative fraction.
These biases are thought to have resulted from a stomatal conductance that is too
high. At Puechabon both LST and evaporative fraction have been overestimated,
an inconsistency implying that there are potential factors other than soil water and
conductance affecting the comparison. The implications of this are that absolute
biases in LST are not useful for inferring biases in evaporative fraction. However,
seasonal variations in the LST biases may be related to seasonal variations in the
evaporative fraction biases, shown by the significant negative correlation between
the biases. The next chapter will look at the seasonal variation in LST biases and
use this to identify where in the seasonal cycle the biases are greatest.

Chapter 5
Seasonal Evolution of Land
Surface Temperatures over Europe

5.1

Introduction

Evapotranspiration observations such as those used in the chapter 4, only represent local processes. Extending measurements to the large scale is difficult due
to land surface heterogeneity and the dynamic nature of surface fluxes. Recent
advancements in remote sensing have meant that spatially dense measurements of
evapotranspiration can be inferred from LST. This chapter will use remote sensing
data to look at the biases between satellite observed and modelled LST over a season
and use this to identify where and when the biases are greatest. This may indicate
locations where the model may be performing well in terms of soil moisture and
evapotranspiration.
The previous chapter has looked at the model-observation biases in evaporative
fraction and LST at two sites in Europe. This has shown that a negative LST bias
(model less than observations), does not necessarily give a positive evaporative fraction bias (model greater than observations). To this end, absolute biases in LST
are not useful for identifying biases in evaporative fraction. However, there is a significant negative correlation between the biases. This suggests that any variations
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in seasonal LST biases may be related to seasonal variations in evaporative fraction
biases.
Soil, vegetation and topography can have an influence on the seasonal evolution of
LSTs. The first half of this chapter will look at the spatial and seasonal patterns of
MODIS Terra LSTs over areas of Western Europe. This will give an understanding
of the observed patterns of LSTs and the relationship they have with local soil, vegetation and topography. The second half of this chapter will look at whether JULES
can reproduce the seasonal evolution of LSTs in the observations and whether there
is any variation in the biases between different land cover types

5.2

Methods

In order to make comparisons between remotely sensed LSTs and modelled LSTs,
both sets of data had to be processed to ensure that data were directly comparable
over time and space. Ideally both sets of data would be available over the same time
period and at the same spatial resolution, however this was not the case.

Measured and modelled LSTs were not available over the same time periods and have
been averaged over the available periods to create a climatological mean monthly
value. The impact of this is discussed in section 5.2.3 and steps have been taken
to minimise this. LSTs from MODIS Terra have been averaged over the 2000-2008
period and the data has then been re-gridded from a resolution of 1km to 1◦ lat/lon,
in order for direct comparisons to be made with the 1◦ grid of JULES forced by
GSWP2 data (GEWEX, 2002). Ideally a 1km forcing dataset would have been
more useful, however such data is not currently available in the correct format to
force JULES. Creating such dataset would have been difficult and time consuming,
hence the GSWP2 data set, which was already designed for JULES, was used instead.

JULES has been run over Western Europe for 10 years (with 5 year prior to this for
spinning up) and JULES LSTs have been averaged over the 1986-1995 period for an
average overpass time of 11:00 UTC, to aid comparison with satellite observations
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and to create a climatological mean monthly LST. A number of issues have been
dealt with in order for satellite data to be directly comparable with the model.

5.2.1

Time of Day Analysis

In practice MODIS overpass times vary considerably. The orbit paths of MODIS
(and other polar orbiting satellites), are different every day, and at any particular
location the viewing angle will vary for each overpass time. This can make comparisons with modelled data difficult if data need to be compared at the same time
of day. During the period being studied, overpass times from MODIS Terra were
spread across a 2 hour period from 10:00 to 12:00 UTC. It was expected that over this
time, there would be a significant change in LST due to the diurnal cycle and hence
a bias introduced. However when the quality control field was applied and large
viewing angles removed (retrieval accuracies decrease as viewing angle increases due
the attenuation of the atmosphere, as described in chapter 3), the range of overpass
times were reduced to 1 hour (10:30 - 11:30 UTC). The LSTs were plotted against
the overpass time (plot not shown) and no significant trend was found. As the time
of overpass made no discernible difference to the LSTs, the modelled LSTs at 11:00
UTC were used for comparison with the observed LSTs.

5.2.2

Cloud Cover Bias

LSTs from MODIS Terra can only be retrieved when there is no cloud cover. Hence
when comparisons are made with JULES LSTs (where LST is available regardless
of cloud cover) a systematic bias would be introduced, producing modelled LSTs
which are cooler on average. This bias needs to be accounted for and one way to
do this is to remove cloudy periods from the JULES output. In order to do this,
a threshold has been applied to the modelled down-welling short-wave radiation to
exclude LST data when radiation drops below this value. The threshold value was
allowed to vary spatially and temporally and set so that for every month, the 50
days with the highest downwelling short wave radiation were used. Approximately
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17% of the data was used (1 in 6 days). This produced a modelled LST dataset
with cloud affected data points removed, making it more comparable to the cloud
free conditions in the satellite dataset.

5.2.3

Comparing Different Time Periods

A major issue encountered has been the fact that the driving data for JULES is only
available for the 1986-1995 period, whilst the satellite data was only available from
2000-2008. Therefore the two datasets can not be compared like with like. Monthly
means were calculated for both ten year periods to give a climatology that excludes
daily variability. To check the sensitivity of the model to the choice of decade, analysis is required to show that these two periods are not significantly different.
Used here is European air temperature data from the Global Historical Climatology
Network (GHCN) (Sanchez-Lugo, 2008a). Figure 5.1 shows the mean monthly air
temperature anomalies for the two periods used in this analysis. The anomalies are
given with respect to the mean air temperature calculated from (central European)
station averages during the 1961-1990 base period, under all conditions. Absolute
measurements of mean air temperature are difficult to compile because data coverage
is spatially non-uniforn. Interpolation must be made over large data sparse regions
and corrections need to be made to account for topographical effects. Anomalies are
used because they describe more accurately climatic variability over large areas and
give a frame of reference that allows for easier interpretation (C.S.Godfey (1998),
Sanchez-Lugo (2008a), Sanchez-Lugo (2008b)).

In figure 5.1, the blue line is the 1986-1995 mean, the red line is the 2000-2008
mean, and the green line is the 2000-2008 mean excluding 2003. The year 2003
has been omitted because it was one of the hottest summers on record, particularly
over central Europe (Schär et al., 2004) and will potentially bias the mean JJA air
temperatures.
The annual mean difference in the temperature anomaly between the two periods is
0.5K and this is within 1 standard deviation from the mean, computed from interan-
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Figure 5.1:

Central Europe monthly air temperature anomalies for 1986-1995

(blue) and 2000-2008 periods, with (red) and without 2003 (green). Large circle
and crosses indicate a significant difference between the 1986-1995 and 2000-2008
periods (significant to 95% level). Error bars are 1 standard deviation.
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nual variability. T-tests have been used to determine whether the means of the two
periods are significantly different. The large circles and crosses in figure 5.1 indicate
where the mean monthly temperatures are significantly different from each other
(at the 95% level). Between the two periods, 25% of the months are significantly
different and if 2003 is included this increases to 33%.

As there has been a significant warming between the two periods, the effect on
the simulations of LST in JULES needs to be tested. The mean difference between
the 1986-1995 and the 2000-2008 (including 2003) air temperature anomalies was
0.5K. Figures 5.2(a), 5.2(b) and 5.2(c), show the sensitivity of JULES to a change in
air temperature forcing of 0.5K at three regions across Europe. For consistency, the
humidity forcing was also adjusted to maintain constant relative humidity. Overall,
the increase in air temperature has resulted in an average annual increase in LST
of 0.4K across all 3 locations. This bias will be taken into account in comparisons
between model and observations in section 5.4.3. From now the satellite LST data
will include 2003 in the 2000-2008 mean.

In principle, other changes in atmospheric forcing could influence the results, notably precipitation and downwelling radiation. The impact of these is not assessed
here as they are likely to be noisier.

5.3

Characterising the Spatial Variability in Satellite LSTs across Europe

In order to gain an understanding of which processes are influencing the observed
seasonal patterns in LSTs across Western Europe, the temporal and spatial variability of satellite LSTs will be studied. If the cause of the seasonal variations in
the observed LSTs can be understood, then this will help to ascertain whether or
not JULES is simulating the seasonal cycles correctly. This section will present the
spatial variations in monthly mean land surface temperatures from MODIS Terra
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(b) Northern France

(c) South West France

Figure 5.2: Mean Monthly Land Surface Temperatures for a JULES run (red)
and one where air temperatures have been perturbed by 0.5K (black). Dashed line
indicates 1 standard error about mean.
Site locations: Southern England 50.5 to 52.5◦ Lat, -2 to 1.5◦ Lon, Paris 48 to 50◦ Lat,
1 to 3.5◦ Lon, Les Landes 42 to 46◦ Lat, -2 to 1.5◦ Lon
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averaged over the period 2000-2008. The spatial fields of LSTs will be compared
with fields of soil type, land cover class, leaf area index and topography. Soil data
are taken from the FAO/UNESCO Soil Map of the World (FAO-Unesco, 1995).
Land cover classes from the IGBP classifications (Strahler et al., 1999), use remotely
sensed data from MODIS Terra. Leaf Area Index data have also been retrieved from
MODIS Terra. Topography data is taken from the US Geological Survey. These
fields will be analysed in 3 subregions across Europe.

Figure 5.3 shows the location of the selected sites. The sites have been chosen
because they are spatially heterogeneous in terms of LST and provide contrasting
vegetation, soil, leaf area and topography. Modelled evaporative fluxes have been
previously shown in chapter 4 to be particularly sensitive to vegetation, soil and leaf
area index. Figure 5.3 also shows the August mean LST, averaged over the period
2000-2008. Clearly observed are large scale north to south gradients in LST and
large scale meteorological features such the Alps, the Pyrenees and the dry plains
of Northern Spain.
For each of the three subregions, the monthly LSTs have been computed and compared with maps of land cover, soil type, topography and leaf are index over the
same domain. In order to show how much variation in the mean LST is explained
by land cover, soil type, LAI and topography, the correlations between LST and
these 4 fields have been analysed.

5.3.1

Southern England

Figure 5.4 shows the mean monthly LSTs from MODIS Terra from April through to
September for Southern England. Observed is a clear increase in LST through the
season, peaking in July and declining into September for Southern England. Figure
5.5 shows just the August LSTs and compares this with land cover class, soil type
and leaf area index.
There is a clear distinction between the urban land cover (IGBP class 13, dark
orange in 5.5(b)) and surrounding vegetation. The urban and suburban areas of
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Figure 5.3: Location of 3 subregions: A - Southern England, B - Northern France,
C - South West France. Contours are mean August land surface temperatures (K).
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Mean monthly land surface temperatures (K) from MODIS Terra

averaged over the period 2000-2008
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(a) Mean August LSTs

(b) IGBP land Cover Classes

(c) FAO Soil Map

(d) Mean August Leaf Area Index
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Figure 5.5: Comparison of LSTs with land cover class, soil type and leaf area index
London remain greater than 6K above the surrounding region throughout the April
to September season. This is due to firstly the thermal properties of the urban
surface. The high heat capacities of building materials means that they store large
amounts of heat energy, absorbing and retaining heat and maintaining high surface
temperature. Secondly the lack of vegetation means the surface is not cooled by
evapotranspiration. Thirdly anthropogenic heat sources (such as air conditioning
units and vehicles) keep temperatures artificially high.

In contrast, the forests (IGBP classes 1-5, purple/blue in 5.5(b)) have lower mean
LSTs by up 8K. The simple model of the surface energy balance in chapter 3 was
able to demonstrate that lower LSTs are caused by a rougher vegetated surface and
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larger LAI. The forests are rougher and have larger LAI, greater than 3.5, resulting
in higher rates of evapotranspiration and lower LSTs.
The remaining vegetation is classed as a combination of cropland (IGBP class 12,
light orange), mixed cropland (class 14, red) and savannah (classes 8 and 9, dark
green). Temperatures across these areas remain slightly higher than the forests by
1-2K, but still more than 6K lower than the urban areas. These surfaces are less aerodynamically rough and leaf area indices are lower (less than 1.5) than the forests,
therefore aerodynamic resistance is higher, evaporative fluxes are lower, keeping
LSTs slightly higher.

Figure 5.5 has shown that there are clear distinctions in LST for individual land
cover types. In order to quantify this, the distributions of LSTs for vegetated land
cover types in this region have been plotted in figure 5.6. Additionally the mean
LSTs, variances and the number of pixels for each land cover class have been tabulated in table 5.1.
Table 5.1:

Mean JJA LST for each (key) IGBP class: Southern England (n -

number of pixels, total number of pixels - 54990)
Location
S. England

Mean LST (K) Variance (K2 )

IGBP Class

Vegetation

n

5

Mixed Forest

2126

296.89

2.869

8

Woody Savanna

1615

297.15

1.427

9

Savanna

1080

297.04

1.428

12

Cropland

37298

297.07

1.012

14

Mixed Cropland

5225

296.80

1.180

Figure 5.6 and table 5.1 both show small differences in LST between mixed forest
and cropland/savanna. In addition mixed forests have a larger variance (twice as
much) than other vegetation types, which is very obvious in figure 5.6 . This may
be because the mixed forest classification encompasses a wide range of forest types
with LAI varying from 0.5 to 6, shown later on in figure 5.9.
Another notable feature is that the cropland, which makes up the largest proportion
of this area, is warmer than the mixed cropland. The mixed cropland classification
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Probability Distribu.on Func.on for Land Surface Temperatures: Southern
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Figure 5.6: Distribution of JJA MODIS Terra land surface temperatures (K) for
the key land cover classes in Southern England
includes a mixture of crops, grassland and shrubs. The cooler LST suggests that it
either has larger LAIs or less bare soil and in both cases this would result in higher
rates of evapotranspiration.
The students t-test has been performed on pairs of land cover classes to test whether
there were statistically significant differences between the means. It has been found
that in fact all land cover classes shown were significantly different (at the 95%
level) except for savannah and cropland. There are however two key assumptions
for t-tests such as these. Firstly, the data must be taken from a normally distributed
population. Secondly, the two populations must have equal variances (Ross, 2005).
In practise the assumptions of normality and homogeneity of variance are rarely met
and the t-test can only be considered as an approximation and treated with caution.
In this particular case the distributions in figure 5.6 are normal (less so for mixed
forest) and the variances are approximately equal and this can be considered a good
approximation.
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Land surface temperatures have been found to vary spatially with soil types (Sun
and Pinker, 2004), due to differences in their thermal and hydraulic properties. As
described in chapter 2, sandy soils drain water rapidly, hold less water in their pores
and therefore heat up quicker leading to a higher LSTs. In contrast clay soils are
able to retain more water per unit volume and therefore have a higher volumetric
heat capacity, heating up more slowly, LSTs remaining lower for longer. In this region sandy soils include Cambisols (purple and light green in figure 5.5(c)), Luvisols
(red) and Podsols (turquoise green) and clay soil includes the Gleysols (yellow) and
Rendzinas (blue).
The spatial structure in figure 5.5(c) is not obvious in figure 5.5(a) and shows very
little relationship between soil type and the LST field. In order to compare soil
type with LST more quantitatively, the distributions of LSTs for soil types in this
region have been plotted in figure 5.7. Additionally the mean LSTs, variances and
the number of pixels for each soil class have been tabulated in table 5.2.
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Figure 5.7:

Distribution of JJA land surface temperatures (K) for the key soil

types in Southern England
In figure 5.7 and table 5.2 the distributions of LST are not normal and the variances
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Table 5.2:

Mean JJA LST for each (key) FAO Soil Units: Southern England (n

- number of pixels, total number of pixels - 54990)
Location
S. England

FAO Map Unit Soil Description

n

Mean LST (K) Variance (K2 )

3019

Cambisol

3708

296.45

0.83

3056

Rendzina

7668

296.90

1.34

3239

Podsol

3056

297.18

2.17

6453/6462

Cambisol

9601

297.44

1.10

6505/6506

Gleysol

13155

297.51

3.44

6545/6569

Luvisol

8241

298.05

4.26

are very different. The Luvisol (a sandy soil) has the highest mean LST and the
variance is almost four times that of the Cambisol (also a sandy soil) which also has
the lowest mean LST. This has shown that there are no clear relationships between
the soil types and LST at this location, despite t-tests showing that there is a significant difference. The assumptions of normality and homogeneity of variances are
not met, therefore the significance of the t-tests may be questionable in this case.
This suggests that theoretical relationships between soil and LST may be masked by
other factors such as vegetation, topography and the presence of urban conurbations.

Air temperatures are usually expected to decrease as topography (i.e. height above
sea level) increases, closely following the environmental lapse rate. Providing there
is no heat transfer to or from the surrounding air, the temperature change with
height is given by the dry adiabatic lapse rate of 9.8Kkm−1 . Land surface temperatures, forced by air temperature, may decrease approximately at this lapse rate.
To test the effect of topography on LST a linear regression was performed between
LST and topography. At this location, the r2 value (coefficient of determination) is
0.1 and there is no significant relationship between topography and LSTs (plot not
shown). This result is summarised in table 5.7 at the end of this section. This result
may be due to the variation in topography below 300 metres. At this height any
temperature decrease is of the order of 3K and therefore other factors can influence

Chapter 5

Seasonal Evolution of Land Surface Temperatures over Europe

145

LST such as LAI, vegetation and the presence of conurbations.

Land surface temperatures have been found to vary spatially with LAI. The simple model in chapter 3 has shown that LSTs are most sensitive to the LAI when
LAIs are small. In figure 5.8 LST is plotted as a function of LAI for all pixels in
the region. This clearly shows an increase in LSTs with decreasing LAI. In order
to approximately quantify the sensitivity of LSTs to LAI, a linear relationship has
been fitted to the part of the data which is exhibiting the most sensitivity to LAI.
For this location the linear regression was fitted for LAI less than 2.5. The r2 value
for this relationship when all data is taken into account is 0.262, implying that 26%
of the data can be explained by the linear fit. In addition, the gradient is large and
negative (significant to 95%) suggesting that there is a strong relationship between
LST and LAI.
Different sensitivities are expected for forests (rougher) and non-forested pixels,
therefore the regression has been repeated for these two sub-samples. Figure 5.9
shows the LST is plotted as a function of LAI for all forested pixels in the region.
The r2 value for this relationship is 0.139, implying that 14% of the data can be
explained by the linear fit (less than for all vegetation). In addition, the gradient is
small and negative (significant to 95%) suggesting that there is a weak relationship
between LST and LAI and the linear relationship does not fit the data. Forests make
up the majority of the high LAI range, the maximum at 6.5 (mature broadleaf forest) and the minimum at 1.0 (some young needleaf forests). The high LAI has meant
that stomatal conductance to water remains high and trees transpire throughout the
season. The forest can regulate its evapotranspiration and keeps LSTs lower. Trees
with lower LAI, transpire slightly less and hence the LSTs are a 2 to 3K higher. This
result implies that LSTs are less sensitive to LAI when the vegetation is forested
(and therefore LAI is generally larger).
The non-forest points plotted in figure 5.10, show a similar relationship to figure 5.8.
Removing all the forest points does not change the r2 value. However the gradient is
increased suggesting that the sensitivity of LST to LAI is increased for non-forests.
The non-forested locations have LAIs less than 2.5 and LSTs are higher than for
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forested locations. Stomatal conductance at these points is lower (than forests),
hence evapotranspiration rates are lower, enhancing LSTs
The significance, r2 values and gradients for these plots are summarised in table 5.7.

Figure 5.8: Land Surface Temperature variations with Leaf Area Index for JJA
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Figure 5.9: Land Surface Temperature variations with Leaf Area Index for JJA,
forest points only

Figure 5.10: Land Surface Temperature variations with Leaf Area Index for JJA,
non forest points only
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Over Southern England, LST vary by up to 8K. The spatial variability can be
explained by a combination of land cover and LAI, in particular forests and urban
land covers. The relationship between LST and soil type is statistically significant,
however the assumptions of the significance test are not met by the distributions
and hence this needs to be treated with caution. Topography has no significant
relationship with LST.
Land cover, LAI, soil type and topography are often correlated with each other, for
example, land cover and LAI, land cover and soil, land cover and topography. In
order to completely quantify these relationships, a multivariate analyses would be
required, however this is beyond the scope of this work.

5.3.2

Northern France

An area of Northern France, near Paris will be examined next (B in figure 5.3).
Figure 5.11 shows that the mean monthly LSTs from April to September are on
average warmer than Southern England. However, like Southern England there is a
clear increase in LST through the season, with a definite peak in August, a month
later than Southern England.
Figure 5.12 shows the August LSTs compared with land cover class, soil type and
LAI. Like London, Paris is clearly distinguishable in the LST field. Figure 5.11
shows that LSTs are greater than 8K above the background LST from April to
September (like Southern England). However during July and August, cropland
(IGBP class 12, light orange) to the south west has LSTs comparable to Paris. Visual comparison of figures 5.12(b), 5.12(c) and 5.12(d), suggest that LAI may be
an important contributor to this. The cropland may have reached maturity and no
longer needs to photosynthesise. Also August LAI is much lower here than earlier
on in the season. This reduces evapotranspiration, enhancing LSTs and sensible
heat fluxes. Additionally at such low LAI, more bare soil will be present and will
have a stronger impact on LST than elsewhere. Bare soil evaporation will be very
weak during dry periods in the summer, hence LSTs will be higher.
In contrast the cropland to the north east does not reach the high LSTs experienced
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Figure 5.11: Mean monthly land surface temperatures from MODIS Terra averaged
over the period 2000-2008
in the south west (maximum around 304K compared to well over 306K in the southwest). The lower LSTs may be attributed to a different crop type in this area which
has marginally higher LAI of 1-1.5 (figure 5.12(d)) and hence enhanced evaporative
cooling. There may also be different irrigation practices in place which increase soil
moisture and cool LSTs.
Other features to note are the forests (IGBP class 1-5 blue/purple) scattered around
Paris itself. They can clearly be seen in the LAI and LST fields with values of 3 to
5 and 298K respectively.

Chapter 5

Seasonal Evolution of Land Surface Temperatures over Europe

(a) Mean August LSTs (K)

(b) IGBP land Cover Classes

(c) FAO Soil Map

(d) Mean August Leaf Area Index

Figure 5.12:
index
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Comparison of LSTs with land cover class, soil type and leaf area
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The distribution of LSTs for vegetated land cover types in the region is shown in
figure 5.13. It shows distinctive peaks for each class, unlike for Southern England,
particularly the distinction between the forest classes (green and blue bars) and
cropland classes (red and yellow). The forests have cooler LSTs over the majority
of the distribution and means differ by 1-2.7K (see table 5.3). Differences between
the land cover types are all significant to the 95% level.
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Figure 5.13:

Distribution of land surface temperatures for the key land cover

classes in Northern France
Table 5.3:

Mean JJA LST for each (key) IGBP class: Northern France (n -

number of pixels, total number of pixels - 50283)
Location
Paris

Mean LST (K) Variance (K2 )

IGBP Class

Vegetation

n

4

Deciduous Broadleaf

1249

297.17

1.659

5

Mixed Forest

2590

297.35

2.050

12

Cropland

38559

299.86

2.747

14

Mixed Cropland

2984

298.30

2.237
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Next, the relationship between soil type and LST will be analysed. In this region the
majority of soils are sandy (Luvisol (purple/yellow in figure 5.12(c)), Cambisol (purple) and Podsol, (blue/red)) with small amounts of clay Rendzina (green). Figure
5.12(c) shows no clear relationship between soil type and LSTs. In order to compare
soil type with LST more clearly, the distributions of LSTs for soil types in this region
have been plotted in figure 5.14. Additionally the mean LSTs, variances and the
number of pixels for each soil class have been tabulated in table 5.4. Student t-tests
performed on the soil distributions in figure 5.14 and table 5.4 show that Podsols
and Luvisol-Cambisol mixed soils have significantly (at 95% level) lower temperatures (approximately 1-2K difference in the means) than Renzinas and stand alone
Luvisols.
The Podzolic soil coincides with areas of needleleaf forest. These soils are sandy due
to a granite/sandstone bedrock and have low water retention. They usually form
here due to cool, damp conditions beneath a thick forest canopy and a fluctuating
water table, which leaches organic matter and minerals down through the profile.
This makes the forests the most favourable vegetation as they can extract water
and minerals from deep in the soil profile. Despite the poor water retention of the
soil, the vegetation cools the surface, leading to significantly lower LSTs compared
to surrounding environments. Thus, the relationship with LST is due to the correlation between soil type and vegetation rather than soil type per se.
Luvisols are typical agricultural soil, possessing good drainage properties, high nutrient content and high surface accumulation of humus, making it suitable for a wide
range of crops. Combined with Cambisols, the soil is sandier, increasing drainage.
Hence it dries out quicker, potentially enhancing LSTs compared to the Luvisol
alone.
The Rendzina found to the south east has a calcareous parent material and is well
draining. It is found to have particularly high LSTs, suggesting that there may be
insufficient water available for evapotranspiration. The free draining nature of this
soil, combined with high evapotranspiration rates early on in the season, may have
depleted the soil of its reserves and hence enhanced the sensible heat fluxes and
LSTs later on.
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As with Southern England, the distribution of LSTs for each soil class is far from
normal, the variances are not equal and the correlation with vegetation cover means
that the significance of the t-tests may be questionable and needs to treated with
caution.
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Figure 5.14: Distribution of JJA land surface temperatures (K) for key soil types
in Northern France

Table 5.4:

Mean JJA LST for each (key) FAO Soil Units: Northern France (n -

number of pixels, total number of pixels - 50283)
Location
Paris

FAO Map Unit
3201

Soil Description

n

Luvisol/Cambisol 26488

Mean LST (K) Variance (K2 )
298.88

2.92

3239

Podsol

472

298.12

2.57

6498

Rendzina

2835

300.59

2.80

6564/6569/6582

Luvisol

20049

300.84

3.65

6598

Humic Podsol

480

299.33

3.73

In this area, like Southern England, there is no significant relationship between to-
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pography and LST (plot not shown). The r2 value is less than 0.001. The reasons
for this are the same as before, the topography is mostly below 300m and temperature decreases may be of the same order as other factors, particularly the spatial
variability in vegetation.

As for Southern England, the relationship between LST and LAI will be examined. For this location the linear regression was fitted to LAI less than 1.5, in the
area where sensitivity was considered to be greatest. There is clearly a stronger relationship than for Southern England with r2 double that found for Southern England,
indicating the the linear fit better approximates this data.
Again, the forest and non-forest pixels have been plotted separately in figures 5.16
and 5.17. Removal of the forest points (like at Southern England), has had little
impact to the linear fit. Figure 5.16 shows the LST-LAI relationship for forest points
only. The gradient is relatively small and negative compared to the non-forest points
and the r2 value low, indicating low sensitivity of LST to LAI.

Figure 5.15: Land Surface Temperature variations with Leaf Area Index for JJA
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Figure 5.16: Land Surface Temperature variations with Leaf Area Index for JJA,
forest points only

Figure 5.17: Land Surface Temperature variations with Leaf Area Index for JJA,
non forest points only

Chapter 5

Seasonal Evolution of Land Surface Temperatures over Europe

156

Unlike Southern England, at this location LSTs vary by up to 10K. The spatial variability can be explained by a combination of land cover and LAI, in particular forests
and croplands. Sensitivity of LST to LAI is greater at this location, particularly for
non-forests. The relationship between LST and soil type is statistically significant,
however the assumptions of the significance test are not met by the distributions
and hence this needs to be treated with caution. Topography has no significant
relationship with LST.

5.3.3

South West France

An area of South West France, near Les Landes will be examined next (C in figure
5.3). This region was chosen because of its forest-non-forest contrast. Figure 5.18
shows the mean monthly LST for South West France from April through to September. Land surface temperatures are, on average 2K higher than Southern England
and Northern France. However, like the other two sites there is a progressive increase in LSTs peaking in July and August.
There are some significant gradients in meteorology over the region. There is a
strong west-east gradient with LSTs cooler by up to 4K on the west coast from
May to September. There is a large peak in LSTs on the high plains of Spain in the
shadow of the Pyrenees. Winter rainfall is sparse here due to a precipitation shadow
leeward of the mountain range and the meteorology of Spain is significantly drier.
With soil water recharge low, the moisture status may drop during the summer
months as water is evapotranspired away, causing drought, enhanced sensible heat
fluxes and land surface temperatures. The Pyrenees themselves on the France-Spain
border have relatively cooler temperatures (less than 294K) than the surrounding
region.
Figure 5.19 shows the August LSTs compared to land cover class, soil type and leaf
area index. The most distinguishing feature in figure 5.19(c) is the needleleaf forest
(IGBP class 2, purple) which has cooler LSTs of up to 4K and higher LAI of the
order 4 to 5 compared to the surrounding region. There is no obvious differences
in LST in April/May, but from June to September, soil moisture residing in the
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Mean monthly land surface temperatures from MODIS Terra aver-

aged over the period 2000-2008
root zone allows the forest to transpire more than the surrounding cropland and
therefore regulate its LST, keeping them lower. Additionally the higher roughness
of the forest itself enhances turbulence and encourages greater heat loss.
The area surrounding the forest is a combination of savanna (IGBP classes 8 to 9,
green), cropland (IGBP class 12, light orange) and mixed cropland (IGBP class 14,
red). The savanna areas are almost as cool as the forest due to the savanna being
quite wooded and with comparable LAI.
The surrounding cropland has a much lower LAI (1 to 2) and LSTs are more than
4K higher than the forest and savanna during August. Additionally the cropland has
higher proportions of bare soil, where soil moisture evaporates quickly, enhancing
LSTs in the same way as in Northern France.
In order to quantify the differences in LST, the distributions of LSTs for vegetated
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Comparison of LSTs with land cover class, soil type and leaf area

index
Table 5.5:

Mean JJA LST for each (key) IGBP class: South West France (n -

number of pixels, total number of pixels - 120896)
Location
Les Landes

IGBP Class
1

Vegetation

n

Evergreen Needleleaf 11572

Mean LST (K) Variance (K2 )
299.75

3.690

5

Mixed Forest

15299

299.15

7.371

8

Woody Savanna

16806

301.09

5.668

12

Cropland

31161

304.02

7.491

14

Mixed Cropland

16770

301.70

4.067
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land cover types in this region have been plotted in figure 5.20. The forest (blue
and green bars) is evidently cooler than the cropland (red bars) and mixed cropland
(black bars) (differences between the means are significant to the 95% level). The
means differ by up to 5K shown by table 5.5. The variances range from 3.69 to 7.491,
the largest variation from the croplands (shown in figure 5.20). Both cropland and
mixed cropland distributions have long tails with high LSTs, suggesting a larger
degree of variability for this vegetation type. Variability may result from the wide
variety of crops, with varying LAI, bare soil fractions and planting patterns.
Probability Distribu.on Func.on for Land Surface Temperatures:
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Figure 5.20:

Distribution of land surface temperatures for the key land cover

classes in Paris and surrounding area

In this region, there is a larger number of soils types, shown by figure 5.19(c). Unlike
the other two regions the spatial pattern in figure 5.19(c) bears much resemblance
to the patterns observed in LST, land cover and LAI (figures 5.19(a), 5.19(b) and
5.19(d)). Figure 5.21 shows the distribution of LSTs for the soil types in this region.
Additionally the mean LSTs, variances and number of pixels (n) for each soil class
have been tabulated in table 5.6.
Student t-tests performed on the LST distributions in figure 5.21 have shown that

Chapter 5

Seasonal Evolution of Land Surface Temperatures over Europe

160

Probability Distribu.on Func.on for Land Surface Temperatures:
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Figure 5.21: Distribution of JJA land surface temperatures (K) for key soil types
in South West France
Table 5.6: Mean JJA LST for each (key) FAO Soil Units: South West France (n
- number of pixels, total number of pixels - 120896)
Location
Les Landes

FAO Map Unit Soil Description

n

Mean LST (K) Variance (K2 )

3024

Cambisol

3034

297.34

7.49

3139

Fluvisol

4223

303.16

3.45

6402-6468

Cambisol

63143

301.98

9.59

6498

Rendzina

3595

302.05

2.76

6532

Lithosol

4923

295.86

6.57

6562/6564

Luvisol

21223

301.06

2.23

6598

Podsol

12263

300.60

2.19

6626

Regosol

726

298.16

4.15

all soil types in this region have significantly different temperatures (at 95% level).
The Podzolic soil (orange soil map unit in figure 5.19(c)) coincides with areas of
needleleaf forest. These soils are sandy and have low water retention. In Northern France they had formed due to low temperatures and damp conditions beneath
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a thick forest canopy and a fluctuating water table. However at this location the
LAI is lower (2.5-3.0 compared to greater than 4.0) and LSTs are approximately
2K warmer than Northern France, suggesting that the soil is related more to the
vegetation coverage at this site.
The Luvisol soil (yellow, figure 5.19(c)) coincides with areas of savanna and mixed
cropland where LAI ranges greatly from 1.5 - 5. The soil is coarsely textured (sandy)
and therefore is well draining, hence could lead to high LSTs.
Cambisol soils (purple/turquoise, figure 5.19(c)) are slightly finer textured than Luvisols, therefore retaining more water and are likely to keep LSTs cooler. However
the distribution for Cambisols has a higher mean LST and a large variance than for
other soil types in the region. The larger variance is due to the soil encompassing a
large area, with a range of temperature conditions, including croplands and savanna
with LAI ranging from 0.1-2.0. This includes Northern Spain where the meteorology
may be quite different.
The Rendzina soil (dark green in figure 5.19(c)) located in the north of the region
is found to have particularly high LSTs. The soil has a calcareous parent material
and is well draining, making an ideal soil for the cropland which resides on it. The
free draining nature of this soil, combined with large amounts of bare soil over the
cropland and high evapotranspiration rates may have depleted the soil of its reserves
and hence enhanced the sensible heat fluxes and LSTs.
The Lithosol soil (light green in figure 5.19(c)) has much cooler LSTs than all the
other soil types. Its shallow depth and well draining nature should enhance LSTs.
However, its occurrence in the mountains (topography greater than 1000m, see figure 5.22), is likely to make soils relatively cooler (less than 294K).
The Fluvisol soil (dark blue, figure 5.19(c)) is found on the banks of the Gironde
Estuary and is formed from silt deposits from the river. This gives a silt/clay soil
with high water retention and usually low LSTs. However LSTs are high (mean
LST is greater than 303K) and they remain as high as the surrounding cropland.
The contrasting soil type in this area has no apparent impact
Lastly the Regosol soil (pink, figure 5.19(c)) is a fine textured clay, well drained
soil, found under the grasslands at the coast. The local meteorology has resulted in
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LSTs that are relatively cooler than the rest of the soil types.
Figures 5.19(a) and 5.19(c) suggest a better relationships between soil type and LST
compared to that in Southern England and Northern France. However strong variations in other surface properties are likely to also be important. The distribution of
LSTs for each soil class is far from normal and the variances are not equal, therefore
the signicance of the t-tests may be questionable and need to treated with caution.

The relationship of LST with topography (figure 5.22) shows that unlike the other
two subregions, there is a strong decrease of LST with height. The r2 value is 0.38
(significant at 95 % level), implying that the linear relationship (linear regression
line in red) fits the data better compared to the other locations. The decrease in
LST with height is much less than the dry adiabatic lapse rate (blue dashed line),
suggesting that the land is cooling more slowly with height than the surrounding
air. This implies that the temperature difference between the air and the land is
increasing with height, causing an increase in sensible heat fluxes and decrease in
evapotranspiration. Local increases in LSTs could be occurring due to a number of
reasons. They could be associated with fine scale variances in solar heating due to
varying slope angles and orientation, exposure due to lack of vegetation and depletion of soil and plant water contents (Fridley, 2009). There is a peak in LSTs around
500m in figure 5.22 corresponding to the hot, dry, high plains of Spain in the shadow
of the Pyrenees. There is a strong relationship between LST and topography, that
is not found at other sites because the range of topography is smaller.
Figures 5.23 to 5.25 show the correlation between LAI and LST. Figure 5.23 shows
all the data points at this location. The green points are all the data, whilst the blue
points are those below 300 m. Above 300m the topography has a stronger influence
on LSTs and the relationship between LST and LAI may become more complex.
Hence linear regression has only been performed on points below 300m.
The linear regression has been fitted to LAI less than 1.5. The r2 and gradients
for all data points (figure 5.23) are both slightly less than Northern France (but
considerably greater than Southern England) and the sensitivity of LST to LAI is
weaker (stronger than Southern England).
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Mean August Land Surface Temperature versus Topography. Dashed

line - Adiabatic lapse rate 9.8 K km−1
Figure 5.24 shows the LST-LAI relationship for forest points only. The gradient is
smaller and r2 low suggesting a low linear fit and very weak sensitivity of LST to
LAI.
Removal of the forest points (figure 5.25) increases both the r2 and the gradient,
implying that the non-forest at this location not only has greater sensitivity to of
LST to LAI but also a better approximated linear fit.

The LSTs at this site vary by up to 20K, much larger than Northern France and
Southern England. The spatial variability at this location can be explained by a
combination of land cover, soil type, topography and LAI. The sensitivity of LST to
LAI is slightly less than Northern France but much greater than Southern England.
There also seems to be a strong seasonal signal in LSTs at this site.

Chapter 5

Figure 5.23:

Seasonal Evolution of Land Surface Temperatures over Europe

164

Land Surface Temperature variations with Leaf Area Index for JJA
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Land Surface Temperature variations with Leaf Area Index for JJA,

forest points only, below 300m
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Figure 5.25: Land Surface Temperature variations with Leaf Area Index for JJA,
non forest points only, below 300m
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Summary

Table 5.7 summarises the significance of these correlations between LSTs and land
cover, soil type, LAI and topography, quantified in terms of, r2 values, p-values and
t-values where applicable.
The analyses have shown that both land cover and soil have significant relationships
with LST. The relationship between land cover and LST is clear and can easily be
identified by eye, comparing land cover maps directly with LST fields. The LST
of a vegetated surface is closely related to the roughness length and the leaf area
index, as shown by the simple model of the surface energy balance in chapter 3.
The simple model demonstrated that lower LSTs are caused by a rougher vegetated
surface with larger LAI. This section demonstrates that the relationships shown by
the simple model are also true in the observations, indicating that the simple model
can behave in some respects like reality.

The relationship between soil type and LST is not so clear cut as land cover. According to statistical analyses, the soil type is significantly related to LST. However
the relationship between soil type and LST is less obvious by eye and analyses have
implied that the relationship is variable between soil types and may be more closely
related to the vegetation. Furthermore, the assumptions that underlie the t-test are
not valid for soil types. The distribution of LSTs for each soil class are far from
Gaussian and therefore the significance should be treated with much caution.

Analyses have shown that topographic influences only become significant when the
temperature changes due to elevation increase are larger than other key factors.
These factors can include urban areas and non-natural vegetation e.g. cropland,
both which can artificially enhance LSTs, counteracting the effects of topography.

Analyses of the relationships between LST and LAI have shown that, LST is most
sensitive to LAI when LAI is small, consistent with the simple model in chapter 3.
To approximate the sensitivity, a linear relationship has been fitted to the part of the
data which is exhibiting the greatest sensitivity to LAI. This has shown that LSTs
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in Northern France are the most sensitive to LAI as shown by the highest gradient
(table 5.7). Sensitivity is reduced when non-forest points are removed. The LSTs at
forest points are less sensitive to LAI shown by the small gradients in table 5.7. The
stomatal conductance is less sensitive to LAI when it is high (as shown at Loobos
in chapter 4, hence LSTs are reduced.

This section has examined mesoscale variations in observed summer LSTs and has
related these to surface properties. The relationships that LSTs have with land
cover and LAI are consistent with what is expected (from the simple model). This
suggests that the LST dataset may be valuable for assessing JULES. The next section will investigate the seasonal evolution of LSTs from April to September in the
satellite observations and compare them with simulations from JULES, in order to
locate where biases in LSTs may originate.

Chapter 5

Seasonal Evolution of Land Surface Temperatures over Europe

169

Table 5.7:

Summary of the correlations between LSTs and land cover, soil type,

LAI and topography

Soil

Vegetation

N. France

S. England

SW France

Significant

Significant

Significant

t >tcritical , p<0.05

t >tcritical , p<0.05

t >tcritical , p<0.05

Significant

Significant

Significant

t>tcritical , p<0.05

t>tcritical , p<0.05

t>tcritical , p<0.05

except Savanna and cropland
Topography

LAI

r2 =0.001

r2 =0.101

r2 =0.38

Not Significant

Not Significant

Significant to 95% level

All Veg r2 = 0.521

All Veg r2 = 0.262

All Veg r2 = 0.428

gradient= -6.39

gradient= -1.44

gradient=-4.514

Significant

Significant

Significant

t>tcritical , p<0.05

t>tcritical , p<0.05

t>tcritical , p<0.05

Forest r2 = 0.115

Forest r2 = 0.139

Forest r2 = 0.06

gradient= -1.938

gradient= -0.37

gradient=1.53

Significant

Significant

Significant

t>tcritical , p<0.05

t>tcritical , p<0.05

t>tcritical , p<0.05

Non-forest r2 = 0.520

Non-forest r2 = 0.262

Non-forest r2 =0.472

gradient= -6.424

gradient= -1.46

gradient= -4.695

Significant

Significant

Significant

t>tcritical , p<0.05

t>tcritical , p<0.05

t>tcritical , p<0.05
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Seasonal Evolution of JULES LSTs across Europe

This section will investigate the seasonal evolution of LSTs from April to September
in the satellite observations and compare them with simulations from JULES. The
aim is to identify model-observation biases in the seasonal cycle. Observations from
the previous section, combined with a sensitivity analysis of JULES, will be used to
locate where these biases may originate.
Three 1◦ grid boxes have been selected from within the regions selected in the previous section (see figure 5.26). The areas have been selected as they are spatially
heterogeneous in terms of LST and natural vegetation, and contain minimal amounts
of urban land cover. Two types of simulation have been run in order to analyse the
seasonal cycle of LST. The first study in subsection 5.4.1 looks at comparing satellite
LSTs at the 1◦ scale, for direct comparison with JULES, forced by seasonally varying leaf area index, and initialised with a land cover map from the IGBP (Strahler
et al., 1999). This will provide the model with a realistic representation of the land
surface as input. Subsection 5.4.1 shows the seasonal cycles retrieved from each grid
box and describes the patterns observed.
A second study in subsection 5.4.1 will perform individual runs where land cover
is set to the key IGBP land cover types everywhere, allowing isolation of key differences between land cover types. This was done for the key land cover types in
table 5.8. The model will be tested to see if it can identify individual seasonal
variations in the observed LST field from different land cover types. The seasonal
cycle from each run was compared with a satellite LST cycle generated using only
pixels from that particular land cover type. The seasonal cycle can be described in
terms of its maximum peak LST, its amplitude (maximum minus minimum) and its
phase. These characteristics have been calculated for the whole European domain
and analysed in subsection 5.4.2.
The final section, 5.4.3, shows results from a sensitivity analysis that have been
carried out to explain the pattern of the biases between model and satellite. The
sensitivity of LST biases to changes in soil hydraulic parameters, roughness length
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Figure 5.26: The location of the 1-degree boxes used for LST seasonal cycle analysis
Table 5.8:

Mapping of IGBP classes to plant functional types. BT: Broadleaf

Tree, NT: Needleleaf Tree, C3: C3 Grass, C4: C4 Grass.
IGBP Land Cover Class

BT

NT

C3

C4

Shrub Urban Water

Soil

Ice

Evergreen Needleaf Forest

0.0

0.7

0.2

0.0

0.0

0.0

0.0

0.1

0.0

Deciduous Broadleaf Forest

0.6

0.0

0.05

0.1

0.05

0.0

0.0

0.2

0.0

Mixed Forest

0.35 0.35

0.2

0.0

0.0

0.0

0.0

0.1

0.0

Woody Savanna

0.5

0.0

0.15

0.0

0.25

0.0

0.0

0.1

0.0

Cropland

0.0

0.0

0.75 0.05

0.0

0.0

0.0

0.2

0.0

Mixed Cropland

0.05 0.05 0.55 0.15

0.1

0.0

0.0

0.1

0.0

and canopy height, drainage and maximum stomatal conductance have been analysed.
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Seasonal Patterns in Land Surface Temperatures Across
Europe

This section will describe the seasonal cycle of LSTs from the satellite and model.
The biases will then be related to fields of modelled soil moisture availability and
stomatal conductance.

5.4.1.1

Southern England

Figure 5.27 shows the mean monthly LSTs for the box over Southern England, from
April to September (over all year periods), for all land covers from the satellite
(black) and from JULES simulations (red). The dotted line represents +/− one
standard error from the mean. The standard error gives a measure of how accurate the estimation of the mean LST is, given the number of samples used and the
variance of the sample. The standard error for Southern England is less than 0.5K.
JULES has a positive bias from May to August, reaching a maximum of up to 4K
in August. In April and September the bias becomes negative by up to 1K and
3K in the respective months. The LST bias expected due to decadal sampling is
approximately 0.5K. Compared to the MODIS error (2K), the LST bias is bigger in
July to September.
Figure 5.28 shows the seasonal LSTs broken down into subsets of pixels from each
of the IGBP land cover classes. This shows that the positive bias is greatest for
cropland and mixed cropland at 4K and 3K respectively. Both are above the observational error estimates and show gradual increase May to August. The forests
and woody savanna are cooler than cropland and match the satellite data reasonably well. All 6 vegetation classes have negative biases in April and September.
Compared to MODIS, JULES is overestimating LSTs at cropland and mixed cropland pixels and underestimating September LST at all pixels. The evolution of bias
through the summer suggests a possible cause may be soil moisture.
Figure 5.29 shows that the soil moisture availability factor (β) is less than 1.0
throughout most of the year, dropping down to values of less than 0.45. The lowest β
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Figure 5.27: Mean monthly LST seasonal cycle (April - September) for all vegetation from Satellite data (black) and JULES simulations (red), Southern England
is during July and August for the cropland and mixed cropland corresponding with
the highest LST biases and low stomatal conductance (figure 5.30). Soil moisture
is becoming limited throughout the summer period leading to plant water stress
and a reduction in transpiration due to reduced stomatal conductance. Southern
England is an area which does not usually experience severe soil water stress (Finch
and Harding, 1998). Regular rainfall throughout the year means that soil water is
quickly replenished in the top layers and transpiration can keep returning to near
potential evapotranspiration. Hence low values of modelled β may be a cause of the
positive biases experienced in the seasonal LSTs. This idea is further explored in
the sensitivity analysis in subsection 5.4.3.
Stomatal conductances reach a minimum of 0.0035 ms−1 (evergreen needleleaf tree)
in August, which will enhance LSTs at this site during this time. Stomatal conductance is lagged behind β, reaching a minimum 1 month after. Stomatal conductance
is a function of other factors aside from soil moisture including photosynthetically active radiation (PAR), leaf temperature, internal CO2 concentration and LAI. Hence
the seasonal minimum encountered is controlled by the optimal value of these pa-
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Figure 5.28: Mean monthly LST seasonal cycles (April - September) for 6 IGBP
land cover classes. Satellite data is in black and JULES simulations in red, Southern
England
rameters.
Conductance has dropped to 50% of its peak value across all land covers (figure
5.30). This combined with unrealistically low β has coincided with excessively high
LSTs. The LST simulation for the forest runs match observations well. This can
be explained by LSTs at forest sites being less sensitive to changes in β. Despite
extensive roots under forests, β is still low, however the high LAI means there is
less sensitivity to β according to the simple model.
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Total modelled soil moisture availability factor for all veg and 6

individual vegetation classes: Southern England

Figure 5.30: Total stomatal conductance for all vegetation and 6 individual vegetation classes: Southern England
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Northern France

Figure 5.31 shows the mean monthly LSTs for a second gridbox near to Paris,
Northern France. The seasonal cycles are similar to those in the Southern England
grid box, but the positive bias is larger, reaching 5K in August. Taking into account
the sources of bias, the simulation of LST in July and August exceeds the range of
known errors. In April, May, June and September, the biases are small and negative
in some cases, but of the same order as the known errors. Unlike in Southern
England, all individual vegetation classes have large positive biases (figure 5.32),
especially the cropland ( 6K) and the mixed cropland ( 6K) in July and August.
As in Southern England, the seasonal evolution of the biases suggest that there may
be a problem with how soil moisture is dealt with in JULES and how this influences
simulations of evaporative fluxes and LSTs. Figure 5.33 shows β for all model runs.
Depending on land cover, β reaches a seasonal minimum between 0.2 and 0.35.
This is smaller than Southern England and the lower values are for cropland and
mixed cropland. Again, strong soil moisture control could explain the large biases
experienced in LSTs. At this site, β falls 0.15 lower and air temperatures are on
average 2K higher than Southern England.
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Figure 5.31: Mean monthly LST seasonal cycle (April - September) for all vegetation from Satellite data (black) and JULES simulations (red), Paris
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Mean monthly LST seasonal cycles (April - September) for 6 IGBP

land cover classes. Satellite data is in black and JULES simulations in red, Paris
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Figure 5.33: Total modelled soil moisture availability factor for all vegetation and
6 individual vegetation classes, Paris
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South West France

The third grid box examined, has a warmer, drier, summer climate and the seasonal
pattern of LST biases is quite different from the other grid boxes examined (see
figure 5.34). The biases are positive in July and August and negative at all other
times. The maximum biases for all vegetation are +/−2K. A similar pattern is
observed for individual land cover classes (figure 5.36), the largest bias occurring
with cropland, mixed cropland and evergreen needleaf forest. The biases are of the
same order of magnitude as the known errors in the observations. Because of this,
strong conclusions cannot be drawn. However it is notable that this site has a similar
warm bias in July and August like the other sites but the peak in LST is earlier.

Figure 5.34: Mean monthly LST seasonal cycle (April - September) for all vegetation from Satellite data (black) and JULES simulations (red), Les Landes
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Figure 5.35: Total modelled soil moisture availability factor for all vegetation and
6 individual vegetation classes, Les Landes
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Mean monthly LST seasonal cycles (April - September) for 6 IGBP

land cover classes. Satellite data is in black and JULES simulations in red, Les
Landes
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Analyses of the seasonal cycle of LSTs have shown that there are large biases between modelled and satellite LSTs. For boxes over Southern England and Northern
France biases are beyond the ranges of known observation errors. The largest biases
are occurring during the JJA season and peak biases occur in August. This could
be due to underestimates of soil moisture and stomatal conductance which control
the evaporative flux. Simulations have shown that values of β get unrealistically
low during JJA in Southern England compared to the study by Finch and Harding (1998). As a result, simulated LSTs may be too high. In order to assess the
geographical extent of these shortcomings further, the next section will analyse the
seasonal cycle across the whole European domain.

5.4.2

The LST Maximum, Amplitude and Phase of the Seasonal Cycle Across Europe

It is expected that differences in the seasonal cycle across Europe are due to differences in meteorology, vegetation and soil. In this section, the seasonal cycle over
the European domain is quantified in terms of maximum peak LST, the amplitude
(expressed as the maximum minus the minimum from April to September) and the
phase (expressed in terms of the month LST peaks in) of the seasonal cycle. There
may be regional differences between these characteristics, therefore it is important
to compare these between model and observations in order to identify biases in the
seasonal cycle on a regional scale.
The last section demonstrated links between β and the seasonal cycle of LST at
individual locations. Therefore, this section will attempt to interpret the maximum
LST, amplitude and phase in terms of β over the whole of Europe.
Figure 5.37 shows the LST maximum, amplitude and phase for JULES and satellite
observations for all grid box mean land covers. Figure 5.38 shows the differences
(JULES minus Satellite) in seasonal LST maximum, amplitude and phase between
JULES and satellite observations for all grid box mean land covers.
A north to south gradient in the LST maximum is observed in figure 5.37 with lower
values in the north west. The LST maximum is lowest across Scotland, Ireland,
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Western England and The Alps at less than 296K. This is consistent between model
and observations and biases are less than 3K. Intermediate values of LST maximum
are experienced over Central Europe, France and Southern England, from 296-306K.
A large bias between model and observations is experienced here at almost 9K. The
highest LST maximum at 312K is experienced over Northern Spain, however the
model-observation bias is less than 3K.
A similar pattern is observed for the amplitude. Amplitudes are small and less than
9K over Scotland, Ireland, Western England and The Alps. This coincides with the
areas of low LST maximum. Over Central Europe, France and Southern England,
modelled amplitudes are greater than 10K, whilst observed amplitudes remain lower
at 7-9K. This results in a bias that is larger than 6K in some places, for example
areas of Northern France. Amplitudes are largest over Northern Spain reaching values of up to 16K. The biases are more variable, ranging from 1-6K.
The three grid boxes analysed in section 5.4.1, lie in the area of Central Europe,
France and Southern England. As shown in this section, these grid boxes show large
biases in both LST maximum and amplitude.
The LST maximum and amplitude over Europe can be related to the modelled soil
moisture availability factor, β, shown in figure 5.39. Over Scotland, Ireland, Western England and the Alps, the biases in LST maxima and amplitudes are small and
less than 3K. Over these areas β is close to 1.0. Over Central Europe, France and
Southern England, large biases in LST maxima and amplitude are observed at 9K
and greater than 10K respectively. Over this area β varies between 0.2 and 0.8.
The highest modelled LST maxima and amplitudes over this region, coincide with
modelled β values of 0.2, for example Northern Italy. Over Northern Spain, the high
LST maxima and amplitudes are associated with β values less than 0.3. Associated
with this are small biases in LST maxima and more variable biases in amplitude.

Chapter 5

Figure 5.37:

Seasonal Evolution of Land Surface Temperatures over Europe

185

Seasonal LST maximum, amplitude and phase between JULES and

satellite observations for all grid box mean land covers.
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Differences (JULES minus Satellite) in seasonal LST maximum,

amplitude and phase between JULES and satellite observations for all grid box mean
land covers.

Figure 5.39:

Modelled soil moisture availabily factor for August
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Figure 5.40 shows the amplitudes plotted as a function of β for satellite observations
(5.41(a)) and JULES (5.41(b)) and the difference between the two (5.41(c)). The
satellite observations suggest an increase in amplitude with decreasing β for β values
less than 0.5 only. This suggests that the soil moisture influences the amplitude of
39 % of grid points. There is a small number of points that have a large amplitude
for large values of β. These are grid points in Scandinavia and The Alps where snow
cover and frozen ground are still present during April. This may lower the LST
minimum to as low as 273K. August LSTs in these regions are approximately 288K.
Hence this is likely to give an amplitude of the order of that found in figure 5.41(a)
for high soil moistures.
The model (figure 5.41(b)) shows an increase in amplitude with decreasing β for
β values less than 1.0. This suggests that soil moisture influences the modelled
amplitudes at 90% of grid points, far more than for the observations. Also modelled
amplitudes are all above 7K, in contrast to the observations that drop below this
value for β values greater than 0.5.
The bias between the model and observations is given in figure 5.41(c). This shows
that the biggest differences between modelled and observed amplitudes occur for
intermediate β values, between 0.2 and 0.8. All three grid boxes from section 5.4.1
lie within this region. This is consistent with results earlier on in this section and
suggests further that soil moisture may be the cause for the large biases in amplitude.
As shown by figure 5.38 and 5.39, the Southern England, Northern France and
South West France grid boxes all have average summer β values between 0.2 and
0.8. Southern England and Northern France both experience large biases in LST
maximum and amplitude through most of the summer season. Les Landes lies
further south, has lower β values (as low as 0.2 in August) and experiences smaller
biases in LST maximum and amplitude.
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Figure 5.40: Seasonal LST amplitudes and biases for all vegetation, plotted as a
function of β

Southern England
NW France
SW France

(a) Satellite Observations

NW France
Southern England
SW France

(b) JULES

NW France

Southern England

SW France

(c) Amplitude Bias
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In figure 5.37, the phase, i.e. the month in which the seasonal cycle peaks, is plotted
for the model and observations. Monthly data is not good for resolving the phase,
but it gives an indication of any shift in the seasonal maximum LST. Figure 5.37
shows that for JULES simulations, a large area of Europe peaks in August (yellow), with the exception of Western England, Scotland, Ireland and the Italian Alps
peaking in July (green). In contrast, the observed phase displays a large amount of
variability, but on average the seasonal cycle peaks much earlier, ranging from June
(turquoise) to August (yellow). This result shows that on average the observations
are peaking earlier in the season, compared to the JULES simulation. This implies
that modelled β is not only declining too much, as suggested above, but that the
problem worsens throughout the summer as soils dry.

Figures 5.41 and 5.42 show the biases (JULES minus Satellite) in seasonal LST
amplitude and the modelled soil moisture availability factor for August for each of
the key land cover types. Overall β is very similar across all vegetation types, hence
this justifies the use of β to categorise the areas across Europe. Nonetheless, small
differences in LST behaviour are apparent between vegetation type. The magnitude
of these differences is notably smaller than the absolute biases between JULES and
satellite observations. Table 5.9 shows the mean Europe wide biases in amplitude
for each key land cover type. Over Scotland, Ireland, Western England and the
Alps, the amplitude does not vary with vegetation class. This coincides with areas
where β is close to 1.0 across all vegetation classes. Across Central Europe, Southern
England and France, there is a small amount of variability in the amplitude between
vegetation types. Biases in amplitude are largest in cropland and mixed cropland
with mean biases of 4.75 and 4.9K respectively over these areas. The woody savanna
has the lowest mean biases in amplitude at 3.8K. These areas coincide with modelled
β values ranging from 0.2 to 0.8. Over Northern Spain, amplitude does not appear
to vary with vegetation class. This coincides with areas where β values are close
to 1.0 across all vegetation classes. Table 5.9 shows the mean Europe wide biases
in amplitude for each key land cover type. Cropland and mixed cropland have on
average the highest biases, implying that JULES is unable to capture the seasonal
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variation in LST correctly for this land cover.
Table 5.9: Mean Europe wide biases in amplitude for each key land cover type
IGBP Land Cover Class

Mean Seasonal Amplitude Bias

Evergreen Needleaf Forest

3.08

Deciduous Broadleaf Forest

3.19

Mixed Forest

2.88

Woody Savanna

1.90

Cropland

3.95

Mixed Cropland

3.70

All Vegetation

3.20

In conclusion, this section has shown that the areas with the largest model-observation
discrepancy in the seasonal cycle of LST are those which experience large changes
in β between 0.2 and 0.8, over Central Europe and France. This suggests that the
model is unable to represent land surface temperatures where soil moistures are
most variable (i.e. Central Europe). In particular the largest biases in seasonal LST
amplitude are occurring over cropland and mixed cropland. This implies that there
is a strong sensitivity of LST to β over cropland. Simulated LSTs are too high,
evapotranspiration rates are too low and this is being restricted by either too low
β and/or too low stomatal conductance. Woody savanna has the lowest biases over
this region suggesting that modelled β and stomatal conductance may be better
simulated for this particular vegetation type. The next section will try to show that
these parameters among others can explain the pattern of biases found in this and
the previous section 5.4.1, using a sensitivity analysis of JULES parameters.
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Differences (JULES minus Satellite) in LST amplitude between

JULES and satellite observations for the 6 key land cover classes
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Modelled soil moisture availabily factor for August for the 6 key

land cover classes
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Sensitivity Analysis

The last section showed that large biases in LSTs occurred over Central Europe and
France. This is consistent with the errors in the simulation of β, and hence stomatal
conductance. This section seeks to explain these biases using a sensitivity analysis,
to look quantitatively at the effects of uncertainties in model parameters and the
simulations of β.

JULES LSTs are influenced by a number of different parameterisations. The key
areas relevant to this study are

• Soil water reservoir parameters (includes critical and wilting points and root
depths).
• Canopy height and the roughness length for momentum, Z0m .
• Ratio of the roughness length for heat to roughness length for momentum
Z0h /Z0m .
• Maximum stomatal conductance and f0
• Soil conductance, gsoil
• Subsurface runoff

Earlier analysis suggested that there are errors in the simulation of β. The key soil
water reservoir parameters relevant to this simulation are the critical soil moisture
and wilting point parameters. These define the gradient of β and determine the
limits to evapotranspiration. In the first set of sensitivity runs, the modelled soil
moisture at all levels was either maintained at the critical point (β=1) or the wilting
point (β=0), across the entire European domain. This will effectively identify the
full range of LSTs as a function of soil moisture.
The simple model in chapter 3 showed sensitivity of LSTs to the roughness length of
momentum. The roughness length is a measure of the roughness of the terrain and
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is approximated to around 0.1 times the height of the canopy. In order to test the
sensitivity of LSTs to the roughness length, the canopy height has been reduced from
20, 16 and 0.8m for broadleaf tree, needleaf tree and C3 grass respectively, to 10, 10
and 0.05m. These values are more plausible for vegetation across Europe (Kaimal
and Finnigan, 1994). The reduction in canopy height will increase LSTs through a
decrease in turbulent fluxes and an increase in upwelling longwave radiation.
The ratio of Z0h to Z0m effectively measures the difference in transfer efficiency
for heat and momentum. The values are presently set to 0.1 across all vegetation
classes, and this represents the upper limit of this parameter. Typical values have
been found to be of the order of 0.02, varying for different vegetation types (Kaimal
and Finnigan, 1994). For this sensitivity analysis, the ratio has been reduced to
0.01, which will increase LSTs.
The parameter f0 , specifies the maximum ratio of the internal CO2 concentration
to the external CO2 which occurs when leaf humidity deficit is zero. Selection of
a particular value of the f0 parameter affects the maximum stomatal conductance.
There are two effects from changing this parameter. Firstly there is an instantaneous
effect, where an increase in f0 will instantly increase evapotranspiration and decrease
LSTs. Secondly there will be a lagged effect through soil moisture. An increase in f0 ,
increases evapotranspiration rates, which decrease β and increase LSTs over time.
In this sensitivity analyses, f0 has been given plausible upper and lower range limits
based on calibration from experimental sites (Booth et al., 2009), shown in table
5.10.
Table 5.10:
JULES PFTs

Values of f0

New Values Lower Limit New Values Upper Limit Previous Values

BT

0.700

0.900

0.875

NT

0.700

0.900

0.875

C3

0.700

0.900

0.900

C4

0.650

0.850

0.800

Shrub

0.700

0.900

0.900
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The soil conductance, gsoil is calculated using equation 3.12 in chapter 3. The 1/100
factor in the equation controls the amount of soil moisture that can evaporate from
the top 10cm layer. The biases in simulated LSTs found in the preceding sections
have implied that too much water is leaving the soil and hence LSTs have been
lowered by increased evapotranspiration initially. Land surface temperatures are
enhanced later on, as soil moisture reduces over time. Therefore, 1/100 factor has
been reduced to 1/1000 to test the effect of shutting off one potential loss of water
from the soil. By reducing evaporation from the surface, more soil moisture will be
retained, decreasing LSTs later on in the season.
The sub-surface runoff is calculated from the boundary condition of the bottom soil
layer. The drainage, WN , from the lowest soil level is given by,
WN = KN

(5.1)

where KN , the soil hydraulic conductivity at the lowest soil level, is a function of
soil moisture given by,
KN = Ks θ2b+3

(5.2)

In this sensitivity analysis, the soil hydraulic conductivity at the bottom soil layer
has been reduced by a factor of 100. As with soil conductance this should force
soil moisture to remain in the soil during the winter, increasing water storage and
reducing LSTs through an increase in β.

The sensitivity analyses have been performed to test the influence that all these
factors have on the LSTs simulated by JULES. This will then be used to interpret
the seasonal cycle of model-satellite biases generated earlier.

The sensitivity analysis will firstly analyse the impact of β on LST. Figures 5.43,
5.44 and 5.45 show the sensitivity of LST to the extremes of β, at 3 locations, from
April to September. The grey areas represent the range of LSTs simulated between
the critical soil moisture (lower LST bound) and wilting point (upper LST bound).
For the areas of Southern England and Northern France, the seasonal evolution of
simulated LSTs from April to August tends to the satellite LSTs when β equals one
(i.e. critical soil moisture). The exception to this is the September LSTs. These
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LST have been found to be consistently less than observations across all sensitivity
runs and land cover types, suggesting a systematic problem comparing model and
observations. This will be discussed later once the other sensitivity runs have been
analysed.
Figure 5.45 shows the seasonal evolution of simulated LSTs in South West France.
This site differs from the other two sites in that the β equals 1.0 run actually
gives negative biases (modelled LST less than observations). This may be due to
a difference in the soil type, which has been shown previously to have a significant
relationship with LST. The soil type defines the initialisation of the soil hydraulic
parameters and the critical soil moisture. At this site it is lower than at the other
sites. Hence soil moisture content is higher, given β equals 1.0 and evapotranspiration is greater for a longer period in the season. This results in lower LSTs, which
would reduce the lower bound shown in grey on figure 5.45. Alternatively, this site
may actually be stressed. In previous analyses of this location (in section 5.4.1.3),
it was found that LST biases were of the same order as known errors, hence strong
conclusions could not be drawn.
Figure 5.46 shows the sensitivity of LST in Southern England to a decrease in
roughness length/canopy height (red line), a decrease in the ratio of Z0h to Z0m
(green line) and the effect of running JULES with an air temperature perturbation
of 0.5K (blue line, resulting from comparing two different decades, see section 5.2.3).
The black line represents the bias between the model and the satellite observations
for the control run (i.e. with original parameter settings). Southern England has
been used because earlier results in section 5.4.1.1, suggested that simulated β was
too low. Previous studies have suggested that this is not the case. Modelled LST
biases are higher and therefore further investigation was required.
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Seasonal cycle of LSTs for Southern England: JULES (red) and

satellite observations (black) for all grid box mean land covers. The grey areas
represent the LSTs simulated between the critical soil moisture (Lower LST bound,
β=1) and wilting point (upper LST bound, β=0).
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Seasonal cycle of LSTs for Northern France: JULES (red) and

satellite observations (black) for all grid box mean land covers. The grey areas
represent the LSTs simulated between the critical soil moisture (Lower LST bound,
β=1) and wilting point (upper LST bound, β=0).
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Seasonal cycle of LSTs for South West France: JULES (red) and

satellite observations (black) for all grid box mean land covers. The grey areas
represent the LSTs simulated between the critical soil moisture (Lower LST bound,
β=1) and wilting point (upper LST bound, β=0).
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All three runs show an increase in JULES LSTs, giving a larger model-observation
bias. The reduction in canopy height has caused up to 2K increase in the LST
relative to the standard run. The reduction in the ratio of Z0h to Z0m , has given a
bias of up to 1K relative to the control run. The increase in air temperature forcing
of 0.5K has given a corresponding increase in bias of up to 0.5K. The biases in each
case are largest in August and this is probably due to β being its lowest at this time.
LSTs are most sensitive to changes in the vegetation when β is low (as demonstrated
earlier by the simple model in chapter 3). All runs consistently show a reduction
in the absolute value of the bias in September. This will be discussed later in this
section.

Figure 5.46: The land surface temperature model biases for Southern England; The
black line shows the bias between the standard model and the satellite observations.
The remaining lines are the sensitivity runs for canopy height (red), z0m /z0h (green)
and an air temperature perturbation (blue).

The increases in biases shown by these runs suggest that the selected changes in
these parameters are making the simulation worse. The large positive bias in LST
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is not explained by the perturbation of Z0m , Z0h /Z0m or Ta to more realistic values.
However, performing the opposite test (i.e. increasing canopy height and increasing
the ratio of Z0h to Z0m ), would mean running JULES with more unrealistic values.
It would force the model to match the observations for the wrong reasons and this
would still provide no sound reasoning for the biases encountered. The sensitivity
analyses will be continued by next investigating the effects of changing parameters
which affect the soil water balance.
Figure 5.47 shows the sensitivity of LSTs to the maximum stomatal conductance, the
soil conductance and subsurface run off. In addition the run with β=1 is shown. The
black line shows the bias between the standard model and the satellite observations.

Figure 5.47: The land surface temperature model biases for Southern England; The
black line shows the bias between the standard model and the satellite observations.
The remaining lines are the sensitivity runs for the maximum stomatal conductance
(green and turquoise), the soil conductance (blue) and subsurface run off (pink). In
addition the run with β=1 is shown in orange.
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The green and turquoise lines represent the maximum and minimum values of the f0
parameter respectively. A decrease in f0 (green line) has increased the LST bias by a
maximum of 0.5K from May to August relative to the standard run. This decreases
the maximum stomatal conductance and has reduced evapotranspiration, enhancing
the LSTs. As the season progresses, the reduced evapotranspiration early on has allowed soil moisture to build up and β to increase. The LSTs begin to cool and hence
the bias declines fractionally during July and August, matching the standard run by
September. Decreasing the maximum stomatal conductance provides more storage
of soil moisture for later in the season, but the impact on LST is small compared
to the original bias. By contrast, an increase in f0 (turquoise line) has increased
the maximum stomatal conductance, increasing evapotranspiration and decreasing
LSTs as a result. The bias has thus been slightly reduced by less than 0.5K relative
to the standard run, early in the season (April to June). However less water is
stored (through enhanced evapotranspiration), β declines more rapidly, the LSTs
increase and match the standard run by August. These runs suggest that varying
the stomatal conductance across a realistic range does not significantly improve the
overall bias in the standard run.
The dark blue line shows the sensitivity of LSTs to a reduction in the soil conductance. A decrease in soil conductance has increased the LST bias by a maximum of
0.5K in April to June, relative to the standard run. However the bias matches the
standard run through July, August and September, being less than the standard run
in August. This run is quantitatively similar to decreasing f0 in the previous run.
Reducing the soil conductance has done very little to improve the absolute bias.
The pink line shows the sensitivity of LSTs to a decrease in soil hydraulic conductivity in the bottom soil layer. The LST bias is smaller relative to the standard
JULES run but increases from -1.25K in April to 1.5K in August. The decrease in
soil hydraulic conductivity prevents soil water from leaving the bottom layer and becoming sub-surface run off. Hence soil water is allowed to build up and β increases,
especially at lower levels. Preventing water from leaving the bottom soil layer has
improved the simulation by reducing the bias. However this has reduced the annual
mean subsurface runoff which may be unrealistic. This run has highlighted that
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the parameterisation of subsurface runoff is a potential source of the bias in the
standard run and by reducing it, the simulation has improved.
For comparison, the orange line shows the sensitivity of LSTs to maintaining soil
moisture at the critical point (β=1). The absolute bias has been substantially reduced. This is the only run where modelled LST follows the same evolution through
the summer as the observations suggest.

The large biases in LST shown by the standard run imply that the soil is losing too
much water early on in the season from soil evaporation, plant transpiration and
subsurface run off. This suggests that there is a poor simulation of the soil water
balance, especially during the summer months. Increasing the maximum stomatal
conductance has provided more storage for water in the soil. However the impact
on the LST is small and biases are still large. Reducing the soil conductance has
provided more water storage in the top layer, however the reduction in LST is small
relative to the standard run. The restriction of water leaving the soil profile at the
bottom layer has improved the simulation considerably, by reducing the monthly
bias by 1K relative to the standard run. This suggests that the errors can be partly
attributed to too much water being lost to subsurface runoff. The effect of forcing the soil to stay unstressed, has improved the simulation substantially, reducing
biases to near zero. This implies that in addition to the errors in the soil water
balance, the relationship between soil moisture and stomatal conductance through
the β function may not be simulated well. Furthermore, there maybe a potential
issue in defining the limits on transpiration and diagnosing the value of the critical
soil moisture. The value at this site appears to be too low and hence soil moisture is
lost too early in the season. As a result β is unrealistically low and LSTs too high.
These runs suggest that there are two potential sources of error. Firstly excessive
evaporation and drainage in winter and spring, leaves too little water in soil for the
summer, therefore β decreases. The sensitivity runs suggest that reducing the water
loss has made some improvement but the biases are still most evident in August.
Secondly, the definition of the β function may not be appropriate, so that even if
the soil water storage was correctly simulated, θc is still to large and therefore stress
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develops too soon in the season.

All model runs show a large negative bias in September, with JULES LSTs up
to 4K less than the satellite observations. The fact that this is consistent across all
runs and sites, suggests issues within the model itself and/or the observations. It
is unlikely that β will have risen substantially enough by this point in the seasonal
cycle to produce a cooling of this magnitude and increased evapotranspiration rates.
One possible explanation could be a cooling bias imposed by the forcing data. Another potential explanation could be a change in the surface properties (albedo and
emissivity) as vegetation dies back during September. There may also biases in the
observations during September.
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Conclusions

This chapter has used remote sensing data to identify the biases between satellite
observed and modelled LST and used this to identify where and when the biases are
greatest. This has provided reasons why the model is not performing well in terms
of soil moisture and evapotranspiration.
The first half of this chapter looked at the spatial and seasonal patterns of MODIS
Terra LSTs over areas of Western Europe and looked at the relationship they have
with local soil, vegetation, leaf area and topography. The second half of this chapter explored whether JULES could reproduce the seasonal evolution of LSTs in the
observations and whether there is any variation in the biases between different land
cover types. A sensitivity analysis was carried out in order to explore the effects of
uncertainties in model parameters and the simulations of β and use this to explain
the model-observations biases

The analyses have shown that both land cover and soil have significant relationships with LST. There is a clear relationship between land cover and LST, related
through the roughness length and the leaf area index and demonstrated by the simple conceptual model in chapter 3. The relationship between soil type and LST
it is less obvious than vegetation and analyses have implied that the relationship
is variable between soil types and may be more closely related to the vegetation.
Topography is only significantly related to LSTs when the temperature changes due
to increased elevation are larger than other factors, for example, urban areas and
non-natural vegetation which can artificially enhance LSTs, counteracting the effects of topography. LST is most sensitive to LAI when LAI and surface roughness
are small, as shown by the simple model in chapter 3.

Analyses of the seasonal cycle of LSTs have shown that there are large biases of
up to 6K in the amplitudes of the modelled and satellite LSTs. The largest biases
occur during July and August where JULES is too warm suggesting underestimates
of the evaporative fluxes. This implies that the simulations of soil moisture and
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stomatal conductance are incorrect. Simulations have shown that values of β are
too low during JJA and the timing of the summer minima is incorrect. As a result
simulated LSTs are too high and the peak is out of phase with the satellite observations.

Analysis of the seasonal cycle across the whole European domain has shown that
the areas with the largest model-observation discrepancy in the seasonal cycle of
LST are those which have values of β between 0.2 and 0.8, over Central Europe and
France. This implies that the model is unable to represent land surface temperatures
where there are intermediate values of soil moisture (i.e. Central Europe).

The sensitivity analyses has shown that the soil simulates water stress over a much
too large region of Europe. In a coupled model, this behaviour would intensify
heatwaves. The sensitivity runs suggested that reducing the water loss in spring,
reduces the stress and cools the surface during summer, reducing LST biases. It has
been found in Southern England that where β has kept close to 1.0, the simulation
is very good. This suggests that the definition of the β function may not be appropriate. Even if the soil water storage was correctly simulated, θc is still to large and
therefore stress will develop too soon in the season.

Chapter 6
Conclusions
Soil moisture can amplify European summer temperature anomalies during heatwave
events such as in 2003 due to land-surface atmosphere feedbacks. Previous climate
simulations have shown that temperature extremes such as these could become more
frequent in future decades in response to increased greenhouse gas forcing (Schär
et al. (2004), Vidale et al. (2007) and Seneviratne et al. (2002)). Soil moisture and
surface fluxes are highly heterogeneous over the land surface and in-situ observations
of these are sparse and unrepresentative of the larger scale. Therefore in order to
understand how soil moisture influences summer climate, the soil moisture and surface fluxes must be correctly simulated using a land surface model as implemented
in this study. There is considerable uncertainty in the simulation of soil moisture
and its control on summertime fluxes in land surface models. Inaccuracies in land
surface representations therefore provide a significant cause of uncertainty in climate
change predictions (Gedney et al., 2000).

This thesis has assessed the ability of the Joint UK Land Environment Simulator to simulate soil moisture and surface fluxes during summertime conditions. The
study has primarily been focused over Western Europe, where the 2003 heatwave
had the largest impact (Schär et al., 2004). This study has exploited a range of
tools which have become available in recent years. Flux tower data have been used
over the past few decades to develop land surface models at the local scale. A large
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number of sites are now available across Europe as part of the FLUXNET observation network. Over the last 15 years a wide range of earth observation products
have been developed to extend measurements of evapotranspiration to the larger
scale. There is currently a large amount of such data available that is not being
exploited to its full potential. In this thesis, earth observation data has been used
to infer evapotranspiration at the large scale, from spatially dense measurements of
LST from MODIS Terra. This has been used to test simulations of JULES LSTs
and to identify locations where the model may not be performing well in terms of
soil moisture and evapotranspiration.
The key question of this thesis is to determine how well JULES can simulate surface
fluxes under soil water limiting conditions. Four key research questions have been
tested in this thesis to attempt to answer this and the results of these are summarised in the next section. The limitations of this work are placed in the broader
context of land surface modelling issues in section 6.2 with suggestions for further
work.

6.1

Summary of Results

• How good is the model’s representation of soil and surface processes?

The sensitivity analysis in chapter 4 has shown that the modelled fluxes of water
and heat are highly sensitive to the initialisation of the soil and vegetation parameters. Large differences in fluxes were noted between the observed in-situ parameters
and large scale maps/remotely sensed data. Using in-situ observations of soil and
vegetation properties has provided the best model-observation match. However in
practice simulations using these at the large scale would be spatially unrepresentative, due to large spatial heterogeneity. Additionally the use of in-situ data at the
regional scale is impossible due to the scarcity of soil and vegetation data. The Met
Office Standard (MO std) set up used in this analysis is how the land surface models
in operational numerical weather prediction (NWP) and climate models would be
initialised at the UK Met Office (usually at different spatial resolutions). The initial
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values soil and vegetation parameters, obtained from soil and vegetation maps, provides models with large scale data, but a compromise has been made on resolution
and quality. For example, only 9 PFTs are used to represent global vegetation and
the mapping used to convert to JULES PFTs has some degree of error. In-situ data,
despite being very accurate at the point scale, fail to provide spatially representative
values at scales larger than this. For this reason, further analyses in chapters 4 and
5, used simulations from the ’MO std’ set up, which closely match the set up of
present operational models.
Modelled evaporative fractions were compared with evaporative fractions from tower
observations, run using the FAO soils and IGBP vegetation maps. JULES has incorrectly simulated the observed partitioning between sensible and latent heat flux
and modelled evaporative fraction was overestimated by up to 50%. The simulation
of evaporative fraction was improved by up to 40% when JULES was initialised
with local observations of soil and vegetation. The biases were worse when β was
close to 1.0. When the soil is wet, the soil water should not be an issue and this
suggests that surface conductance may be too high. Model performance improved as
β declined, however, this is a result of two compensating errors; overly large surface
conductance and overly small β. The implications of this are that the soil moisture
feedback (chapter 4, figure 4.24) is incorrectly simulated and modelled LST heats
up too early and too strongly in the season.
This analyses has shown that soil moisture is not the only controlling factor on
evaporative fraction; atmospheric conditions and the stomatal responses to these
can limit the influence of soil moisture.

• Can satellite land surface temperature data be used to identify where model
biases in the surface fluxes are large?

The simulated LSTs have been compared with remotely sensed LSTs from MODIS
Terra and Aqua at the two FLUXNET sites. Results have shown that the mean
modelled biases in LST, between the sites, are different, with modelled LSTs at
Loobos underestimating observations by over 4K and at Puechabon modelled LSTs
are overestimated by over 2K. At Loobos the underestimation in LSTs is consistent

Chapter 6

Conclusions

210

with the overestimation of evaporative fraction. These biases are thought to have
resulted from a stomatal conductance that was too high. At Puechabon on the other
hand, both LST and evaporative fraction have been overestimated; this appears to
be inconsistent, implying that other sources of error are affecting the relationship
between LST and soil moisture. This implies that absolute biases in LST are not
useful for inferring biases in evaporative fraction. However, seasonal variations in
the LST biases should be related to seasonal variations in the evaporative fraction
biases, shown at these two sites by the statistically significant negative correlation
between the biases.

• Which surface properties are important in controlling spatial and temporal
variability in observed land surface temperatures?

The spatial and seasonal patterns of LSTs have been analysed over Western Europe,
to establish an understanding of the seasonal pattern of LSTs and their relationships
with local soil and vegetation patterns. The analyses have shown that both land
cover and soil have significant relationships with LST. The relationship between land
cover and LST is clear cut and can easily be visualised by eye, comparing land cover
maps directly with LST fields. The LST of a vegetated surface is closely related to
the roughness length and the leaf area index, as shown by the simple model of the
surface energy balance in chapter 3. This is demonstrated in reality by the satellite
observations. The relationship between soil type and LST is not as clear as with
land cover. According to statistical analyses, the soil type is significantly related to
LST. However the relationship between soil type and LST is less obvious by eye and
analyses have implied that the relationship is variable between soil types and may
be more closely related to the vegetation. Topography is only significantly related
to LSTs when the temperature changes due to increased elevation are larger than
other factors, for example, urban areas and non-natural vegetation. In mountainous
areas, LSTs cool with height at the adiabatic lapse rate. LST is most sensitive to
LAI when LAI and surface roughness are small, as shown by the simple model in
chapter 3.
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• Can JULES reproduce the seasonal evolution of observed land surface temperatures?
Analyses of the seasonal cycle of LSTs showed that there were large positive biases
of up to 4K between modelled and satellite LSTs. This LST bias between June
and September is larger than the bias expected due to decadal sampling ( 0.5K)
and errors expected by MODIS Terra (2K). The largest biases occurred during the
JJA season where JULES at Loobos and Puechabon has previously been shown to
poorly capture the evaporative fluxes (shown in chapter 4). This implies that the
simulations of soil moisture and stomatal conductance may be incorrect at the large
scale. Simulations have shown that values of β were too low during JJA and the
timing of the summer minima was incorrect. As a result simulated LSTs were too
high and the peak was delayed compared with the satellite observations.
Analysis of the seasonal cycle across the whole European domain has shown that
the areas with the largest model-observation bias in the seasonal cycle of LST are
those areas with intermediate values of β over Central Europe and France. These
areas are feedback hotspots, shown by Koster et al. (2004) and Schär et al. (2004).
This implies that JULES is unable to represent land surface temperatures where
soil moistures are of intermediate moisture and have a high susceptibility to land
surface feedbacks and heatwaves.
The sensitivity analyses have shown that the soil simulates water stress over a much
too large region of Europe. In a coupled model, this behaviour would intensify heatwaves. The sensitivity runs suggested that reducing the water loss in spring, reduces
the stress and cools the surface during summer, reducing LST biases. It has been
found in Southern England that where β has been kept close to 1.0, the simulation
has been improved substantially, reducing biases to near zero. This implies that as
well as errors in the soil water balance, the definition of the β function may not be
appropriate. Even if the soil water storage was correctly simulated, θc was still to
large and therefore stress will develop too soon in the season.

In summary, results have suggested that there is an issue with the models representation of soil moisture and the controls imposed on water fluxes from stomatal
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conductance. This questions the validity of the soil hydraulic parameters such as
the saturation, critical and wilting points. Also results in this study have pointed to
the input of errors in the soil water balance on summertime drying. JULES may be
losing too much water early on in the season from excessive soil evaporation, plant
transpiration and subsurface run off. Coupled together, these two issues are likely
to be the reason for the large biases experienced in LSTs.

Although this thesis has dealt primarily with the issue of soil hydraulic parameters, soil thermal parameters should not be forgotten. The biases imposed by LSTs,
may also imply issues with the thermal representation of the soil. This includes the
parameterisation of soil thermal conductivity, the calculation of albedo and initialisation of emissivity. These aspects will be discussed in the next section

6.2

Limitations and Further Work

A number of outstanding issues have been highlighted in this thesis and have the
potential for further exploration.

• The relationship between soil hydraulic parameters and physical properties of
soil

The simulation of the β factor is controlled by the diagnosis of the soil hydraulic
parameters. These in turn are calculated from a set of empirical relationships which
define soil hydraulic parameters from soil textures. No matter how good the soil
texture map is, if these empirical equations are incorrect, then this could potentially
have a large feedback on the soil water balance as a whole though the incorrect diagnosis of the β gradient. The current functions used by JULES (Cosby et al., 1984)
are based on studies from soils in the United States. What is uncertain is whether
these soils are directly comparable to those in Europe and therefore appropriate
for diagnosing European soil hydraulic parameters. Other parameterisation exist
(Braun and Schadler, 2005) and further work may be required to assess whether an
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improvement to model simulations can be made by using a different parameterisation.

• Soil thermal conductivity

Results have suggested that the present JULES parameterisation of soil thermal
conductivity (Cox et al., 1999) underestimates values of this parameter and that
parameterisations based on Johansen (1975) are more accurate. The Johansen parameterisation is described by Peters-Lidard et al. (1998). Implementing this parameterisation in the Met Office Unified Model would be a substantial alteration.
Therefore Imtiaz Dharssi (Dharssi et al., 2009) has proposed a simpler parameterisation based on Johansen (1975). Inter-comparisons of the parameterisations have
shown that the Johansen method has increased thermal conductivities by 0.6 W
m−1 K−1 , particularly for wetter soils. If implemented in JULES this may enhance
the ground heat flux during warm periods, drawing more heat away from the surface. This should reduce LSTs and may reduce the summertime LST bias observed
at present. The methodology used in this thesis can be repeated with these new
thermal conductivities in order to test this theory.

• Initialisation of Emissivity

Typical values of emissivity include 0.95 for deciduous forest, 0.9 for soils and 0.7
for concrete (Stull, 2000), indicating that the most surfaces in reality are not perfect
emitters of radiation. The emissivity assumed in JULES is fixed at 1.0. This means
that JULES is presently radiating more energy from the surface than may be the
case in reality, for a given LST and the upwelling longwave radiation is entirely
dependent on the LST (according to the Stefan-Boltzman law). It is possible to
retrieve spatially and temporally varying emissivities from the MODIS/Terra and
Aqua global products and assign new emissivity values for JULES plant functional
type (PFT) classes. This would provide an improved representation of the surface
energy balance and a better link between absolute values of LST in the model and
observations.
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• Calculation of Albedo
Albedo is defined as the ratio of diffusely reflected to incident solar electromagnetic
radiation. The existing parameterisation of land-surface albedo in the JULES model,
assigns fixed values of snow-free albedo taken from the science literature, to each of
the 9 land surface tiles. The albedos are calculated using crude classifications of soil
type and ground-based measurements of soil colour (Wilson and Henderson-Sellers,
1985). The set of albedo values are then used in combination with information on
Leaf Area Index (LAI) for each grid cell. Satellite observations have shown that the
albedo is actually dynamic, depending upon factors such as the solar zenith angle,
LAI and soil moisture. There is currently a weak dependence on LAI in JULES
albedos. Work is currently underway to improve the treatment of radiation within
JULES, making use of new earth observation data on surface albedo . Surface albedos from the MODIS/Terra and Aqua global products have been used to estimate
new albedo values for JULES plant functional type (PFT) classes and a method
has been developed to provide a new global map of soil background albedo (in the
absence of vegetative cover) (Houldcroft et al. (2009), Alton (2009)). The most
significant impact of implementing dynamic albedos has been on net radiation (Rn)
and sensible heat (H), through changes in vegetation absorptance and soil albedos.
It is uncertain what the impact of implementing such a method would do to the
JULES simulations used here. However, results from this study imply that changes
to the surface energy balance are inevitable which may alter LSTs biases.

JULES is based on a model that was originally intended explicitly for representing the land surface in climate and NWP models. It is now increasingly being used
for other purposes including predicting river flows and assessing water resources. Its
performance in such applications is entirely dependent on the model physics, its data
inputs and initialisations being correct. This thesis has exploited earth observation
data and has shown that it is a useful tool for assessing the performance of JULES
(and other land surface models) at the regional scale. There is now the potential
to couple JULES to a regional climate model and this has been exploited in many
other studies. For example, Schär et al. (2004) used a regional climate model set up
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with climate change scenarios involving increasing greenhouse gas concentrations.
The simulations suggested that towards the end of the century about every second
summer could be as warm or warmer than 2003 and the European summer climate
could experience a pronounced increase in year to year variability. Such changes
could strongly affect the incidence of heatwaves and droughts in the future. Key
findings from the UK Climate Impacts Program 2009 (UKCIP09) have suggested
that all areas of the UK will be warmer by 2050, especially in the summer. The
implications of the LST biases shown in this thesis, in light of the the potential
climate change scenarios, suggest that JULES is likely to to enhance the occurrence
of heatwaves in the climate model in the future decades. However it may not be able
to accurately represent any soil moisture feedbacks that result from such heatwaves.
These results highlight the importance in simulating soil moisture, evapotranspiration and LSTs correctly in land surface models and the impact that such models
play in simulating the climate for future decades.

Bibliography
Ahrens, C., 1999: Meteorology Today: An Introduction to Weather, Climate and the
Environment. 7th ed., Brookes Cole.
Alton, P., 2009: A simple retrieval of ground albedo and vegetation absorptance from
modis satellite data for parameterisation of global land-surface models. Agricultural and Forest Meteorology, In press, corrected proof.
Anderson, M. and W. Kustas, 2008: Thermal remote sensing of drought and evapotranspiration. EOS, Transactions, American Geophysical Union, 89 (26), 233–
234.
Arora, V. K., 2002: Modeling vegetation as a dynamic component in soil-vegetationatmosphere transfer schemes and hydrological models. Reviews of Geophysics,
40 (2), 3–27.
Arya, S. P., 2001: Introduction to micrometeorology. 2d ed., Academic Press.
Betts, A. and J. Ball, 1998: Fife surface climate and site averaged dataset 1987-89.
Journal of the Atmospheric Sciences., 55, 1091 – 1108.
Biftu, G. and T. Gan, 2001: Semi-distributed, physically based, hydrological modelling of the Paddle River Basin, Aberta, using remotely sensed data. Journal of
Hydrology, 244, 137–156.
Blyth, E., 1994: The effect of small scale heterogeneity on surface heat and moisture
fluxes. Ph.D. thesis, University of Reading, Department of Meteorology.
Blyth, E., 2007: JULES, Joint UK Land Surface Simulator, The Science in JULES.
http://www.jchmr.org/jules/science/science.html.

BIBLIOGRAPHY

217

Booth, B., C. Jones, M.Collins, I. Totterdell, S. S. P.M. Cox, C. Huntingford, and
R. Betts, 2009: Global warming uncertainties due to carbon cycle feedbacks exceed those due to co2 emissions. Nature, (Submitted).
Braun, F. J. and G. Schadler, 2005: Comparison of soil hydraulic parameterisations
mesoscale meteorological models. Journal of Applied Meteorology, 44, 1116–1132.
Burgan, R. and R. Hartford, 1993: Monitoring vegetation greenness with satellite
data., Gen. Tech. Rep. INT-297. Ogden, UT: US Department of Agriculture,
Forest Service, Intermountain Research Station.
Campbell, G., 1998: An Introduction to Environmental Biophysics. Springer.
Campbell, J., 2002: Introduction to remote sensing. 3d ed., Taylor and Francis.
Cassou, C. and L. Terray, 2005: Tropical atlantic influence on european heatwaves.
Journal of Climate, 18, 2805 – 2811.
Chehbouni, A., D. L. Seen, E. Nijoku, J.-P. Lhomme, B. Monteny, and Y. H. Kerr,
1995: Relationship between radiative and aerodynamic surface temperature over
sparsely vegetated surfaces: Estimation of sensible heat flux. IEEE International
geoscience and remote sensing symposium, 1995 (1).
Ciaccia, A., 2008: CarboeuropeIP Database, http://gaia.agraria.unitus.it/
DATABASE/carboeuropeip/home.aspx.

Clapp, R. and G. Hornberger, 1978: Empirical equations for some soil hydraulic
properties. Water Resources Research, 14 (4), 601 –604.
Clark, D. and N. Gedney, 2008: Representing the effects of subgrid variability of
soil moisture on runoff generation in a land surface model. Journal of Geophysical
Research, 113 (D10111).
Cosby, B., G. Hornberger, R. Clapp, and T. Ginn, 1984: A statistical exploration
of the relationships of soil moisture characteristics to the physical properties of
soils. Water Resources Research, 20 (6), 682 – 690.

BIBLIOGRAPHY

218

Cox, P., R. Betts, C. Bunton, R. Essery, P. Rowntree, and J. Smith, 1999: The
impacts of new land surface physics on the gcm simulation of climate and climate
sensitivity. Climate Dynamics, 15, 183 – 203.
Cox, P., C. Huntingford, and R. Harding, 1998: A canopy conductance and photosynthesis model for use in a gcm land surface scheme. J. Hydrology 79-94, 212213, 79–94.
C.S.Godfey, 1998: The Climate of 1998: January - May in Perspective. Global
Climate Laboratory, National Climatic Data Centre, Asheville, NC, http://
www.ncdc.noaa.gov/oa/climate/research/1998/may/may98.html, Website, http:
//www.ncdc.noaa.gov/oa/climate/research/1998/may/may98.html.

Dharssi, I., P. Vidale, A. Verhoef, B. Macpherson, C. Jones, and M. Best, 2009:
New soil physical properties implemented in the unified model and PS18. Tech.
rep., Met Office Technical Report no. 528.
Ek, M., 2005: Interactions of the land surface with the atmospheric boundary layer.
Ph.D. thesis, Wageningen University.
Eltahir, E. and R. Bras, 1996: Precipitation recycling. Reviews of Geophysics, 34,
367 – 378.
Eltahir, E. A. B., 1998: A soil moisture-rainfall feedback mechanism. Part 1: Theory
and observations. Water Resources Research, 34, 765–776.
Essery, R., M. Best, and P. Cox, 2001: Moses 2.2 technical documentation. Tech.
rep., Hadley Centre, Met Office.
FAO-Unesco, 1995: The Digital Soil Map of the World (DSMW). Paris: FAOUnesco., CD-ROM.
Ferranti, L. and P. Viterbo, 2006: The european summer of 2003: Sensitivity to soil
water initial conditions. Journal of Climate, 19, 3660 – 3680.
Finch, J. and R. Harding, 1998: A comparison between reference transpiration and
measurements of evaporation for a riparian grassland site. Hydrology and Earth
System Sciences, 2 (1), 129–136.

BIBLIOGRAPHY

219

Fischer, E., S. Seneviratne, D. Luthi, and C. Schar, 2007a: Contribution of landatmosphere coupling to recent european summer heatwaves. Geophysical Research
Letters, 34.
Fischer, E., S. Seneviratne, P. Vidale, D. Luithi, and C. Schar, 2007b: Soil moistureatmosphere interactions during the 2003 european heat wave. Journal of Climate,
20, 5081–5099.
Fridley, J., 2009: Downscaling climate over complex terrain: high fine-scale (¡1000m)
spatial variation of near-ground temperatures in a montane forested landscape
(great smoky mountains, usa). Journal of Applied Meteorology and Climatology.
Garratt, J., 1992: The Atmospheric Boundary Layer. Cambridge University Press.
Gedney, N., P. Cox, H. Douville, J. Polcher, and P. Valdes, 2000: Characterising GCM land surface schemes to understand their responses to climate change.
Journal of Climate, 13, 3066 – 3079.
Gentine, P., D. E. A. Chehbouni, G. Boulet, and B. Duchemin, 2007: Analysis of
evaporative fraction diurnal behaviour. Agricultural and Forest Meteorology, 143,
13 – 29.
GEWEX, 2002: GSWP-2: The Second Global Soil Wetness Project Science and
Implementation Plan. 65 pp., International GEWEX Project Office, IGPO Publication Series No. 37. http://www.iges.org/gswp2.
Gillies, A., O. Taconet, and T. Carlson, 1995: Workshop on thermal remote sensing
of the energy and water balance over vegetation in conjunction with other sensors.
The Earth Observer.
Glenn, E., A. Huete, P. Nagler, K. Hirschboeck, and P. Brown, 2007: Integrating remote sensing and ground methods to estimate evapotranspiration. Critical Review
of Plant Science, 26 (3), 139–168.
Gregory, D. and R. Smith, 1990: Canopy, surface and soil hydrology. Tech. rep., Unified Model documentation paper 25, Meteorological Office, London Road, Bracknell, Berkshire, RG12 2SY.

BIBLIOGRAPHY

220

Guglielmetti, M., M. Schwank, C. Mtzler, C. Oberdrster, J. Vanderborght, and
H. Flhler, 2008: Forest soil moisture experiments with microwave radiometry.
IEEE Transactions on Geoscience and Remote Sensing, 46 (3), 727–735.
Hall, F., G. Collatz, S. Los, E. B. de Colstoun, and D. Landis, 2005: ISLSCP
Initiative II. Nasa, DVD/CD-ROM.
Hartmann, D., 1994: Global Physical Climatology. Academic Press.
Hatzianastassiou, N., C. Matsoukas, A. Fotiadi, K. Pavlakis, E. Drakakis,
D. Hatzidimitriou, and I. Vardavas, 2005: Global distribution of earth’s surface
shortwave radiation budget. Atmospheric Chemistry and Physics, 5, 2847 – 2867.
Houldcroft, C., W. Grey, M. Barnsley, C. Taylor, S. Los, and P. J. North, 2009: New
vegetation albedo parameters and global fields of soil background albedo derived
from modis for use in a climate model. Journal of Hydrometeorology, 10 (1),
183–198.
Jarvis, P., 1976: The interpretation of the variations in leaf water potentials and
stomatal conductances found in canopies in the field. Philos. Trans. R. Soc. London, Ser. B, 273, 593–610.
Johansen, O., 1975: Thermal conductivity of soils. Ph.D. thesis, University of Trondheim.
Jones, C., 2008: Ancillary File Data Sources. Tech. Rep. Version 10, Met Office
Unified Model Documentation Paper 70, Table 12.
Kaimal, J. and J. Finnigan, 1994: Atmospheric Boundary Layer Flows: Their structure and measurement. Oxford University Press.
Knyazikhin, Y., et al., 1999: MODIS Leaf Area Index (LAI) and Fraction of
Photosynthetically Active Radiation Absorbed by Vegetation (FPAR) Product
(MOD15) Algorithm Theoretical Basis Document. Document, Department of Geography, Boston University, Boston, MA 02215.
Koster, R., et al., 2004: Regions of strong coupling between soil moisture and precipitation. Science, 305, 1138 – 1140.

BIBLIOGRAPHY

221

Kramer, K., et al., 2002: Evaluation of six process-based forest growth models using
eddy covariance measurements of co2 and h2 o fluxes at six forest sites in Europe.
Global Change Biology, 8 (3), 213–230, http://daac.ornl.gov/FLUXNET.
Leclerc, M. and G. Thurtell, 1990: Footprint prediction of scalar fluxes using Markovian analysis. Boundary Layer Meteorology, 52 (3), 247–258.
Lee, D. and L. Abriola, 1999: Use of the richards equation in land surface parameterisations. Journal of Geophysical Research, 104 (D22), 27,519 – 27,526.
Loew, A., T. Holmes, and R. de Jeu, 2009: The European heatwave 2003: Early
indicators from multisensoral microwave remore sensing? Journal of Geophysical
Research, 114.
Los, S., et al., 2000: A global 9-yr biophysical land surface dataset from noaa avhrr
data. Journal of Hydrology, 1, 183–199.
Luterbacher, J., D. Dietrich, E. Xoplaki, M. Grosjean, and H. Wanner, 2004: European seasonal and annual temperature variability, trends and extremes since
1500. Science, 303, 1499–1503.
Maidment, D. R., 1992: Handbook of Hydrology. McGraw-Hill, inc.
Manabe, S., 1969: Climate and the ocean circulation. 1. the atmospheric circulation
and the hydrology of the earth’s surface. Monthly Weather Review, 97 (11), 739–
774.
Mauser, W. and S. Schadlich, 1998: Modelling the spatial distribution of evapotranspiration on different scales using remote sensing. Journal of Hydrology, 212-213,
250–267.
McGuffie, K. and A. Henderson-Sellers, 1997: A Climate Modelling Primer. 2d ed.,
Wiley.
McIlveen, R., 1998: Fundamentals of Weather and Climate. Stanley Thornes Publishers Ltd.

BIBLIOGRAPHY

222

McNaughton, K. and T. Spiggs, 1986: A mixed-layer model for regional evaporation.
Boundary Layer Meteorology, 34, 243 – 262.
Mercado, L., C. Huntingford, J. Gash, P. Cox, and V. Jogireddy, 2007: Improving
the representation of radiation interception and photosynthesis for climate model
applications. Tellus B, 59, 553–565.
Monteith, J. and M. Unsworth, 1990: Principles of Environmental Physics. 2d ed.,
Edward Arnold, London.
Moors, E., 2007: Loobos site characteristics., http://www.bgc-jena.mpg.de/public/
carboeur/sites/loobos.html.

Oke, T., 1987: Boundary Layer Climates. 2d ed., Routledge.
Pavlakis, K., D. Hatzidimitriou, C. Matsoukas, E. Drakakis, N. Hatzianastassiou,
and I. Vardavas, 2004: Ten-year global distribution of downwelling longwave radiation. Atmospheric Chemistry and Physics, 4, 127 – 142.
Peixoto, J. and A. Oort, 1992: Physics of Climate. AIP Press.
Peters-Lidard, C., E. Blackburn, X. Liang, and E. Wood, 1998: The effect of soil
thermal conductivity parameterisation in surface energy fluxes and temperatures.
Journal of atmospheric sciences, 55 (7), 1209–1224.
Pinheiro, A., C. Prigent, and W. Rossow, 2008: International workshop on the
retrieval and use of land surface temperature: Bridging the gaps, summary Report.
Prigent, C., F. Aires, and W. Rossow, 2003: Land surface skin temperatures from a
combined analysis of microwave and infrared satellite observations for all-weather
evaluation of the differences between air and skin temperatures. Journal of Geophysical Research, 108.
Rambal, S., R. Joffre, J. Ourcival, J. Cavender-Bares, and A. Rocheteau, 2004: The
growth respiration component in eddy CO2 flux from a quercus ilex mediterranean
forest. Global Change Biology, 10 (9), 1460–1469.

BIBLIOGRAPHY

223

Richards, L., 1931: Capillary conduction of liquids though porous mediums. Physics,
1, 318 – 333.
Ridder, K., 1997: Land surface processes and the potential for convective precipitation. Journal of Geophysical Research, 102 (D25), 30,085 – 30,090.
Rodriquez-Cortina, R., 2008: Puechabon site characteristics., http://www.cefe.
cnrs.fr/fe/puechabon/welcom.htm.

Ross, S., 2005: Introductory Statistics. 2d ed., Academic Press.
Rossow, W. and L. Garder, 1993: Validation of isccp cloud detections. Journal of
Climate, 6, 2370–2393.
Rowntree, P. and J. Bolton, 1983: Simulation of the atmospheric response to soil
moisture anomalies over europe. Quarterly Journal of the Royal Meteorological
Society, 109, 501 – 526.
Sanchez-Lugo, A., 2008a:

Global Historical Climatology Network (GHCN):

Global gridded products. http://www.ncdc.noaa.gov/oa/climate/research/
ghcn/gchngrid.html.

Sanchez-Lugo, A., 2008b: Global Surface Temperature Anomalies. http://www.
ncdc.noaa.gov/oa/climate/research/anomalies/anomalies.html.

Schaer, C. and G. Jendritzky, 2004: Hot news from summer 2003. Nature, 432,
559–560.
Schaer, C., D. Luthi, and U. Beyerle, 1999: The soil-precipitation feedback: A
process study with a regional climate model. Journal of Climate, 12, 722–741.
Schär, C., P. Vidale, D. Luthi, C. Frei, C. Haberli, M. Liniger, and C. Appenzeller,
2004: The role of increasing temperature variability for european summer heat
waves. Nature, 427, 332–336; doi:10.1038/nature02 300.
Sellers, P., J. Berry, G. Collatz, C. Field, and F. Hall, 1992: Canopy reflectance, photosynthesis and transpiration, III. A re-analysis using enzyme kinetics - electron
transport models for leaf physiology. Rem Sens Envir, 42 (187-216).

BIBLIOGRAPHY

224

Sellers, P., Y. Mintz, Y. Sud, and A. Dalcher, 1986: A simple biosphere model
for use within general circulation models. Journal of the Atmospheric Sciences.,
43 (6), 505–531.
Sellers, P., et al., 1997: Modelling the exchanges of energy, water and carbon between
continents and the atmosphere. Science, 275, 502 – 508.
Seneviratne, S., D. Luthi, M. Litschi, and C. Schar, 2006: Land atmosphere coupling
and climate change in europe. Nature, 443, 205 – 209.
Seneviratne, S., J. S. Pal, E. A. B. Eltahir, and C. Schar, 2002: Summer dryness
in a warmer climate: a process study with a regional climate model. Climate
Dynamics, 20, 69–85.
Silberstein, R. P., M. Sivapalan, and A. Wyllie, 1999: On the validation of a coupled
water and energy balance model at small catchment scale. Journal of Hydrology,
220, 149–168.
Smith, R., E. Blyth, J. Finch, S. Goodchild, R. Hall, and S. Madry, 2006: Soil
state and surface hydrology diagnosis based on moses in the met office nimrod.
Meteorological Applications, Cambridge University Press, 13 (2), 89 –109.
Solberg, S., R. Derwent, O. Hov, J. Langner, and A. Lindskog, 2005: European
abatement of surface ozone in a global perspective. Ambio, 34, 47–53.
Stockli, R. and P. Vidale, 2005: Modelling diurnal to seasonal water and heat exchanges at european fluxnet sites. Theoretical and Applied Climatology, 80, 229 –
243.
Stott, P., D. Stone, and M. R. Allen, 2004: Human contribution to the european
heatwave of 2003. Nature, 432.
Strahler, A., D.Muchoney, J. Borak, M. Friedl, S. Gopal, E.Lambin, and A. Moody,
1999: MODIS Land Cover Product, Algorithm Theoretical Basis Document
(ATBD), Version 5.0: MODIS Land Cover and Land-Cover Change. Tech. rep.,
Center for Remote Sensing, Department of Geography, Boston University, Boston,
MA.

BIBLIOGRAPHY

225

Stull, R., 1988: An Introduction to Boundary Layer Meteorology. Kluwer Academic
Publishers.
Stull, R., 2000: Meteorology for Scientists and Engineers. 2d ed., Brookes/Cole.
Sun, D. and R. Pinker, 2004: Case study of soil moisture effect on land surface
temperature retrieval. IEEE Geoscience and Remote Sensing Letters, 1 (2), 127–
130.
Trenberth, K., 1999: Atmospheric moisture recycling: Role of advection and local
evaporation. Journal of Climate, 12, 1368 – 1381.
Trigo, I., I. Monteiro, F. Olesen, and E. Kabsch, 2008: An assessment of remotely
sensed land surface temperature. Journal of Geophysical Research, 113.
Vautard, R., et al., 2007: Summertime european heat and drought waves induced
by wintertime mediterranean rainfall deficit. Geophysical Research Letters, 34.
Verstraeten, W., F. Veroustraete, and J. Feyen, 2008: Assessment of evapotranspiration and soil moisture content across different scales of observation. Sensors, 8,
70–117.
Vidale, P., D. Luthi, R. Wegmann, and C. Schar, 2007: European climate summer
variability in a heterogeneous multi-model ensemble. Climatic Change, 81, 209–
232.
Wan, Z., 1999: MODIS Land-Surface Temperature Algorithm Theoretical Basis
Document, Version 3.3. Tech. rep., Institute for Computational Earth System
Science, University of California, Santa Barbara, CA.
Werner, H., 1992: Measuring soil moisture measuring soil moisture for irrigation
water management. http://agbiopubs.sdstate.edu/articles/FS876.pdf.
Wigneron, J., J. Calvet, T. Pellarin, A. V. de Griend, M. Berger, and P. Ferrazzoli,
2003: Retrieving near-surface soil moisture from microwave radiometric obseravtions: Current status and future plans. Remote Sensing of Environment, 85,
489–506.

BIBLIOGRAPHY

226

Wilson, M. and A. Henderson-Sellers, 1985: A global archive of land cover and soils
data for use in general circulation climate models. Journal of Climate, 5, 119–143.
Zaitchik, B., A. Macalady, L. Bonneau, and R. Smith, 2006: Europe’s 2003 heat
wave: A satellite view of impacts and land-atmosphere feedbacks. International
Journal of Climatology., 26, 743 – 769.

