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ABSTRACT

There is currently worldwide interest in the effect of human activity on the global
environment, especially the effect of greenhouse gases and land-use change on the global

climate, and models are being developed to study both global change and the local
effects of global change. The research reported here (funded by CNPq-Brazil) involves

the development of GRASP: Groundwater Recharge modelling Approach with a Scaling-
up Procedure. GRASP has been integrated into the UP (Upscaled Physically-based)

macromodel, developed under the UK NERC TIGER programme, which is designed for
studying the effects of climate and land-use change on the availability and quality of
water resources. The UP macromodel will be coupled to the UK Meteorological Office’s
Unified (weather and climate) model to create a state-of-the-art coupled
atmospheric/hydrological model.

Several important requirements for the design of new large-scale hydrological
models are identified in a wide ranging review on GCMs (General Circulation Models)
and physically-based hydrological modelling, and these requirements have been applied
in the development of GRASP (and UP). The main requirements are a physical basis,
proper treatment of spatial variability, and simplicity.

Using the concept of partial analysis, two point-scale models, SM (Soil Moisture
content approach) and TF (Transfer Function approach), are developed for recharge, both
based on the one-dimensional Richards' equation. SM is a simple two-parameter model
relating recharge to water storage in the unsaturated zone, and several unsuccessful
attempts are made to link its parameters to physical properties. TF is a transfer function
model, and is parameterised using the matric potential and unsaturated hydraulic
conductivity functions using a new approach developed especially for GRASP. Both SM
and TF are venified against numerical solutions of Richards' equation,




SM has been adopted for use in the UP macromodel, because of its simplicity and
computational efficiency. The basic grid scale for UP is around 10km and SM 1s

parameterised at this scale by calibration against aggregated responses, determined by
applying TF to several representative points in the grid. There is scope to improve on this
approach by calibrating SM directly against an aggregated transfer function, found by
superposing the at-a-point transfer function from TF. GRASP is tested, in a limited
fashion, for the Little Washita catchment of the Red River basin, USA.
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Chapter 1

Introduction

1.1 - Research Overview

The research described in this thesis was funded by CNPqg-Brazil and carried out
1n association with the NERC / TIGER (Terrestrial Initiative in Global Environmental
Research) project at the University of Newcastle. The GRASP (Groundwater Recharge
modelling Approach with a Scaling-up Procedure) was developed during this research.
This 1s a hybnd approach that comprises two modelling schemes: SM (Soil Moisture
content approach) and TF (Transfer Function approach), SM works on the grid- or
catchment-clement scale (~100 km?) and groundwater recharge rates are given as a lincar
function of total soil moisture content. The SM model parameters are fitted to larger
scale groundwater recharge rates, aggregated (upscaled) from the point scale.
Groundwater recharge at the point scale is given by TF, which is based on the 1-D
Richards' equation and the use of transfer functions. TF includes a new approach in
which the parameters of the transfer function are obtained directly from soil physical
properties. TF is completely free of calibration as it uses only widely available soil
property data.

GRASP i1s intended to be a component of the UP (Upscaled Physically-based)

model. UP is a macromodel developed by the Water Resource Systems Research Unit,
University of Newcastle, as their contribution to the TIGER programme, and the wider

review on large scale modelling presented in this thesis contributed to the design of the
modelling framework. The UP model is designed to simulate hydrological and transport
process at a range of spatial scales from 10% to 10° km? and over time scales from 1 to
1000 years. UP simulates land surface processes, including the effects of changes 1n land
use and climate. UP can run with meteorological data as input, or in conjunction with
atmospheric models. It is intended that UP will be coupled to the UK Meteorological
Oftice Unified (atmospheric) model, to be run at the meso-scale, as a state-of-the-art
coupled atmospheric/hydrologic model.




1.2 = Outline of the TIGER Programme

The Terrestrial Initiative in Global Environmental Research (TIGER) is a UK
contribution to the world-wide research efforts, currently underway, on environmental
and global climate change; e.g. the World Climate Research Programme (WCRP, World
Climate Research Programme, 1991), the Global Energy and Water Cycle Experiment

(GEWEX, International GEWEX Project Office, 1991), the Hydrological Atmospheric
Pilot Experiment (HAPEX, André et al., 1990 and Goutorbe et al., 1994), the Amazonian
Region Micrometeorological Experiment (ARME, Shuttleworth, 1988a). The main

concern of TIGER 1s the understanding of the role of the principal greenhouse gases in

climate prediction and evaluating the effect of the interaction of these gases on the
brosphere (WRSRU/NERC, 1992).

TIGER 1s divided into four parts (TIGER 1, 2, 3 and 4). TIGER 3 is concemned
with understanding the water and energy balance at the surface, and part of TIGER 3 is

focused on the development of large scale hydrological models, including the UP model.
The University of Newcastle is collaborating with three UK Research groups: the
Institute of Hydrology focusing on the channel routing component of UP model;
University College London (UCL) whose contribution includes the collection and
generation of global land surface data sets including topography, hydrological networks,
land cover, soil type and geology; and Imperial College whose contribution is concerned
with the disaggregation of climatological data, as input to the hydrological models. An
application of the UP model to the Red River basin, USA, is underway.

1.3 - Climatc Change and the Hydrological cycle

In recent years man has become increasingly concemned about the effects that land
use change associated with land management and, urban and industrial development has
on the natural environment. Large scale clearance of tropical rain forests has focused
attention on the possible effects of deforestation on climate. Shukla et al. (1990) carried
out a study using a General Circulation Model (GCM) to simulate the complete clearance
of the Amazon forest, and predicted an increase in surface temperature of up to 2.5°C. At
the same time, the build up of the so-called greenhouse gases during the post-industrial
period has given rise to speculation about a possible rise in surface temperature (global

g g
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warming) due to the increase of the concentrations of carbon dioxide (CO,), methane
(CH,), ozone (0,), nitrous oxide (N,0), chlorofluorocarbons (CFCs) and other gases in
the atmosphere (Table 1.1).

Table 1.1 - Concentrations and residence times* of important greenhouse gases,
adapted from Loaiciga ct al. (1996)

H,0  Co, CH, CFC-11 CFC-12 N,0 0y

ppmv ppmv ppmv pptv pptv ppbv ppbv
1750-1800 3000 280 0.8 0 0 285 1-150
1990 3000 353 1.72 280 484 310 10-100

residence 10-15 days 50-100 years 10 years 65 years 130 years 150 years na‘®
time
Symbols: CFC-11: CFCls, CFC-12: CFClz; ppmv, parts per million volume; ppbv, parts per billion volume;
pptv, parts per trillion volume.

8 below 12 km.

b estimated value.

® ozone is continuously produced by photolisis in the stratosphere.

na, not applicable.

* time that the greenhouse gas remains in the atmosphere.

The theory of global warming is strongly tied to the greenhouse effect, which 1s
based on the assumption that the surface temperature is regulated by the atmosphere, for
which the main source of energy is the sun. Most of the solar radiation that passes
through the atmosphere is absorbed by the Earth's surface. Some radiation is not
absorbed, and is reflected back to the atmosphere. The Earth's surface emits radiant
energy approximately like a blackbody, in the infrared range of the electromagnetic
spectrum. The atmosphere is generally cooler than the surface: it has an equivalent
effective radiative temperature of approximately -18°C, while the Earth's surface global
mean 1s approximately 15°C (Rasmusson et al., 1992). As a consequence of these
emissions and absorptions in the surface-atmosphere system, part of the infrared
radiation emitted by the surface is trapped by the gases in the atmosphere, increasing the



Earth's surface temperature which gives rise to the greenhousc effect. All the gases in
Table 1.1 absorb infrared radiation emitted by the Earth's surface, and therefore
contribute to the greenhouse effect.

The effects of global warming on the climate have been predicted using GCM
simulations. As CO, is an important byproduct of human activities, predictions
hypothesising a doubling of CO, concentrations have become standard, although the
effect of the other gases can not be disregarded (Loaiciga, 1996). Exactly what is going to
happen to the global climate due to global warming is a question that has not yet been
fully answered. There are differences in the way climate change is simulated, with
predictions using either a steady increase in CO, until its initial concentration is doubled
or an abrupt increase in CO, after a period of normal levels. There seems to be general
agreement, however, that the global mean surface temperature will rise, and some
simulations predict a rise of up to 5°C (Mitchell, 1989). There is even more uncertainty
about how this rise in temperature will affect the hydrological cycle and water resources.

With a rise in global mean surface temperature, an increase in global mean
evapotranspiration would be expected, leading to an increase in mean precipitation. If the
surface and air temperatures increase by the same amount and relative humidities remain
fixed, global evaporation will simply increase, and the hydrological cycle will speed up
with global warming. From GCM simulations, the Intergovernmental Panel on Climate
Change (Intergovernmental Panel on Climate Change (IPCC), 1990) suggest:

(1) In the tropics, surface temperature will increase and seasonal variation will narrow;

(2) At high latitudes (above 50°) will be warmer winters and springs;
(3) In northern midlatitudes summers will be dryer.

It 1s expected that these changes will have a direct impact on the availability
and/or distribution of water resources. Water is vital for life and any change that affects
current resources must be taken very seriously. Hence there has been a worldwide effort
involving both observational and modelling studies to improve predictions and fully
understand all the consequences of land use change and the build up of the concentration
of greenhouse gases in the atmosphere (Shuttleworth, 1991 and Liesbscher, 1993).



The observational studies aim to improve the understanding of the energy and
water fluxes in the soil-vegetation-atmosphere system at different spatial and temporal
scales. These studies use experiments at scales varying from the plot or local-scale (e.g.
Anglo-Brazilian Amazonian Climate Observation Study (ABRACOS), Shuttleworth ct
al., 1991) to larger scales (e.g. Hydrologic Atmospheric Pilot Experiment (HAPEX),
André et al., 1990 and Goutorbe et al., 1994). The experiments are generally demanding

and involve considerable resources, therefore, field characterisation studies cannot be
carried out everywhere. Although remotely sensed data has been traditionally used for

mapping, recently its use has been expanded to more physically based characterisation of
the data, allowing local observations to be enhanced and extended (Wessman, 1992). It 1s
widely hoped that remotely sensed measurements made with satellite-mounted systems
will be of great value in observational studies.

As has been discussed previously, GCMs have been used in the modelling studies
associated with land use change and the increase of the concentration of the greenhouse

pases in the atmosphere. Although these models have been successful in demonstrating
that the climate is sensitive to these changes, there is some concern over the accuracy of
these GCM predictions. This is not only related to the level of understanding of physical
processes and actual data availability for these simulations, but also to the accuracy of
the current modelling schemes.

1.4 - Introduction to General Circulation Models (GCMs)

GCMs represent major features of atmospheric circulation and, for some
interactive models, ocean circulation process is also modelled. Their variables are basic
indicators of atmospheric conditions, e.g. temperature, humidity, surface pressure, wind
velocity and precipitation, with each value representative of an entire grid square which
may be tens of thousands of square kilometres in area. They solve the three-dimensional,
time-dependent differential equations for the rates of change of air pressure, wind vector,
temperature and moisture content; taking account of sources and sinks of heat, moisture,
and momentum. To determine unique solutions, the models require input of upper and
lower boundary conditions, e.g. solar radiation at the top of the atmosphere, orograph and

land-sea distribution, albedo of bare soil, surface roughness and vegetation
characteristics.



There are a variety of GCMs available, mostly associated with major laboratorics:
the Canadian Climate Center model (CCC), the Geophysical Fluids Dynamics Laboratory
(GFDL), the Goddard Institute for Space Studies (GISS), the Laboratoire de
Meteorologique Dynamique (LMD), United Kingdom Meteorological Office (UKMO)
and the National Center for Atmospheric Research (NCAR). The models mainly differ in
the number of vertical layers, spatial resolution and horizontal representation (spectral or
grid point finite difference models).

There are, however, some unresolved issues related to the way physical processes
are represented in these models. The representation of ocean conditions, for example, 1
poor and models frequently do not include coupled atmospheric-oceanic general
circulation. Apart from this, the representation of the land-surface is generally very
simple. Hydrological processes such as runoff are either very poorly represented or

simply ignored. The need to improve land surface representation in GCMs is now widely
agreed (Shuttleworth, 1988b; Wood, 1991a; Avissar, 1992).

1.5 - Land-Surface Parameterisation in GCMs and Large Scale Hydrology

Although the representation of land surface processes in GCMs is currently under
review, Budyko's approach (described in Manabe, 1969) is still used in many GCMs. The
land-surface component is represented by a large-scale lumped soil-reservoir with one
single layer that can be filled to some maximum theoretical "field capacity" and from
which the soil water evaporates at a rate proportional to the remaining water content.
This parameterisation highly simplifies the hydrological processes of infiltration and
evaporation; the model does not explicitly consider vegetation and assumes that
parameter values, such as soil moisture capacity, are constant over the entire grid square.
Soil moisture content is an important component in GCMs, as energy fluxes and
temperature have been shown to be sensitive to soil moisture variations (e.g. Avissar,
1992). In addition, the processes of heat and mass exchange between the surface and the
atmosphere that ultimately control evapotranspiration fluxes are modelled as boundary
conditions (Loaiciga, 1996). This is inadequate because it does not account for fecdback
from land surface hydrological processes to the atmosphere. This also affects runoff

estimates as they are calculated from water mass balance using evapotranspiration and
rainfall.



Another important simplification assumed in many GCMs is that lateral transfer
of water within grids can be neglected. Runoff is calculated using water mass balance for
each grid box, and then accumulated for each river basin, finally being deposited in the
ocean. Therefore, some of the important dynamics of the hydrological cycle are not
modelled.

Recently, new parameterisations have appeared in the literature. These have
attempted to overcome the problems associated with the use of simplistic sotl moisture
availability functions based on field capacity and water budget accounting, and
modelling evaporation without explicitly accounting for the physiological resistance of
vegetation.

To improve the land-surface representation of GCMs Soil-Vegetation-
Atmosphere Transfer Schemes (SVATS, e.g. Sellers et al., 1986) have been proposed.
These modelling schemes account in a more detailed way for vegetation and its
interaction with both the atmosphere and land surface, using the physical and
physiological properties of the vegetation and soil. SVATS have in general a very
detailed vertical physical representation, however, they usually neglect spatial
heterogeneity. The parameters for the soil and vegetation properties are assumed constant
within a GCM grid. Because of their detailed vertical resolution in the canopy, but lack
of horizontal detail, these models have been referred to as 'big-leaf' models (Wood,
1991a). Entekhabi and Eagleson (1989) proposed a scheme using probability distribution
functions to include the effects of spatial variability into GCM's land surface
parameterisation. These functions, if introduced for all the physical processes involved in

the atmosphere-land surface representation would lead the model to be computationally
very time consuming,

The land surface and atmosphere are coupled through the exchange of energy and
water and therefore should be treated as interacting components of the climate system.
The land surface affects the atmosphere through fluxes of radiation, momentum, heat and
moisture. The land surface (hydrological) processes, in conjunction with the the soil and
vegetation characteristics, determine the surface moisture availability which controls the

partitioning between sensible and latent heat fluxes. Developing more realistic
parameterisations which fully account for this coupling is extremely complicated.
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It is evident that for more accurate evaluation of the effects of global warming on
both climate and water resources, there is a need to enhance the representation of land
surface processes in GCMs, as well as the representation of their interaction with the
atmosphere. This involves mainly the representation of intergrid lateral transfers and a
more realistic modelling approach to represent runoff, which implies implicitly
accounting for spatial variability. The study of spatial variability involves searching for
patterns. These are associated with the scale at which physical processes occur. The scale
Issue is complex, and, in addition, the atmosphere-land surface processes comprise a
variety of processes that naturally are associated with a variety of different spatial scales.

Becker and Nemec (1987) presented a general overview of scales in the
atmospheric, hydrological and geographical sciences (Figure 1.1). In combination with
this wide range of spatial scales, the residence time of the land-atmosphere interactions
cover a wide range of temporal scales. For the atmosphere, turbulent dynamics in the
surface boundary layer occur on scales of seconds to hours contrasting with the annual
cycle of the atmosphere's general circulation that is characterised over months, years or
decades. For land surface processes, infiltration excess, for example, can be observed on
a temporal scale of less than an hour, whereas groundwater-controlled flows have time-
scales of months to decades.

GCMs work at the coarsest scale of atmospheric modelling. In hydrology, some
models operate at the continental scale (e.g. Solomon, 1968 and Vorésmarty, 1989).
These are intended for the evaluation of the water balance at the regional scale and the
effects of land use change. However, there is a general belief that the land

parameterisation in these models needs to be reviewed (Wood, 1991a). Models
constructed to work on the catchment scale (micro- and lower meso-scales) have been

successfully used in engineering design, and in estimating some of the effects of land-use
change at the catchment scale. In some aspects, the hydrology of large river basins differs
from that of small basins. The variety of landscape forms found in large basins, and the
diversity of vegetation, land uses, soil types etc. necessitate a different approach.
Mathematical relationships that describe a physical phenomenon are mostly scale
dependent, so different formulations arise at different spatial-time scales. Thus, there is a
need both to improve actual modelling and to overcome the scale gap. This motivated a

new discipline in hydrology: Large Scale Hydrology or Macrohydrology, as described in
Shuttleworth (1988b).
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The central consideration in developing Macroscale Hydrologic Models (MHM)
1S how to build upon the current existing modelling schemes to address water cycling
issues at larger scales while simultaneously linking land and atmospheric systems. This
research addresses the issue of large scale hydrological modelling. It is believed that
progress in this area will enhance the understanding of the effects that land-use change
and an increase in greenhouse gas concentration in the atmosphere would have on
climate, as well as their consequences for the availability and distribution of water

resources.




1.6 - Aims and Outline

The main aims of this research are:

I - To review current procedures to represent land surface hydrological processes in

support of a new modelling framework for the large scale.

2 - To develop an appropriate groundwater recharge modelling approach to represent
recharge for the grid- or catchment-element scale (~100 km?) that includes the effects of
spatial vaniability, and which is suitable for use as the recharge component in the UP

macromodel (an MHM) under development at the University of Newcastle.

T'he thesis is divided into seven chapters. In chapter 2, large scale hydrological
modelling 1s reviewed and the need for a new approach discussed. This review
contributed to the design of the UP macromodel. In chapter 3, the UP model is described

and the groundwater recharge modelling approach (GRASP) introduced. In chapter 4, the
transient one-dimensional Richards equation simulations, which are the basis for GRASP
development, are described. GRASP itself is described in chapter 5 and a case study to
demonstrate the use of GRASP is presented in chapter 6. Finally, chapter 7 contains
overall conclusions and suggestions for future research.
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Chapter 2

Large Scale Hydrology

2.1 = Introduction

2.1.1 - The Global Hydrological Cycle

The main source of energy for the planet is the sun. Of the total solar incoming
energy (short-wave radiation), 30% is reflected from the atmosphere and the earth’s
surface, returning to space as short-wave radiation. The remaining 70% is absorbed, 19%
by the atmosphere and 51% by the earth's surface. Because the earth is in approximate
thermal equilibrium (i.e. no long-term net heating), this 70% is eventually re-radiated
back to space as long-wave radiation. However before it returns to space, this energy
passes through a complex recycling between the earth's surface and the atmosphere
(Rasmusson et al., 1992).

Due to the spherical shape of the planet, the energy emitted by the sun reaches the
atmosphere and the earth's surface with different angles of incidence. This leads to a
variation in the energy budget according to latitude. There is net radiative heating at low
latitudes (near the equator) and net cooling at high latitudes (near the poles). This
imbalance leads to a pole-ward transport of energy, and a fundamental coupling exists
between the radiation budget and the general circulation of the atmosphere and oceans. It
is this circulation, accomplished by ocean currents, that forces and drives the land-
surface processes forming the global hydrological cycle. Figure 2.1 shows a one-
dimensional (vertical) scheme of the various sinks and fluxes of water, as well as the

coupling systems (ocean-land, ocean-atmosphere and atmosphere-land) in the global
hydrological cycle.
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The vital link between the hydrological cycle and the global energy balance 1s the
atmospheric transport of latent heat (water vapour) which is a major contributor to the
heat balance of the earth. In the atmosphere, heat is transported in the form of sensible
heat, which is associated with both the temperature of the air parcel and the latent heat of
the water vapour the air parcel contains. This latent heat or 'energy parcel' 1s carried by
the evaporated water vapour until it is released to the atmosphere upon vapour

condensation in regions of upward atmospheric motion, cloud formation, and

precipitation.
Changes of
solar raciation
SPACE o
ATMOSPHERE
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radiation
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Figure 2.1 - One-dimensional abstraction of the global hydrological cycle,
after IPCC (1990)
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2.1.2 - The Atmospheric Boundary Layer

The atmosphere forms a distinctive layer about 100 km thick around the earth
which is characterised by different sub-layers divided according to the temperature
profile. The troposphere is the most important layer for land-surface studics as it contains
75% of the weight of the atmosphere and virtually all its moisturc. Although the

thickness of these layers vary, the troposphere extends to about 11 km above the earth's
surface. The atmospheric circulation in the troposphere is affected by its outer spheres,

stratosphere and mesosphere, and by surface features.

As in other fluid flows, in the atmosphere a zone adjacent to the boundary 1s
observed, in which the flow is significantly affected by the nearby presence of the
boundary and this is called the boundary layer. The thermal behaviour of land surfaces
varies widely with surface type and condition. Changes in ground cover by vegetation or
snow can produce large changes in the behaviour of state variables of the overlaying
atmosphere. However, the characteristics of the boundary layer are also affected by outer
layers of the atmosphere. Thus, the boundary layer has an integrating power and contains
information on the regional scale. Therefore, the boundary layer is one of the key

elements in understanding and parameterising land surface processes, notably
evaporation.

2.1.3 - Estimation of Evaporation at Larger Scales

In association with precipitation, evaporation is a driving flux for the hydrological
cycle and is the main mechanism for depletion of the available water. It is also important
to represent the catchment "runoff-readiness" in hydrologic modelling. This depends
primarily on the initial soil-moisture content of the catchment, and thus on the antecedent
evaporative conditions. The initial state of the catchment is the direct result of
evaporation and soil drainage between storms.

Transport of momentum, sensible heat, water vapour and other admixtures of air
near the earth's surface generally involve turbulence. As the outer region of the
Atmospheric Boundary Layer (ABL) is affected by large-scale atmospheric dynamics and
weather patterns, and rarely results from equilibrium conditions, most information gained
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about the ABL has been in the form of bulk transfer expressions which describe surface
fluxes for water vapour and sensible heat. However, mainly due to scarcity of suitable
data sets, these equations have been seldom tested. Other studies assume that the ABL
behaves as a perfectly mixed "slab" in which the evolution of latent and sensible heat
storage are represented by budget equations for the mean specific humidity and potential
temperature. The slab approach has been useful in describing the development of
elements of the ABL, for example thickness evolution. This approach has also been
useful in attempts to simulate evaporation and to gain more insight into existing
parameterisations. The closure of the budget equation is not, however, without
difficulties and generally neglects advective terms. Another possible method of
enhancing the understanding of the ABL is a study of the fluxes using a profile approach
which focuses on the inner region of the ABL, and aims to establish mean vertical
profiles for wind speed, temperature and specific humidity. For a portion of the inner
layer these profiles can be considered quasi-uniform, but it has not been determined yet
how irregular the surface can be for such an assumption to be valid.

Progress in studies of the fluxes of the ABL has, however, been very slow
(Brutsaert, 1991) and these studies have not yet been able to establish a methodology to
estimate regional evaporation. Point-based evaporation can be reliably evaluated from
micrometeorological data, but it requires special and expensive instrumentation, which is
not available with wide enough spatial distribution to allow good areal estimates to be
made. Moreover, the properties of air which control surface evaporation rates are
affected by passing through the ABL and the layers above, and feedback may occur to
moderate the influence of changes in surface cover. This modification of the atmosphere

happens at all horizontal scales from the very small scale of a leaf to the continental
scale, and these atmospheric feedback mechanisms may intervene at larger scales to

attenuate the effect of surface controls in evaporation. Based on this, Bouchet (1963) and
Morton (1965, 1983) proposed eqn. (2.1) to estimate, E, the regional evaporation:

E=2F, -L, eqn. (2.1)

where Epo 1s a hypothetical potential evaporation rate that would have occurred if water
was freely available and Eo is the potential evaporation calculated using near-surface
weather variables. Brutsaert and Stricker (1979) had some success using the Penman
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cquation to estimate Epo and the Priestly and Taylor expression for Eo. Kite et al. (1994)
used eqn. (2.1) to estimate arcal evaporation in a large scale hydrological model.

In most atmospheric models, evaporation is given by an average rate which 1s
calculated as a function of local potential rates. The assumption in these models 1s that
over uniform surfaces or those where surface variations occur randomly, the mixing of

air means that to the atmosphere they appear uniform and regional scale atmospheric
feedback can be adequately represented by one-dimensional models. Typically (e.g.
Canadian Climate Centre GCM; Mcfarlane et al., 1992), evaporation is given as a

function of a reduction factor, §8, and the potential rate, Ep.

E=pE, cqn. (2.2)

When i1t 1s calculated as a function of soil moisture content, 8 may indirectly incorporate
both vegetation and soil characteristics. Ep can be estimated by the Penman equation and

assumes a wet surface. In many GCMs this scheme is related to the land-surface
representation by a simple bucket (Manabe, 1969) with a maximum water capacity
equivalent to an average field capacity and from which evaporation is taken.

Another current method for estimating E is based on the concept of a resistance
factor, r, which may be seen as analogous to a electrical resistance. The expression used
1s the Penman-Monteith equation (Monteith, 1973). Although there is a correspondence
between the Penman-Monteith formula and the approach given by eqn. (2.2) using Ep
from the Penman equation (Brutsaert, 1986), the Penman-Monteith expression accounts
more explicitly and comprehensively for the soil-plant system.
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2.2 - Soil Vegetation Atmospheric Transfer Schemes

2.2.1 - Overview

Biosphere-Atmosphere Transfer Schemes (BATS, Dickinson, 1991), and Soil-
Vegetation- Atmosphere Transfer Schemes (SVATS, e.g. Sellers et al,, 1986) have

emerged in an attempt to enhance the simple land-surface parameterisation (simple
bucket model) still in place in many GCMs. BATS and SVATS include the processes of

diffusion of water in soils and canopy resistance which are not addressed in the simple
bucket model.

There exists a wide range of models that can be called SVATS and these models
differ from each other in many features, most particularly in scale which can range from
local to regional, and from fractions of hours to days and months. Some SVATS and
BATS have been incorporated into GCMs. Geyer and Jarvis (1991) present a detailed

review of a large number of SVATS. These models are essentially vertical views of
hydrological processes and consider the transport of water and energy below and across
the surface, and then within and through the vegetation canopy. Some SVATS also
consider CO; and other trace gases in addition to heat, water and momentum transfer.

SVATS models include layered parameterisations of the vegetation structure
(ground and canopy store) and of the soil. Radiative transfers are processed considering
vegetation and soil conditions for given inputs of incoming solar radiation. In addition,
soil heat transfer, sensible heat transfer, evapotranspiration and precipitation interception
in the canopy are modelled. Precipitation reaching the canopy fills up a store which is
subsequently emptied by evaporation and drainage. A fixed proportion of precipitation
and drainage form the throughfall which reaches the soil moisture store. From there, 1t
may either evaporate or penetrate further down into the soil profile. Evapotranspiration
estimations take into account the effect of light, temperature, vapour pressure deficit, leaf
water potential and the canopy's stomatal resistance. As an example Figure 2.2 shows a
representation of the Simple Biosphere model (SiB, Sellers et al., 1986).
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Figure 2.2 - Framework of the Simple Biosphere (SiB)
model, after Sellers et al. (1986)

This figure shows how the vertical transfer of mass, momentum and heat 1s
conceptualised as a series of flow paths. The interchange between stores works by
analogy with Ohm's law and considers resistance to water and energy movement. These
resistance parameters are obtained from basic canopy, leaf and soil structure and, for
given precipitation and other meteorological inputs (e.g. temperature and solar radiation),
the model calculates evapotranspiration, soil moisture content and runoff.

BATS and SVATS are physically-based representations of land surface-
atmosphere interactions, and are more realistic than the simple representations that
appear in many atmospheric models. Recent studies (e.g. Chen et al., 1996) using ficld
data have demonstrated that models which adopt this dctailed soil-vegetation
representation result in more realistic predictions of evaporation rates than those which
adopt eqn. (2.2). In contrast with this simple approach, SVATS and BATS demand the
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definition of a large number of parameters which may bc sometimes difficult to
determine. One way to overcome this is by calibration analysis using detailed
micrometeorological data. Efforts have been made in observational land-atmosphere
studies to provide the data required for the tuning of BATS and SVATS and, at the same
time, understand how these models might in due course be calibrated for heterogeneous
land surfaces (International Geosphere-Biosphere Programme, IGBP,1990). Most studies

presented in the literature use data from these detailed studies (HAPEX, ARME and
ABRACQOS, discussed in section 1.2). These studies, however, are demanding and not

practical to repeat everywhere. It is hoped that remotely sensed measurements made with

satellite-mounted systems will ease the problem, allowing general calibration of BATS
and SVATS.

2.2.2 - Limitations in BATS and SVATS modelling Schemes

BATS and SVATS have an essentially one-dimensional nature, representing area-
average fluxes as vertical interchanges between stores (Shuttleworth, 1991). They do not
contain any representation of spatial variability and generally allow for only one type of
vegetation and soil. In moving to a larger scale, the size of the stores and the equations
describing the exchange between them are likely to lose the local physical and
physiological relevance they have at the plot or patch scale. For example, representation
of the area-average amount of water stored on the leaves of the plants must recognise that
convective rain does not fall uniformly over a large area. Thus, the need to "tune” the

value of parameters to area-average values to allow for the representation of land-surface
heterogeneity is implicit in the application of SVATS and BATS to larger areas.

Arain et al. (1996) carried out BATS simulations using the FIFE (First
International Satellite Land Surface Climatology Project Field Experiment; Sellers et al.,
1992) data set. They tested rules for defining the aggregate value of the parameters
required to specify surface interactions by application to heterogeneous mixtures of
vegetation types. Thus, BATS aggregated responses of individual soil patches within the
grid (for sensible and latent heat, and soil heat profiles) were compared to the response
using average parameters for the grid and, in most cascs, results showed good agrecment.
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It was pointed out that extra work is needed to estimate spatial contrast thresholds.
Aggregation rules for surface resistance remained untested.

The main assumption implicit in the direct application of BATS and SVATS at
larger scales is that the understanding of the micro scale elements and processes of the
hydrological cycle can, with minor modifications, be extrapolated to larger scales.
Although these models have a good physical representation at the plot scale, and it 1s
sensible to examine the micro scale hydrological processes in order to justify the
predictions which will eventually be made for larger scales, the micro scale does not
require the expression of feedback, spatial variability and other spatial integrational

features that need to be included when moving towards larger scales (Dooge, 1986 and
Becker and Nemec, 1987).

SVATS and BATS contain a limited procedure to represent runoff, and
unsatisfactory runoff simulations have been reported in the literature (e.g. Thomas,

1990). Small and meso-scale variations in land characteristics can play an important role
In runoft generation. Avissar (1992) performed numerical experiments showing that
water availability for evapotranspiration plays a major role in land-atmosphere
interactions. Taking, for example, a hillslope; the foot of the slope would be expected to
be wetter than its top. Avissar also reported that differences in surface temperatures can
be observed on hillslopes according to their aspect (i.e. spatial orientation, facing North
or South). Such heterogeneity can generate strong circulations, which have an impact on
the overlying atmospheric layers. It is also reported (Chen et al., 1996) that, in the FIFE
expeniment, areas with soil moisture contents equivalent to that at wilting point and

others much wetter could both be observed within areas equivalent to the grid squares of
atmospheric models.

Compared with evapotranspiration, runoff generation develops over different time
scales. The absence of a realistic procedure which takes into account the dynamics of the

process In many regions can lead to large errors in calculating evapotranspiration

(Kuchment, 1992). Moreover, BATS and SVATS do not contain a full procedure to
account for lateral flow. Modelling lateral groundwater and surface flow is relevant to

land-surface/atmosphere interaction because inter-grid transfers can alter the availability
of water for evapotranspiration.
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At large spatial scales groundwater generally becomes an incrcasingly important
component of hydrological fluxes, as more permeable soil material and regions of
recharge and discharge from subsurface systems are more likely to occur. Although
groundwater flows have low velocities they contain large volumes of water. In the
Amazon Basin, for example, baseflow accounts for 75%-95% of total discharge.
Determining inputs to the groundwater system requires knowledge of spatial and

temporal variations of surface fluxes and the behaviour of water in the unsaturated zone
beneath, which will both influence recharge rates. The soil unsaturated zone is

represented in BATS and SVATS, and improvements in recharge estimates are thus
interlinked with improving the model itself.

BATS and SVATS models have added new capabilities to large scale
hydrological modelling. They have improved the realism of calculated surface
energy/water fluxes and hence the representation of surface climate (as required in
studies of future climate change). BATS and SVATS, however, overlook spatial
heterogeneity and do not represent lateral transfers. Therefore the grid-average
evaporation rate may be over- or under-estimated. This may also lead to
misrepresentation of soil moisture content, which directly influences runoff modelling.
Considering feedback effects, this would ultimately lead to unrealistic energy partitioning
and incorrect evaporation rates. These factors, combined with the number of parameters
required by SVATS and BATS, are problems that need to be addressed in order to
improve modelling of land-surface processes at larger scales (see e.g. Moore et al., 1991).

The representation of heterogeneity may be enhanced by increasing the overall
model resolution and the use of three-dimensional physical differential equations.
However, apart from the numerical problems of solving such a complex system, the
computer power required would currently be unrealistically expensive. A possible way of
simplifying the problem would be to look for patterns and similarities in the spatial
organisation within the domain in which the relevant phenomena take place. The concept
of pattern is interrelated with scale, as the description of pattern involves the description
of variation and the quantification of variation involves the determination of scales
(Levin, 1992). Once patterns are detected and described, the determinants of the pattern,
and the mechanisms that generate and maintain those patterns can be found.
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2.3 - The Scale Issue
2.3.1 - Overview

Land-surface modelling comprises a range of processes that occur over a broad

scale spectrum of several orders of magnitude for both space and time. How to represent
and couple these processes is central to the development of realistic Macroscale
Hydrological Models (MHMs). Mathematical relationships that describe a physical
phenomenon are mostly scale dependent, in fact different relationships arise at different
spatial-time scales (Dooge, 1986).

The land-atmosphere processes residence times cover a wide range of different
temporal scales that can vary from less than one hour to months, years and decades.

Scales are either intrinsic to the system or imposed by our way of looking at it.
Length scales are imposed by physical characteristics of components of the interface, e.g.
leaf dimensions, vegetation height, topographic features; by the length of external forcing
variables, e.g. precipitation cells; by the observation process; by dynamic processes that

create boundary layers and other features of various dimensions and even by
computational factors.

Ideally, processes should be observed at the same scale as they occur and, based
on these observations, one could develop a theory pertinent to that scale. However, this 1s
not always possible and most observations are point-based. One major reason for this 1s
that observational devices cannot be constructed to operate at any arbitrary scale of
Interest. Apart from this, hydrological processes are generally simultaneously operative at
a range of scales. The understanding of scale interactions would allow the application of
information known for one scale in the analysis of processes at another scale.
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2.3.2 - Current Approaches to the Scale Problem

Scale issues have been discussed in current research considering intermediate
sub-scales to cover the gap from the plot- to the large-scale. Kuhnel et al. (1991) used
elements of partial analysis in the issue of scales associated with soil watcr modelling.
They described five sub-scales which are associated with the principle variables and
parameters represented in the formulation of such models (Table 2.1). The particle scale
comprises the region in which the physical laws based on viscosity and surface tension
can be applied. At the pendon scale, a one-dimensional form of Darcy's Law is assumed
to operate without accounting for spatial variability; differing from the field scale at
which there is variability of local parameters. At the basin scale the model formulation
depends both on the morphology of the basin and the interaction between the different
modules (for example slopes, channels and aquifers). At the biome scale the equilibrium

depends on the representation of the vegetation and the physical processes associated
with it.

Table 2.1 - Scales in soil moisture accounting, after Kuhnel et al. (1991)

Scale Variables Parameters
Particle 0, vy, K a, o, U
(1073 - 1076 m) shape, packing, size
Pendon tp, St), K(0), D(0),
(1072 m) td, e(t) void ratio
Field A1), e(t) S, fult
(102 m)
Basin fo(a), ep(a) S(a), fun(a)
(104 m)
Biome E(t) climate, soil,
106 m vegetation

Key for Table 2.1: 0, moisture content, y, matric potential, K, hydraulic conductivity, a, surface area of
the particle, ©, the surface tension of water, |, viscosity, tp, time to surface ponding, ta, time for surface

desaturation, e, evaporation rate, D, hydraulic diffusivity, f, infiltration rate; S, effective sorptivity, fult ,
ultimate mean infiltration rate.
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The problem of scale is often approached in mathematical modcls by a simplistic
approach that tends to generalise relationships that werc established for a small plot to
larger areas, like in the case of SVATS and BATS. However, understanding the
interactions among scales poses one of the most challenging problems in hydrology (e.g.
Bloschl and Sivapalan, 1995; Milly, 1991).

Natural catchments generally exhibit a high degree of spatial variability both 1n
space and time. The problem lies in determining to what extent spatial variability affects
the intrinsic phenomena and how it should be represented at cach scale, particularly
when computing power will be limiting for a fully three-dimensional approach. The
atmospheric response to the variability of land-surface characteristics may be small as

long as the land surface features have high spatial frequencies. However, this 1s seldom
verified.

Hydrological processes occur at a range of different length and time scales.
Runoff generation by infiltration excess is characterised by a very fast response and 1s a
'point phenomena’, whereas subsurface stormflow is generally much slower and, as with
saturation excess, is an integrating process requiring a certain catchment arca to operate.
Characteristic rainfall-runoff relationships are therefore generated at the catchment,
hillslope and point -scale, and this needs to be incorporated in MHMs (Macroscale
Hydrologic Models). In contrast, atmospheric processes operate on a larger scale and
represent the forcing mechanisms driving the hydrological cycle. Therefore, to build up
and operate a realistic MHM, it is necessary to consider transferring and linking
information across scales. Conceptually, the problem could be described as:

up

r(s, w,i)dﬁn R(S,£2,1), which may imply scaling
up up up

Sdf):’)n S, wdm 2 or/and idﬁn /
where,
r(s,o,1) - small-scale hydrological response of some hypothetical process;
S - state variable associated to the formulation of r;
© - model's set of parameters;
i - set of input variables; and,

R(S,Q,I) -large scale description
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Scaling is associated with linking and transferring information across scales, and
can be performed using either a stochastic or a deterministic modelling scheme. The
stochastic approach allows the distribution function to be derived more readily but
deterministic methods have greater potential to capturc physical elements of the
catchment. Figure 2.3 illustrates a procedure of linking responses across scales described
in Bloschl and Sivapalan (1995). In practice, linking procedures may not be meaningful

for all variables, as some may lose their meaning from one scale to another, c.g.
hydraulic conductivity.

Linking conceptualisations across scales can follow either a downward or an
upward route. The downward approach involves finding a theory or concept dircctly at
the level of interest and then searching for the steps that could have led to it from a lower
level. In the case of parameters, for example, it implies that if a determined parameter set
i1s able to represent certain catchment behaviour, it is in some way related to the local
physical characteristics (Beven, 1995). Downscaling involves disaggregating and singling
out. Conversely the upward approach involves combining, by mathematical synthests,
information or theories that operate at a lower scale level into theories for predicting the
associated process at an upper scale. Upscaling comprises two phases. The first step
involves distributing 'point-based’ measured information, and the second, consists of
aggregating the spatial distribution response into one single value. The scale extent
through which a concept can be inferred is more limited in the downscaling procedure.

T Bt Tl

down valie
distributing . singling out
up

ang
¢ ndfl(mg | sMa r.c le
values

aggregating - disaggregating

one
(spacial or temporal) average value larg\?a ljzeale

Figure 2.3 - Linkages across scales, after Bloschl
and Sivapalan (1995)

24



2.3.3 - Aggregation Procedures

Different methods exist for aggregating systems. King (1991) analysed four
different approaches for scaling up in ecosystems, which may be useful in hydrological
problems. These are lumping, direct extrapolation, extrapolation by the expected value
and explicit integration.

Lumping 1s one of the simplest methods for scaling up and the requirements for
this approach are easily met. One only needs to estimate model arguments averaged
across the landscape. This approach, however, relies on assumptions that should be
carefully considered. Lumping assumes that the system properties reflected in the model
structure (mathematical formulation) do not change with scale. This is equivalent to
assuming that on average the system behaves the same on both the large and small scale.
This assumption only holds if the underlying system is linear. Many hydrological
processes are non-linear and the accompanying aggregation error can be considerable.
However, when the assumption of linearity or the associated errors are acceptable,

lumping can be a useful approximation tool. Many conceptual hydrological models
employ a lumped approach.

Direct extrapolation assumes that the landscape can be sub-divided into
homogeneous sub-elements that are supposed to behave in the same way. The local
small-scale model is applied to each element for which the model is appropriate and the
scaled-up vanables are given by the combination of these individual simulations, which
for the case of non-interacting eclements, is the simple summation. This method is

probably the most commonly applied in estimating the larger scale response of a
heterogeneous region (e.g. SHE model, Abbott et al., 1986a,b; Bathurst, 1986a,b). Direct
extrapolation may be of limited use when the local model is a large system of differential
equations with time consuming numerical solutions and the landscape involves a large
number of elements. Another restriction associated <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>