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Abstract

There are at least two needs to be met by the current research efforts on large scale hydrological modelling. The
first is for practical conceptual land-surface hydrology schemes for use with existing operational climate and
weather forecasting models, to replace the overly simple schemes often used in such models. The second is for
models of large scale hydrology which are properly sensitive to changes in physical properties and inputs mea-
sured (or predicted) over a wide range of scales, from the point-scale upwards, yet are simple enough in struc-
ture to be coupled to climate and weather forecasting models. Such models of large scale hydrology are needed
for studying the environmental impact of pollution and changes in climate and land-use, especially the 1mpactk
on water resources. The UP system (name derived from Upscaled Physically-based) is an attempt to satisfy the
second need. It uses a physically-based approach and has a simple structure, yet incorporates sufficient informa-
tion on sub-grid behaviour to make it a useful tool for the study of environmental impacts over a wide range of
scales. The system uses a new approach to large scale modelling, giving physically~based predictions of hourly
flows, storages, saturated areas, etc., for regions covering hundreds of thousands of square kilometres. The basic -
component of the system is the UP element. This has seven water storage compartments (one each for the snow-
pack, vegetation canopy, surface water, root zone, unsaturated percolation, interflow and. groundwater) and
allows all the main processes of the terrestrial phase of the hydrological cycle to be represented. A region is
modelled as a collection of UP elements, linked by a river routing scheme. Each compartment represents a fixed
zone within the area covered by the UP element, and each is related to a phys:cal process such as groundwater
flow. Most of the parameterizations for the compartments are in the form of look-up tables, linking the outputs
from the compartments to state variables such as the current storage in the compartment. These parameteriza-
tions are, in the main, derived from results from physically-based, distributed models applied to the zones (e.g.
a groundwater compartment is parameterized using a groundwater model). For large regions modelled using
many UP elements, the UP parameters are regionalized using a classification scheme, thus reducing the overall
effort spent in parameterization. The development of the UP system ‘is a long-term project involving research
into physically-based parameterization of large scale hydrology models, including the effects of sub-~grid spatial
variations. The first stage involved developing a ‘blueprint’ for the UP elément, based on experience with physi-
cally-based, distributed river basin modelling and reviews of existing techniques and modelling approaches for
large scale and linked atmosphere-hydrology modelling. This paper describes the UP element and the concepts
and ideas behind the development of the UP system and, briefly, describes some of the research and develop-
ment work currently in progress on UP and its parameterization.

Introduction

There is worldwide concern about the way human
actions are altering global-scale environmental properties
and processes and research on the global environment
has been initiated in many countries and by many organ-
isations. In the UK, for example, the Natural Environ-
ment Research Council sponsored the Terrestrial
Initiative In Global Environmental Research (TIGER)
(NERC, 1993), which contributed to the development of

the UP system (the name derives from Upscaled
Physically-based), and a UK national strategy for global
environmental research’ has ‘been | published (IACGEC,
1996). One general goal of this strategy is ‘the better rep-
resentation and integration of processes occurring over a
wide range of spatial . . . and temporal . . . scales’, and
one named .concern is the availability and quality of
water. resources. «

The link between the atmosphere and terrestrial
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hydrology must be conSIdcre’d when assessing the impact
of glebal-change on-water resources and design concepts
for linked atmosphere-hydrology models at the macro-
scale have been discussed (e.g. Vorosmarty et al., 1993).
For atmospherlc modelling, the main requirement of a

linked ‘hydrology model is that it gives the correct bal- - .

ance between sensible and latent heat exchange between
the ground and atmosphere, so that the boundary fluxes
for the atmosphere model are correct. In contrast, for
hydrological modelling, the main interest is in the distri-
bution of surface and subsurface water storages and

flows. The UP system is desigried bothas a:standwalone - -~

hydrology model, giving distributions of surface and sub-

surface’ water storages and flows, and for linked “atmo- "~

sphere-hydrology modelling, for which it is being
coupled to the United Kingdom Meteorological Office’s

Unified (forecasting and climate) Model. The ‘emphdsis -

in the development of the system is on the link betweett
the point-scale and grid-scale, and the representation of
the physical processes known to be important in temper-
ate climates, such as soilwater storage and flow, ground-
water storage and ﬂow, interflow, surface runoff, canopy
storage transpuanon and c;vaporatlon

The development. of the UP system 1s a long—term
project (not.aimed at meeting immediate needs for
improved land-surface hydrelogy schemes for operational
climate ' and weather  ‘forecasting -models), involving
research into physically-based ‘parameterization  of - large
scale hydrology models, including the effects of sub-grid
spatial’ variations. 'The aim is to develop a large scale

modelhng system whnch 1s pmperly sensmve to changes‘ _

in physmal. p
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that: this, system. will be used te.study the environmental ..

impact:of pollution and changes in-climate and-land tm, s

especially the impact on water resources.

The first stage of work involved developmg a o
‘blueprint’ for the UP element, which lies at the heart of o
the UP system, starting from a consideration of existing

physically-based, distributed river basin models and

existing large scale and linked atmosphere-hydrology

models. This paper describes the UP element and the
concepts and ideas behind the development of the UP
system, and some of the research and development work
currently in progress on UP and its parameterlzatlon

Existing models, sub-grld I
variability and the physwally-based

approach '

In the early ‘days of numerical weather prediction

(Richardson, 1922) surface and subsurface water storage
and flow were seefi 4s important, and- detailed’ physically-
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les, from the _point scale e

ards, yet is, sim oy tructure, to be coupled: .
to climate, and; weather; forecasting, models, I, is intended.. .

based modelling was proposed. In current atmospheric
models, however, it is quite usual for the modelling of
hydrology to be trivial, with less than 1% of the model
run time spent on calculations of the hydrology. Recent -
reports on the representatlon of runoff and soil moisture

storage “in. thé land-surface sohemes ¢ of : ICYITENt; Opera-

tional GCMs (Polcher et al, 1996) show tha; some
progress has been made from the pr@ygﬁ@ t‘éﬁe’raﬁo‘n‘

schemes, in which the ‘Budyko bucket’ (Manabe ez al.,
1965) was ubiquitous. However, from a hydrologwal
point of view (and when considered alongside the very
detailed schemes: for, -say; radiation -exchange used in the
GCMs), the new representations of runoff and soil mois-

‘ture “storagé are still very basic. At the other exticine,

some of the newer land-surface schemes being deyeloped
for smaller-scale atmospheric modelling describe vertical
exchanges in ‘great detail, but neglect sub-grid:variations
in' storage and flow. ‘Schermes based on the derailed ‘ttiod-
elling of momentum, ‘heat and’‘moistuie’ trahsfér in “the
vegetation canopy, such as the BATS model’ of chkm-
son er al. (1986) and the 'SlB model of ASellers et al.
(1986), fall into this category.: ‘

In a large. scale hydrology model §13

important to

account for the effects of subngrid variability,in physical
parameters and. water starages, as.well as for the effects
of sub-grid lateral flows.. This. invelves.moving. up- in
scale (Fig. 1), in the sense that:some sub~grid informa-
tion is retained in"moving to:the gtid:scale. ‘Moving
down in scale’ can”also ‘be imipottant. For’ example, ‘the
analysis of the’ 1mpact of - an’ event modelled at tl‘re Targe

ismslesgmdelhng -%tem for lasge scéle' hydrelogy,.

~«iiln;the nomenclature. .of ‘Sivapalan.(1993), the . general

- problem.:in. accounting. for. sub~grid : variability involves

finding vector. G, ‘which' represents. grid-scale -hydrologi-

ln scai

moving down
in scale

Fig. 1. Simple illustrative. example. of . moving: up, and down . in
s¢ale. Maving up. in. scale, the fact that siy. sub-grid. plocks are sat-
umtevd”( indicated. by shadmg) might. be, represented at the grid scale
by the state variable S 1 taking the value 6. For movmg down in
scale, given that S; = 6 (this could be a s;muftmon result from:
grid-scale modellmg in which the sub-gnd blocles are not explzcztly'
represented), the ideal ‘involves knowing' fl'mt thz‘s Yalie” indicates
that an area equal to six Sub ~grid blocks is Sdiumted and’ bemg
able to determine the locations of the saturated Hlocks. '
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cal responses, so the output vector O at the grid-scale
can be found:
OX, T) = G{S(X, T):0X, T):I(X, T)} 1
~where X and T are the spatial coordinates and time,
respectively, and S, ©® and I are the vectors of state vari-

ables, parameters and inputs, respectively. The corre-
sponding equation at the point-scale is;

ofx, 1) = gls(x, 000k, iCx, 0} (2)

An . indirect approach to the problem of finding G
involves the concept of parameter scaling [i.e.
O(x,t)—O(X,T)]. This has been discussed at length in
the literature (e.g. King, 1991; Levin, 1992; Rastetter et
al., 1992; Chen et al, 1993; Sivapalan, 1993; Beven,
1995; Bloschl and Sivapalan, 1995; Wen and Goémez-
Hernandez, 1996). The main conclusion from this: dis-
cussion is that procedures for scaling parameters (i.e. to
get ‘effective’ parameters) are not. generally practical
unless the system is linear so that the scaled parameters
are simply weighted averages of the point-scale values. A
more direct and promising approach is to develop
(reduced) schemes based on:

O(T) = G{S(T):©(T)}; T=t 3)

o(x) = g{s(x):0(x):i}. *)

For example, if S has one component, the grid-scale
storage, and O has one component, the grid-scale runoff;,
Equation 3 is simply a storage-runoff equation. Two
types of such ‘schemes have been described in the litera-
ture., Schemes: of the first type are based on spatial- distri-
bution functions; such: as the. schemes -of Diimenil -and
Todini (1992) and Wood ez al.: (1992), both of which are
based on the Xinanjiang water balance model of Zhao
(1980), and the scheme used by Johnson er al (1993)
which is based en the probability distribution function
model of Entekhabi.and Eagleson (1989). For these
schemes, the grid-scale behaviour depends only on spa-
tial distribution functions of point-scale properties (the
point-scale soilwater. . storage capacity in the case of
Xinanjiang-based schemes), so information on-the spatial
patterns of the point-scale state variable s and point-scale
parameters O is not used in defining G. The runoff-
production part of the equation for G- in-Xinanjiang-
based schemes was. developed by Zhao (1980). It is an
empirical equation with two parameters and, in. opera-
tional land-surface schemes, these .parameters .are cali-
brated against measured storage-runoff -data; which
means that no information whatsoever on s and 0 are
used in defining G.

Schemes of the second type are typified by the patch
scheme of Beven (1995), which is based on the TOP-

MODEL approach of Beven and Kirkby (1979), which
does not need an equation to:- be specified for G; rather a
set of (O,S) vector pairs: can -be found and G represented
by charts or look-up-tables. The. scheme is based on
Darcy flow driven by: topographic gradients: defined from
a digital elevation :model .(DEM), and, - effectively,
involves - working - with sets of steady two-dimensional
(2D) flow fields, each field being consistent with a given
steady infiltration rate (and consistent with Darcy’s law,
the :DEM; and simple assumptions about the DEM-
pixel-scale soil hydraulic conductivity). One (O,S) pair is
determined from each field, by summing. the discharge,
saturated area, storage, etc., over-the pixels.

For TOPMODEL.-based schemes; it :is ‘usual for .the O
vector to have two components, discharge and: saturated
area, and for runoff production. to -be simulated as the
result of both water! discharge from:the subsurface and
direct runeff:.of rain falling:on the saturated area. For
schemes: of: this type, there is, implicitly, lateral interac-
tion- ‘within the sub-grid area and the patterns of both s
(storage) and O (slope and conductivity) are. used in
defining G. Sivapalan (1993) showed that the’ TOP-
MODEL-based approach can be used both to obtain G
and to distribute soil moisture in the sub-grid area [i.e.
to move down in scale from S(T) to s(x,t)].

TOPMODEL-~based schemes can be seen to have a
physical basis, since they use Darcy’s law and small-scale
hydraulic conductivities. In theory, models which are
parameterized using physical propertiés such as liydraulic
conductivity. are more suitable for studying the effect ‘of
changes in land use, climate, etc.; than conceptual mod-
els: parameterized by’ calibrating their output against field
observations. The consequences of measured. or expected
changes in physical properties can be mirrored by chang-
ing the parameters in the model;, and the impact of the
changes:.can ‘be assessed by running the model with its
old and then its new parameters. At the river-basin scale,
there has been nearly 30-years of development of a. dis~
tributed physically-based appreach to. modelling, starting
with the model ‘blueprint’ of Freeze and Harlan (1969).
One of the main modelling systems is the. Systéme
Hydrologique- Européen,. SHE . (Abbott - ¢z al., 1986ab).
This is a three-dimensional model,- based on finite-differ-
ence solutions of the. differential ‘equations <escribing the
surface and subsurface flows in a basin; and: the main
parameters are the point-scale. physical properties of the
vegetation, ground - suzface;: river; channels: and subsurface
porous media. It has been updated to allow for 3D vari-
ably-saturated subsurface flow, and extended to model
the transpert of sediment and solute (Ewen, 1995; Ewen
et al., in preparation). At larger scales, physically-based
modelling has not progressed as far as at the river-basin
scale, but outline concepts have been developed (e.g.
Vorosmarty ez al., 1993).

There has been much:debate over several years about
whether physically-based models are in practice more
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useful in hydrological modelling than conceptual models
(Abbott er al., 1986a; Beven, 1989; Bathurst and O’Con-
nell, 1992; Bloschl and Sivapalan, 1995; Grayson ez al.,
1992 and 1994; Loague, 1990; :Smith et al., 1994; and
O’Connell and Todini, 1996); ‘Recently a scientific
approach involving ‘blind” testing and uncertainty bounds
has been developed: to test some of the claims made for
physically-based. river -basin: models (Ewen and Parkin,
1996; Parkin et al., 1996). It is clearly far more difficult to
parameterize a-hydrelogical model in a way that is consis-
tent with both grid-scale storage and flow and point-scale
physical properties than it is simply to make: it :consistent
only with the grid-scale storage and flow. There is, ‘there-
fore, a more substantial cost in time and ‘effort‘in‘ search-
ing for and using ‘physically-based’ parameterizations
(such as are used in UP) than is necessary in calibrating a
Xinanjiang-based scheme, for example.

Physically-based,  distributed modelling  usually
requires extensive sets of data on the physical properties
of the catchment, sets which are often not readily avail-
able. This has led some to argue that data availability is a
fundamental limitation -on- physically-based, distributed
modelling, rendering it impractical. Others take the view
that physically-based, distributed modelling helds much
promise, has already achieved much success, and- should
continue to be investigated and tested thoroughly.

Design Requirements

The first stage in the design of the UP system is to draw

up a list of requirements to be met.

Requirement 1. The system should be physically based,
and sensitive to changes in sub-grid physical ‘proper-
ties.

Requirement 2. It must be possible within the system to
move both up and down in scale, to ensure the system
has a powerful capability for use in impact assessment.

Requirement 3. The approach used should be applicable at
all scales dbove the plot scale. It -is an -attractive idea
that there are matural scales in-hydrology, as: models
could thén readily be built ‘at- these scales. However,
the idea of natural scales'appears to have limited use-
fulness, especially. where' there- are systematic multi-
scale variations in geology and land cover. o

The river basin is a natural unit and is:an obvious
choice whenever mass balance calculations. - arg
involved. For flexibility, therefore, the UP system
should be applicable to regions discretised either by
division into sub-basins or into grid-squares. (The
terms grid and ‘grid=square will be used hereafter for
convenience.)

Requirement 4. As well as the processes usually considered
in hydrological seil-vegétation-atmosphere modelling,
groundwater flows and large scale flows of .surface
water should be represented. These can have very
significant effects on the water balance in an area, yet
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have ‘been almost entirely ' neglected in large scale
hydrological modelling.

Requirement 5. The timestep should be fixed at 1 hour.
This is short eénough for rainfall and flooding events to
be simulated in some detail.

Requirement 6. The  main purpose is to simulate the
behaviour- in all :ther‘grid-squares contained within the
modelled region, se- each:grid-square must have state
variables associated with it. The natural choice for the
main state variables are the storages of water in the
grid-square. The basic  building blocks for modelling
should therefore be input-storage-output conservation
compartments (Fig. 2). This building block was cho-
sen as it can be applied at any scale (it is equally use~

 ful for'a 10! cm cube of soil, for a5 km? river basin, or
2 50:kmx 50 'km % 100.m"*deep ‘block in' a continental-
scale model), and it also. reflécts the central importance
of mass conservation in the system. Since the basic
building blocks are conservation compartments, the
main coupling between the compartments will be via
inter-compartment transfers. of water.

Input —» Storage —— Output

Fig. 2 Schematic of an input-storage-onsput conservation cormpart-
ment. The rate of change of stovage is equal ro the rate of mput
minus thf: rate of output,

Input-‘-output transfer functions -are: widely ‘used in
hydrology '(e.g. see -Shaw,  1988);:-and  are:'a’ natural
choice ‘to describe some flows, such.as suffice -water
flow, so the use of transfer functions to parameterize
compartments -should-be allowed. For use'in the UP
system, an input-output transfer: function s simply a
list giving the output (e.g. depth of dischirge) during
the Ist, 2nd, 3rd, etc., hours after aninput of, sdy,
Imm of water. Using' the function;: ‘the output: for .a
given timeseries of input-depths: is ‘calculated using

" ‘superposition: for a- given hour, the output is:simply
+:ithe'sam - of the contributions te ‘eutput; associated with
-:the:inputs which: took place ‘during'the current and all
* previous hours: As: output:is calculated- directly: from
input, a:‘compartient’ paraveterized ‘using a transfer
function meed not: have: storage:as a state.variable; If
the storage must-be known for ‘another: purpose, how-
ever, it can readily be:calculated using mass-balance, as
the rate of change of: storage is simply the rate of
input minus the rate of output. '
Requirement 7. "To make it possible ‘to use ex1st1ng tech-
niques for physically-based, distributed modelling in
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" the parameterization of compartments, each compart-
ment in a grid-square should be associated with a fixed
zone within the grid-square, and be associated with a
named physical process, such as groundwater flow. (It
may be inevitable that there will be some overlap
between zones, which. has to be handled carefully to
ensure mass conservation.) With this approach, inter-
compartment transfers will: be associated with named
physical processes, such as groundwater recharge of
exfiltration to-the ground surface. :

Requirement 8. To ensure the - system: runs qmckly
enough to make linked atmosphere-hydrology . mod-
elling practical, each grid-square should be represented
by only a few compartments, and the state of .each
compartment should be described using only oneor-a
few state variables. This also makes calibration and
data assimilation practical, as would be required if UP

. were to be used in operational modelling.

Design

To meet the requirements above, the UP system com-
prises two parts: a fast-running simulation model and a
set of physically-based, distributed parameterization
models. The simulation model is the model of large scale
hydrology and it is this which is coupled to an atmo-
spheric model in linked atmosphere-hydrology modelling.
In the simulation model, each - grid-square is modelled as
a single UP element (Fig. 3), and each UP element has
seven water storage compartments: one each for the

PRECI PﬁAﬂON

snowpack, vegetation canopy, surface water, root zone,
unsaturated - percolation - zone, interflow zone, and
groundwater zone. :

The basic concept. behmd the parameterization of UP
elements is that for each compartment there is a physi-
cally-based, distributed parameterization model and: the
compartment is :patameterized using results produced by
running -the .parameterization model. In this ‘way, the
parametetization: of the compartment has a physical basis,
and is sensitive :to the point-scale property data used in
the parameterization model. ‘It “is-time consuming to
parameterize UP elements, so when' parameterizing UP
for a large region modelled using many grid-squares, it is
usual to Tregionalize some of the UP parameters. This
works ‘iin. the : following way. A small subset of the
region’s grid-squares is choesen, each member of the sub-
set- being representative of: a different type of area within
the modelled region, and the-UP elements for these are
parameterized using the parameterization models. Those
grid-squares not included in the ‘subset are then parame-
terized based on the parameterizations for the  grid-
squares in the subset, using a classification system,
within a GIS.

The seven compartments were chosen to represent
hydrologically distinct zones (as distinct, at least, as is
practical if the total number of compartments is limited
to seven). The choices made for the seven. zones should
appear natural to many with experience in hydrological
modelling, since they are often used in modelling, mainly
because they each have a clear,- distinct role in runoff

EVAPORATION

CANOPY

SNOW

SURFACE oI

INFLOW g >
> RUNOFF
GROUNDWATER - ;
- GROUNDWATER ' GROUNDWATER
INLOW > > " ourriow

Fig. 3 ‘Blueprint’ for an UP element, showing the seven compartments and the flows between them (I/F denotes interflow). The canopy
can have up to three vegetation types. There is canopy throughfall, but not canopy drainage. Evaporation 1s calculated using a Penman-
Monzeith approach. Drainage from interflow to groundmwater is not allowed. :
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generation and a different timescale for response. All the
flows between the compartments can be given recogniz-
able names, such as recharge from the percolation com-
partment. to: the groundwater compartment, - and 'the
exfiltration of groundwater to surface water. The direct
output from the groundwater compartment to runeff’ (at
the: top: right hand side of the groundwater compartment
in the UP ‘blueprint’) is direct groundwater discharge to
the main channel network. This main channel network
receives all the runoff from:all, the UP. elements, and
routes it out of the modelled: “Tegion: :using &: :scheme
based on Naden (1992), with network-width<functions o
account for the spatial distributién.and-dendritic:hatuge
of the main channel network. The groundwater: inflow
and outflow shown in the UP ‘blueprint’ are usually both
zero, and are non-zero only when there are very strong
regional flows of groundwater, requiring How between
grid-squares to be simulated. The surface inflow shown
in the ‘blueprint’ is zero except when there is major
flooding, in which: case the inflowing water is flood water
from the main channel. :

- The approach -taken .in ‘parameterizing UP elements is
an extension of the approaches discussed earlier. In gen-
eral, for each compartment, it can be represented by: -

= G{S(T):O{S(T):&(T)A(T)(T)}; T=t (5)
o(x, 1) = g{s(x, 1):B(x):i(x, 1)} (6)

o(T)

The main differences from the approaches discussed
earlier are that the vector of state variables, S, sometimes
has more than one component, and the parameterizations
can depend on non-steady states-at the point-scale: i.e. o,
s and i can be time dependent.

The aim in parameterizing the UP element compart-
ments is to relate the compartment outputs, “such as
groundwater exfiltration, to the compartment state vari-
ables, such as groundwater storage.-As well as the@om—
partment discharges, shown in Fig. 3 as arrows l’eaixing
compartments, there are two other.outputs: the saturated

areas associated with groundiwater and interflow exﬁltrﬁ’-;.

tion. Theseé dre Hutpits from the interflow and ground-
water compartments, byt are treated in the surface water
compartment as state variables, and used in the. calcula- .
tion of the direct runoff of rain falling on areas saturated -
by exfiltration. In a similar fashion, the state variables
simulated for one compartment can be used as state vari-
ables in another compartment. For example, as a result
of the influence of the phreatic surface level on the plan
area and depth of the percolation Zzone, the state of the
groundwater compartment can affect the state of the per-
colation compartment. The groundwater storage is there-
fore sometimes used as an additional state variable for
the percolation compartment, in which case the parame-
terization of the percolation compartment is based on
both the storage in the percolation compartment and the
storage in the groundwater compartment.
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The surface water, interflow and groundwater com-
partments are parameterized using parameterization mod-
els which :simulate  lateral -sub-grid flow on'a sub-grid
computational -mesh, often based on a: DEM (typically
with pixels-in the range 100 m~1 km in size). The other
compartments : are: parameterized using parameterization
models which simulate vertical flow on sub-grid patches.
The parameterization procedure is the same in all ‘cases,
however. The first step involves creating ;quasi-steady or
transient data sets by running the parameterization: mod-
els using forcing: data, often the'actual farcing data to be
used: in thies UPsimulation, sGtidi scale input-storage-out-
put:data;setsiabéthbn -created by sadding up: the inputs,
storages .and .outputs across : the sub-grid mesh or
patches.: The: next step invelves using the grid-scale data
to ‘create look-up- tables or input-output transfer func-
tions for the UP element compartment. For example, if
one of the grid-scale outputs is strongly related to grid-
scale storage, a look-up table would be created which
simply lists storage and output pairs [e.g. pairs such .ag
(30 mm, 0.213 mm hr™)] covering the full range of stor-
age likely to be met during:an UP simulation;: This table
would form: the ‘whole- (if there is only one output): or
part (if there is more than one output) of the parameteri-
zation for the UP element compartment, and would be
loaded into the ‘LJP system and -used in the UP simula-
tions. :

The governing equations for an. UP element are a;cou-
pled set of ordinary differential equations (ODEs). The
main equation for each compartment is usually the water
mass balance equation, which, as noted earlier, can be
applied even if the compattment is parameterized using
an input-output transfer function:

j Z Y0, )

where I; and O are, respectlvely, the ith.and jth compo-

_ nents of’ thq T and O vectors, and"M @t N, respectively,
. are the total numbers of water inputs and outputs to the

compirtm‘ent To ensure overall mass conservation,
where there is a flow between two compartments the cor-

_ responding output from the losing compartment and the
“corresponding input to the gaining compartment are set

equal.

~ To give an cxample of the use of Equation 7, if a
compartment has a s1ngl¢ m’put and a single output and
is parameterized using g storage-output look-up table,
the storage in the compartment woild: s'lm*p‘ly be-apdated
hour-by-hour by an amount equal to" ‘the difference
between the input and output, where the output is calcu-

lated from the storage using linear interpolation between

the data pairs in the look-up table.
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SIZE OF GRID-SQUARES

The length scales for the grid—squares will depend on the
application, but the bas1c scale is (nommally) 10 km.
This is large enough so substanttal regions can be mod-
elled, yet small enough so the representatlon of the sub-
grid distribution of ralnfall can be s1mple (usually
assumed umform at this scale) In practlce any grid size
can be used in a simulation, and the system has been
designed so that any geometry of grld’ can be used thus
making it is possible to model a region as a. collectlon of
contiguous sub-basms, as is often convenient in hydro-
logical, modelling. -

’i‘he idea that the basic scale of the UP system is 10
km is llttle more than a handy shorthand, to give an
indication of the typlcaI gnd scale ‘appropriate for the
system. In a similar manner, a grld scple of 50 km would
be appropriate if the UP system is to be run cou led to
a regional climate model. At this scale, an a,lgorlt um, i is
required for the sub-grid redistribution (dlsaggregatlon)
of the grid-average rainfall predicted by the chmate
model (the development of such an algorithm is not a
trivial task), but important sub-regions within the mod-
elled region can be modelled using a nested 10 km grid,
giving better spatial descriptions of the behaviour in the
sub-regions.

At the 10km scale and above, it is usual for the
direct, land-based interaction between the runoff condi-
tions at any two given points on a river system to be
very weak, so interaction between UP elements can usu-
ally be neglected in the main ‘channel Touting scheme
There is interaction, however, when a substantu}l flood
plain in one grid-square is flooded by river runoff from
upstream grid-squares, in which case the parameteriza-
tion of the UP element for the flooded grid-square must
take account of the flooding, and the routing scheme
must be modified. /

. . \
Parameterization models

To parameterize the surface flow compartment -for:a
range of saturation- and flow conditions, a set of grid-
scale transfer functions is created on a GIS. The transfer
functions are generated by. releasing packets -of -water
(separate packets, giving separate: transfer -functions, for
direct rainwater runoff, interflow exfiltration runoff and
groundwater - exfiltration runoff) and tracking -them
through the GIS. to find the time each packet takes: to
reach the main channel, which marks the hand-over
point for transferring sub-grid runoff to the main:chan-
nel routing scheme.

The interflow compartment is parameterized using a
method closely based on TOPMODEL. Some complica-
tions arise in handling the interaction between the
interflow compartment and the other compartments. For
example, both interflow and groundwater cause surface

saturation and runoff, so the interflow and groundwater
compartments must be treated in a consistent fashion.
The greatest problem in parameterizing the interflow
compartment, however, as yet unsolved, is to develop a
method for determining which part of the sub-grid area
is associated with interflow, as this affects the partition-
ing of the discharge from the root zone into the percola-
tion and interflow compartments,

- Analytical transfer, functions, and 2D Boussmesq and
3D, vanable—saturated ﬁmte—d;fference models have been
usqd o parameterize .the grgundwater compartment. The
main problem faced in modelling groundwater is lack of
data on the hydrogeological structure and physical prop-
erties of the porous media. Groundwater and geology
maps do exist_for. some areas, but even in ‘well mapped’
areas the information tends .to be sparse and approxi-
mate., Desthe this. problem, researah has been under-
taken  into, the, parameterization of ghe _groundwater
compartment to see what progress can. be made from a
physically-based starting point. ‘

One of the reasons for using a parameterization
method based on physically-based, distributed mod-
elling is that the parameterization models can be used
to move down in scale, for use in the assessment of
impact. To give an example of the use of such an
approach, in recent’ experiments the subsurface in a
small river basin was. modelled using a 3D physically-
based variably-saturated parameterization model, and
UpP compalztments were parameterized, for groundwater
flow, interflow . and unsaturated flow. During the
parameterization process, a set of 3D velocity fields was
derived from the results from the 3D model (run for
30 years, the longest time practlcal) This was done in
such a way that each field in the set was associated
with a different set of values for the UP state vari-
ables. A,two hundred and fifty year UP simulation was
then run for water storage and flow (in a few minutes
of computer processing time) and a time-series of . 3D
velpcn;y fields created by picking a series of fields from
the set, based on the simulated UP. state variables.
Thls timeseries of 3D velocity fields was then used in
impact studies involving the detailed study - of the long-
term transport of solute.

The percolation compartment is an example . of a com-
partment with no lateral sub-grid flow, parameterized
using a model of vertical flow. Where the water-table is
deep, there can be consnderable .storage .in._the unsatu-
rated region lying below the root zone, and the water
residence times in the zone can be quite long. In most
cases, the main direction for:flow: in: this :zone is verti-
cally down and, if the primary flow is matrix flow rather
than macropore flow, the point-scale behaviour can be
described by the: 1D Richards’ equation (Klute, 1952).
For conveniénce; this is presented here in a mixed form
in terms of both-moisture content, w, and matric poten-
tial, y: :
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W _9(cdv
=3 (K +K) ®)

where z is the elevation and K the unsaturated hydraulic
conductivity.

Before a numerical solution can’ bé found for Equatlon
8, the hydraulic property functions y(w,z) and K(w,z)
must be known, and initial and boundary - conditions
specified. In research into the development of a tech-
nique for parameterizing the percolation component of
UP elements, Pimentel da Silva (1997) used an implicit
finite-difference solution for Equation 8, a no-flow initial
condition, a fixed water-table elevation, and'a nme-vary—
ing infiltration ‘rate. She' fourid 'that ‘the butput '(i.¢. the
discharge to the water-tible) can, in general, iri Tayered
soils, be approximated by O(T)=a:S™®, where o and B
can readily be calibrated against” the numerical results,
and ST indicates the total storage in the zone at time
T-B (so B is a time delay). -

The parameterization procedure developed by Pimentel
da Silva (1997) involves approximating Equation 8 using a
linear advection-dispersion equation which has two param-
eters, and determining these two parameters directly (i.e.
using analytic techniques, not involving numerical simula-
tion) from y(w,z) and K(w,z). Since the approximate
equation is linear, the relationship between input and out-
put for the zone is given by a transfer function, and the
effects of the spatial distribution of the hydraulic property
functions and the depth to the water-table can be
accounted for by superposition of transfer functions. To
parameterize a grid-square, the grid-square is divided into
patches, a transfer function is created for each patch, and
superposition is used to obtain a single ‘transfer furction
for the grid-square, This single transfer function can be
used directly as the parameterization for the grid-square’s
percolation compartment. However, if a fast-running
scheme is required, the transfer function can be used to
calibrate grid-scale’ values for o and B, and the simple
delay function can then be used to parameterize the per-
colation compartment as an input-storage-output conser-
vation compartmént. In -grid-squares where the
water-table depth vaties greatly with time, mofe than one
(,B) pair can be used. For such 4 case, the storage in the
groundwater compartment is used as a second state vari-
able for the percolation compartment, and the choice of
which (o,f) pair to use at a given time is based on the
current value of this state variable.

Hysteresis and second state
variables

The aim in parameterizing an UP element compartment
is' to create .a - compartment model which behaves in a
way consistent with the physically-based, ‘distributed
parameterization model of that compartment. This means
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that the grid-scale input-storage-output data set created
using the parameterization model must be consistent
with the parameterizati'o'n model, and the main features
of that data set must be well represented in the look-up
tables or transfer functions Wthh are derived from it.
Many hydrologlcal systems exhrblt hysteres1s at all scales,
from the pomt scale upwards, and one challenge in
parameterlzatlon is to represent this hysteresis. At the
point scale, hysteresis in storage—ﬂow behaviour results
when the point-scale flow is not a s1ng1e4valued function
of point-scale storage. This in turn results in the grid-
scale storage not being adequate as a smgle state variable
controlllng grrd-scal,e dlscharge To give an example, Fig.
4 shows hysteres,ls in the storage—dlscharge curve of the
mﬁItrahon—pulse response for the top 50 cm (the root
zone) of a 1D vertical homogeneous unsaturated soil col-
umn. The infiltration rate is initially 1 mm hr™. It rises
to 9 mm hr™! and stays at this level until steady flow is
achieved, then falls back to 1 mm hr™'. The discharge in
this case is the loss of water through the base of the
zone. The hysteresis is associated solely with the dynam-
ics of the point-scale storage—drscharge relatlonshlps, so
should not be confused with capillary hysteresis (Jaynes,
1985) or the hysteretic effect assqciated with upscaling
heterogeneous fields of parameters ‘(Mantoglou and Gel-
har, 1987). A general parameterrzatlon involving a smgle
quasi-steady storage—dlscharge curve (and hence, one
state variable, namely, storage) can readily be created for
the zone, using an analytic solution for the steady distri-
bution of moisture content under steady infiltration.
Clearly, however, this will not be adequate to capture the
hysteretrc response of the zone.

“For S1mllar reasons, if a TOPMODEL-based approach
1s used to parameterlze a groundwater compartment feg.
usmg a characterlstlc shape of the water table to define
hydraulic gradients (see Quinn et al., 1991)] the parame-
terization will break down whenever the gradients in
groundwater potential are strongly time-dependent,
either between storms or between seasons of the year.
The need to model hysteres1s in groundwater ‘behaviour
can be seen in Fig. 5. This is a plot of instantaneous data
from a 3D groundwater model, run.for the parameteriza-
tion of a groundwater compartment. Each' data point on
the figure represents a storage-discharge pair; each giving
the total storage in the groundwater zone ‘and the. total
rate of discharge from the zone to-the ground surface
and surface waters (the totals were calculated from 3D
fields of moisture content and :flow.velogity).iIt..can be
seen -that the behaviour -of the. groundwater system: is
complex, and there is clear. evidence of -annual hysteresis
in the storage-discharge relationship.

It has been known for: a: long time that simple: storage-
discharge curves ‘are: mot: adequate . to represent the
responses ‘of hydrological systems, and a great deal of
effort has:been expended in:parameterizing, say, rainfall-
runoff models based.-on field data. (O’Connell, 1991).
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Fig. 4 At-a-point storage-discharge hysterests for a roat zone, calculated using the analytic 1D Richards’ equation solutton wf Srivastava

and Yeh (1991). The water table is at 2 m; the soil is homogem’om with-a mmmted hydraulic conductwn{y of Liem by

0,45, and the root zone is 50 ¢m thick.

There are at least two approaches to improving on single
storage-discharge . curves,  both involving the introduction
of further state variables. The first approach is partition-
ing, where the compartment is broken into two or more
sub-compartments, and the storage in each sub-compart-
ment is treated as an independent state variable. The sec-
ond approach (not commonly attempted).is to leave the
compartment unpartitioned and to introduce further. state
variables  which -apply to the compartment as:a.whole.

This second approach is being studied in research aimed

at improving the parameterizations of UP elements. =~

The usual way to represent’ hysteresis in. UP parame-
terizations is to use a two dimensional look-up table,
each value in the table corresponding to given values for
the first: and . second - state ' variables. This . -was - the
approach taken in successfully parameterizing a ground~
water compartment using the grid-scale storage-output
data in Fig.. 5. The second state: variable in this case was
time-of~year. Five values of storage and ten values of
time-of-year were used in the look-up table, so the table
size was five by ten.- To capture the effect of annual hys-
teresis, the table value for a given storage:is: higher for a
time-of-year falling during autumn, say, than for a time-
of-year: falling during summer.

and & porosity af

One new. type of state variable being studied, so far
with mixed success, is:age (i.e..a variable associated with
how long the water has: been in the compartment). A
governing . differential equation for the age. of the water
in any input-storage-output:compartment .can be written
down once assumptions have-been made about the mix-
ing behaviour of age, For: example, if it is. assumed that
age. mixes fully - within;.a: eompartment, a canservation
equatmn for the. produm of storage and age is:

L ASS)

=8y os 9
iT. 2 ®

where Sy is the _compartment storage, S; the age of the
W ater n'the- compartment and Oy thi€ total rate of output
f’rdfr'l fhe compartment Fcr conservation of mass, if the
total rafe of mput "of water is Iy, then dS;/ dT =1, -0

and’ Equatlon 9 can be rearranged to:

9% 78,1, /8 10
4T 1 /S, (10)
Three assumptions-are implicit in :Equations 9 and . 10.
First, all the-water entering the compartment. has zero
age; this has the consequence that I does not appear in
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Fig. 5 Grid-scale groundwater zone storage-discharge hysteresis for 3 years of groundwater flow in a 46 bm’ -river basin.

Equation 9. Second, the age of the water in the compart-
ment increases at a rate of -unity; hence the first' term on
the right Hand §ide-of equation 9, which is the term for
aging, is the product of the total storage and the rate of
aging. Third, the age of all outflowing water is Sy; hence
the second term on the right hand side of Equation 9,
which is the term representing losses of the product of
storage and age, is the product of the rate of loss of stor-
age, Oy, and the age of the lost material, S,.

Basically, the role of a second state variable like age is
to describe the effect of the spatial pattern of storage on
the rate of discharge, and thus toimprove the modelling
of hysteretic-and other types: of non-linear compartments.
Age is therefore; in some: respects; a surrogate for a vari=
able which: describes:the spatial: pattern in a direct man=~
ner, and .works in the-sense that old water: tends to ‘be
distributed in a more ‘equilibrium-like’ fashion than new
water. Age also allows the recent history of inputs to

affect the outputs strongly, without the use of transfer

functions, which are expensive in computer processing
time if the output resulting from a’ given input lasts for
- more than a few hours. _

For the few numerical experiments which have been
run to date, it has been found that inverse age (which
has been given the name youth) is often a good choice
for a second variable, In one experiment, a 1D phy81—
cally-based soil-vegetation-atmosphere model was used to
create a one-year, 4-hourly, input-sterage-output data set
for-a 50 cm root zone. The storage did not drop below
55 mm during the year, and all the calculations were per-
formed on adjusted storage, where the adjustment
involved subtracting 45 mm from actual storage.

The data set was divided inte-a 3200 hour calibration
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" storage then output . rate:

period and a 5560 hour validation period. Two calibra-
tions ‘wére performed. A look-up table was calibrated for
output (in mm per hour) against storage (in mm), giving
the following look-up table pairs, each pair in the order
+(40,-0.0128);.- (55,~0.0128);
(75,0.0808); (100,1.43); (135,23.5). Note, the first two
output rates are equal as a result of a restriction enfbrced
during the calibration procedure to ensure that output
increases monotonically with storage.

Fig. 6 shows thie storage-output data for the calibra-
tion ‘period. It can be seen that the output for a given
storage can: vary widely; between 0.2 and 0.9 mm hr™* at
a storage of 40- mm; for example.

- 'Fig.* 7 shows cumulative -input and. output, and - also
the cumulative output derived- using the look-up table to
calculate output from —storage. These curves are not
monotonic since the input includes: logses: by ‘evaporation
(the soil is bare) and the output includes gams by capil-
lary rise.

The second: calibration ‘was for youth versus ‘storage
(Fig. 8), giving storage = 9.965 + 3794 X 'youth. Youth is
inverse age so has the units of hr™'. For this calibration,
age is calculated using Equation 10; with the values for
Iy and Sy, for input -and  storage, respectively, taken
directly fromthe calibration data set. The initidl youth
was not galibrated, but calculated from the average input
and storage’ for the:calibration’ period. It can be' seen in
Fig. 8 that the calibrated equation based on youth gives a
good estimate’ of storage. The' quality of the estimate
improves ‘markedly -with time, and is:very good during
the second half of the calibration period. This improve-
ment is partly the result: of -the decay of the effect of the
initial condition through time, but more to do with there
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Fig. 6 Output-storage plot for the root zone for the calibration period in the youth experiment. (Storage is given as adjusted storage; adﬂl ‘

45 mm to get actual storage.)

béing more storms in the second half of the calibration
period, adding more youth to the compartment and
strengthening the link between input and output.

Two parameterizations were used to simulate the
dynamicﬁ of the storage over the validation period (Fig.
9). The first involved the use of the look-up table for
output, : ahd gave anir.m.s. error fit to storage of 5.34
mm. Fot the secondéfparameterlzatlon, the basic simula-
tion using:the look-u§ table is run exactly as it is for the
first pa;rametenzatlo})g aﬂd calculates exactly the sage
values for’ storage. %} eigh timestep, however, youth' is
updmed based o f-thts %rage§ using Equation 10. T,lle
predicted st "ge is thgri talcufﬁfted from youth umgg the
calibrated ¢“storage-youth: Qq;tiatlon Thm apprbal
although a little unorthodd, i$ sucees e i
the prediction of storage: the ¥.m.s. error is 3.38 mm,
which is substantially lower than for the first parameteri-
zation. The storages predicted using both parameteriza-
tions are shown in Fig. 9.

The ultimate aim ‘of the parameterization: of the-root
zone is the prediction of output. For the second parame-
terization, the output’is caloulated from the’ input and
the predicted storage, using mass balance. The r.m.s.
error in the predicted output for the validation period is

.. prises two parts. The first parf
f& large scale hydrology, Wth
5 tion of UP A 1

0.297 mm hr*, compared to 0.433 mm hr™

for the first
parameterization. o

Conclusions

There is a need for models of large scale hydrology
which can be coupled to climate and weather forecasting:
models, yet which contain sufficient information on isub-
grid scale behaviour to make them useful in studi¢s of
environmental impacts over a wide range of scales. The®
UP system is being developed 20 meet this need. It ¢om-
§s a fast-running model of
“ef pdels a region as a cdllepv-??

river mutmg scheme- which collects th@%ﬁﬁﬁfm the:
elements and routes it out of the modelled region
through the main channel network. The second part is a

~set- of - physically-based, - distributed models;- the results

from which are used.to parameterize the UP elements.
Each UP element has seven water storage compart-

ments. (one each -for:the snoewpack,. vegetation canopy,

surface - water, -.root’ .- zone,- .- unsaturated - percolation,
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Fig. 7 Cumulative input and outpur depths for the root zone during the calibration period in the youth experiment.
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Fig. 8 Storage in the root zone during the calibration period in the youth experiment. The light line is for the calibrated youth equation.
(Storage is given as adjusted storage; add 45 mm to get actual storage.
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Fig. 9 Storage in the root zone during the validation period in the youth experiment. Line I uses only the storage-output look-up table.
Line 2 uses the storage-output look-up table and youth. (Storage is given as adjusted storage; add 45 mm to get actual storage.)

interflow and groundwater), and allows all the main pro-

cesses of the terrestrial phase of the hydrological cycle to
be represented. Each compartment represents a fixed
zone within the area covered by the UP element; and
each is related to a physical process such as groundwater
flow. Most of the parameterizations for the compart-
ments are in the form of look-up tables, linking the out-
puts from the compartments to state variables such as
the current storage in the compartment. These parame-
terizations are, in the main, derived from results from
physically-based, distributed models applied to the zones
(e:g. a groundwater compartment is parameterized using

a groundwater model). For large regions modelled using .

many UP elements, the UP parameters are regionalized
using a classification scheme, thus reducing the overall
effort spent in parameterization. -
The development of the UP system is a long-term
project involving research into physically-based parame-
terization of large scale hydrology models, including the

effects of sub-grid - spatial  variations. The first stage

involved derelopihg a ‘blueprint’ for the UP element,
based on experience with physically-based, distributed
river basin modelling and reviews of existing techniques
and modelling approaches for large scale and linked

atmosphere-hydrology modelling. This paper describes
the. UP element and. the concepts and. ideas behind the
development of the UP system, and briefly describes
some of the research and development work currently in
progress on UP and its parameterization.
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