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Environmental and water issues are essentially complex interdisciplinary problems. Multiple models from different disciplines
are usually integrated to solve those problems. Integrated modeling environment is an effective technical approach to model
integration. Although a number of modeling environments worldwide are available, they cannot meet current challenges faced.
Their old-fashion designs and original development purposes constrain their possible applications to the domain of hydrologic
or land surface modeling. One of the challenges is that we intend to link knowledge database or ontology system to the model-
ing environment in order to make the modeling support more intelligent and powerful. In this paper, we designed and imple-
mented an integrated modeling environment (HIME) for hydrological and land surface modeling purpose in a much extendable,
efficient and easy use manner. With such design, a physical process was implemented as a module, or component. A new
model can be generated in an intuitive way by linking module icons together and establishing their relationships. Following an
introduction to the overall architecture, the designs for module linkage and data transfer between modules are described in de-
tails. Using XML based meta-information, modules in either source codes or binary form can be utilized by the environment.
As a demonstration, with the help of HIME, we replaced the evaporation module of TOPMODEL with the evapotranspiration
module from the Noah land surface model which explicitly accounts for vegetation transpiration. This example showed the ef-

fectiveness and efficiency of the modeling environment on model integration.
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1 Introduction

Environmental and water problems are naturally complex
with multiple disciplines involved [1, 2]. In the past several
decades, many hydrological, ecological and land surface
models have been developed to address those problems. The
adaption is not easy since those models were developed for
specific test catchments, scales and problems. For example,
hydrological models are typically built to address isolated
parts of the overall water circle while other parts are simpli-
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fied. The models are challenged when a transfer to other
catchments or other problems is considered [3]. Two ap-
proaches are adapted to meet this challenge. The first ap-
proach is to develop a “big model”, by which more func-
tional modules are added to the existing models to enhance
overall simulation performance. The other is the “integra-
tion” approach, which is based on the consensus that models
have their own advantages in terms of simulation capability.
By bringing together models from multiple disciplines, an
integrated model can be developed to address complex en-
vironmental and water problems [4]. In recent years, model
integration gets extensive attentions worldwide. To name a
few, Oxley et al. developed an interactive decision-support
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system by integrating 10 physical, economic, and social
models addressing land degradation in the Mediterranean
[5]. Twarakavi et al. linked a one-dimensional unsaturated
flow model Hydrus and a groundwater model MODFLOW
to offer better groundwater simulation capability [6]. Zhang
and Xia coupled hydrological and ecological process to im-
plement sustainable water resources management in the
Hanjiang Basin [7]. In response to the increasingly severe
ecological and water resources crises in the Heihe River
Basin (HRB), China, Li et al. proposed an integrated model
to fully couple hydrologic, soil, ecological and social as-
pects in the basin [8].

As models were developed separately, they vary with
data and parametric requirements, temporal and spatial
scales, data format, and running environment. Model inte-
gration, especially across multiple disciplines, is much
challenged because both disciplinary expertise and numer-
ous technical work are also involved, for example software
design and development. Integrated modeling environment
(IME) provides a technical approach to rapid creation of a
new model or comparison of models [9]. In the past 30
years much attention has been paid to IME, it is neverthe-
less on a prototypical stage. However, some recent efforts
go to IME and its applications to climatology, oceanology,
hydrology and water resources. Among them, some exam-
ples are the Earth System Modeling Framework (ESMF)
[10] supported by NASA of US and the Grid ENabled Inte-
grated Earth system modelling (GENIE) framework [11, 12]
supported by the e-science programme of UK. In China,
Feng et al. [13] developed a prototypical IME for the HRB
on which modularized Xinanjiang model and TOPMODEL
were implemented. Liu et al. [14] reported a similar modu-
larized system called HIMS, which has encompassed a set
of function units representing major processes in the water
circle and were tested in the Yellow River basin and the
Australian dataset. It is also reported that groups from the
Chinese University of Hong Kong and the Nanjing Normal
University are working on the development of virtual geo-
graphic environment, essentially similar to IME [15]. Li et
al. [16] decomposed the model integration schema into two
parts, namely the knowledge part and technical part, con-

Table 1 Summary of three types of modeling systems
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cluded from the advances in the HRB, where IME is con-
sidered as a key technical means to model integration.

There are three types of IME based on their design phi-
losophy and application. The first type of IME operates
model decomposition, assembling, running and analysis
within a single framework, generally with a good user in-
terface. The second offers libraries and classes to help
model integration. Users develop their new models based on
those libraries. The second type often pursues high compu-
tational performance. The third type, also known as model
kit, is a software simply holding several other models pro-
viding a uniform access interface and helper functions.
Model link or model integration is rarely supported. Ad-
vantages and weaknesses of the three types are summarized
in Table 1.

IMEs were developed purposefully. For example, aware
that many ecological and economic models were pro-
grammed with General Algebraic Modeling System
(GAMS), the Spatial Modeling Environment includes func-
tions to de-compose GAMS codes [21]. Modular Modeling
System (MMS) was built primarily for hydrological mod-
eling purpose, with limited support to the distributed hy-
drological model [18]. Java based Object Modeling System
(OMS) is inadequate in the case of computationally inten-
sive tasks [19]. It is hard to extend the functionalities of the
existing IMEs. For example, it would need many efforts or
even it is impossible to integrate a knowledge base to those
IMEs to support intelligent modeling because the two
should be coupled in a very kernel level. Aware of those
issues, the Land Surface Modeling Environment and Model
Integration programme initiated by the Chinese Academy
of Sciences aims to develop a new, yet highly efficient
modeling environment for the land surface modeling and
future intelligent modeling, which should be platform in-
dependent, easy to use as the first type, and extendable as
the second type.

In the following sections the new modeling environment
will be introduced by highlighting the adopted architecture
and key techniques employed. An application of this devel-
oped IME will be presented to demonstrate modeling advan-
tages with IME.

Advantage Weakness Typical work
Fitst type, 1. good user interface, easy to use and learn 1. not easy for second development, limited open APIs 1. MMS [17, 18]
framework type 2. various models and functional modules 2. hard to be reused, developed for specific OS 2. OMS [19]
provided to facilitate model creation 3. low computational efficiency 3. Tarsier [20]
4. limited analysis functions 4. SME [21]
Second type, 1. flexible for development 1. long learning curve, high requirement to compute 1. OpenMI [22]
shared library type 2. high computation efficiency, good for skills and model knowledge 2. ESMF [10]
Earth system modeling 2. no or simple user interface, hard to use
3. shared on the library level, easy migra-
tion to other systems
Third type, 1. easy to use, uniform user interface 1. few or limited model linkage support 1. WMS [23]
model kit type 2. rich analysis functions, GIS incorporated 2. few or limited APIs opened for development
3. not real modeling environment
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2 Overall design

IME helps professional modelers create new models easily
and rapidly with the support of its software platform which
aims to satisfy the needs of integrating complex scientific
models. Meanwhile, component based modeling system is
also able to evaluate models with the same input of data sets.
According to Argent [9], an integrated modeling environ-
ment features the following functions: (a) inclusion of a set
of modules that represent various physical processes, (b)
capability of organizing and managing both modules and
models, (c) support of creating a new model by integrating
functional modules of interest, (d) assistance to model exe-
cution with parameters and data provided, and (e) analysis
support for the simulations by coupling knowledge and
documentation systems into a single environment. Figure 1
shows the overall technical architecture of the integrated
modeling environment for the land surface research in the
HRB (hereafter referred as HIME).

Component libraries in HIME reside locally or across
network, including a set of modules. A module, also re-
ferred as component in the software sense, is a computa-
tional logic unit that generally corresponds to a physical
process in the model scope. Modules can be created from
hydrological, land surface and ecology models that are in
extensive use in scientific community. Module has different
granule size. An entire model can be encapsulated as a
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module in IME. The library organizes modules into catego-
ries. Detailed module description referred as model meta-
data is attached to each module, documenting source, tem-
poral and spatial scales, input and output requirements, etc.
Remote library over an arbitrary Internet node can be ac-
cessed by HIME through standard Web services.

Modules either local or remote will be linked and assem-
bled with the support of HIME. Besides the modules repre-
senting physical processes, another type of modules, called
control components, are responsible for handling the order
of module execution. They control the iterations over time
and spatial units. Assembled modules form a new model. It
is user’s task to specify the connections between modules
and to prepare parameters and driving data in order to run
the model. With the help of a rich module library, creation
of a new model and substitution of a function process in a
model become much easier.

HIME was designed to support the entire modeling
workflow that includes parametric sensitivity analysis, pa-
rameter calibration, model execution and validation. Note
that IME is a technical approach to make the integration
task quickly and easily, thus enabling modeler to focus on
questions behind the technical issues. Expertise is still re-
quired in the entire modeling process. HIME cannot fully
accomplish tasks without expertise input such as selection
of research objectives, adaption of appropriate modules with
proper temporal and spatial scales, ordering the module
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Figure 1 Major components of the developed HIME.
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execution flow and specifying the connections between them,
parametric manipulation, and model simulation and evalua-
tion. Incorporating expert knowledge system to an IME is an
important task of future development of IME [24].

3 Implementation

3.1 Module representation

Module in IME represents a physical process. A module
can represent a basic physical process such as evaporation,
or in a large granule size linking several smaller modules
in the library, or even an entire existing model. The model
is the final production of an IME whereas the module is a
computational logic unit in the process of modeling. Mod-
ules are created from the existing models or created from
scratch.

In technical sense, modules are implemented as compo-
nents after being encapsulated. As shown in Figure 2, phys-
ical processes X and Y, represented as two components, are
assembled together through control components to form a
model finally. There are three mandatory interfaces for each
component, namely the init() that initializes variables and
states in a module, the run() that executes the module, and
the finalise() that cleans up file handlers and frees memory
after the module finishes. It needs a small amount of tech-
nical work to create a module from an existing model. The
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work includes encapsulation of the existing codes in con-
formance with interface protocols, and definition of in/out
parameters as attributes. Once model source codes are
available, all we need is to create a class with meta-infor-
mation included, three interfaces implemented and in/out
attributes defined. Meta-information is descriptive informa-
tion for the module, which contains brief description of
module function, author, source, reference, state, version,
keyword and label, etc. Attribute defines the type, unit and
range of in/out parameters of the module. The compilation
from a class to a component that IME accepts is facilitated
with a reflection mechanism, which in our implementation
was implemented by the Q_CLASSINFO macro in Qt/C++
[25]. In the case that only binary model is available, HIME
interprets the module by enclosing an XML file in which
the corresponding functions in the binary library are speci-
fied that are used in the module. Figure 3 demonstrates this
approach. In this simple example, the binary library simple-
driver.dll comes from a compilation by gfortran compiler of
FORTRAN source codes of the Noah land surface model
(LSM). The NoahSFLX is the major function of Noah re-
sponsible for the computation of water and energy budget
independent of time scale. A simple XML file was written
to make this function open to HIME. In light of the varying
representations of shared library on different operating sys-
tems, presently only GNU compiled libraries are supported
by the XML interpretation method.
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Figure 2 Module integration diagram illustrating the processing of module assembling and data transfer scheme.
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<?xml version="1.0" encoding="UTF-8"?>
<library name="simpledriver.dll"

<module name="module sf noahlsm">
= <function name="NoahSFLX">
<argument name="ffrozp"
arrayBound=""
<argument name="ice"
arrayBound=""

<!== More auguments here =--=>
B </function>
i </module>
-</library>

description="" author="" bibliography="Natural" status=""
versionInfo="3.1" sourcelnfo="simpledriver v3.1" keywords="Noah" label="Noah">

intent="IN"
description="Fraction of precip which is frozen (0.0 - 1.0)."/>
intent="IN"
description="Flag for sea-ice (1) or land (0)."/>

<result name="" type="" ynit="" range="" arrayBound=""

type="double" unit="" range=n""

type="int" unit="" range=""

description=""/>

Figure 3 A simplified module configuration XML file with which the binary codes (here simpledriver.dll for the Noah model) can be directly reused as a

module of HIME.

3.2 Data transfer scheme

IMEs like Tarsier commonly adopt a uniform data model to
transfer data between modules [26]. Uniform data model
defines a common data structure for any possible data ex-
change. In order to exchange data with other module, a
module is required to convert data from its own specific
format to the uniform data model. In consideration of diver-
sity of data format that models may take, it is hard to really
implement a common data model. Instead, HIME employs a
data transfer strategy refined from OMS that data are ex-
changed via attributes at a variable level. It is superior be-
cause it prevents from constructing a much complex com-
mon data model. The data exchange at the variable level is
much simpler.

Attribute has a number of types: integer, double float,
array, string and file. Imagining the component as a com-
mon function, attributes are parameters to the function and
its return values (Figure 4). Variables inside the component
would not be open to outside. Each attribute has different
read/write type. In Figure 2, attribute A has the read type, B
the write type, and C read/write type.

In order to communicate between modules, module con-
nection should be defined. In the example in Figure 2, the
model is composed of two components, X and Y, repre-
senting corresponding physical processes. When the two
components are added to HIME, X and Y will report their
attributes to the control component at the upper level that is
the root node in the case of Figure 2. The root node there-
fore possesses attributes A, B, C and D from X and D, E
and F from Y. In the example, Y needs an input that is an
output of X. HIME can automatically connect attributes
between components if they have the same name and are of
the same type. Here attribute D from X and attribute D from
Y are connected to support data transfer from X to Y. The
human icon in Figure 2 indicates a manual connection. For
example, the output D of X can be delivered to the input E
of Y. However, the connection is only possible between
attributes of the same type.

The actual data exchange occurs on the upper level in-
stead of between modules directly. This assures model’s

Uniform data model

N

Sub-process X Sub-process Y

(@)

Controlling component

- - %
o
i [ 9 [m] L [T
SIIE] S AIEE
> > >
I
<ol |O
5155
> > >

Sub-process X
(b)

Figure 4 Uniform data model (a) vs. the much flexible attribute-based
data transfer scheme (b) adopted by HIME.

Sub-process Y

independency to each other. No care is needed for a module
to the input/output requirements of its connected partner. In
a complex case, the modules to be exchanged may be in
different locations. For example, a module A within a time
loop reads module B’s output which is located outside the
time loop. In this case, the component upper A owns not
only the attributes from inside the time loop, but also the
attributes replicated from the upper component of itself.
Such hierarchy guarantees a new added component being
able to share data with other component at any upper levels.

A network functional module has been designed to fa-
cilitate data transfer to modules on the network by a means
of Web service. Similar data transfer schema is enforced. It
differs from the local case in transfer through the network
instead of memory.

3.3 Process execution control

Reviewing the executions of processes in the present hy-
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drological and land surface models, they differ in the way
arranging temporal and spatial loops. Most models iterate
computation over space (possibly grid cells, hydrological
units or sub-basins) first and then loop over time. The con-
crete computation is conducted inside the time loop. How-
ever it is not the same for operating models that take oppo-
site arrangement of time and space loops. That is, operating
models usually take a “time first space second” manner. In
order to support both cases, IME has to separate the itera-
tion control from computation logics. Traditional IMEs do
not take care of this separation; they put iteration control
logics inside a module. This inhibits the module from ap-
plications where a different time and space discretization
schema is expected. This handling is basically correct as
many modules can only run with specific time and space
scales. However, those constraints, coming from the very
fundamental design of IME, may hinder the use of those
modules that their physical processes can be used inde-
pendent of any scale. In addition, it does not work for vari-
able time steps that may be found in some well-known
models. To address those questions, HIME has designed a
separated control component, which separates iteration lo-
gics from computational logics, to manage the execution
flow of modules. The scale constraints for a module are
implemented by meta-information attached with the model.
There are three control logics in HIME: (a) Subsequent
execution that components are executed one by one in order
displayed in HIME; (b) conditional execution that the com-
ponents would be executed only if the condition sets are met;
(c) iterative execution controlling the iterations over time
and over space. The current HIME version supports two
spatial discretization approaches, grid based and hydrologi-
cal response unit based.

3.4 Module linkage, reuse and platform issues

Modules are represented as icons in HIME. The connections
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between modules are represented as lines with arrows indi-
cating the message passing direction. To create a model,
simply drag module icons from library to the canvas and
specify connection settings. As there are many modules
within the local and remote libraries with similar or abso-
lutely different functions, user should be careful to select an
appropriate module by considering its functionality, scale,
data requirements and others. Module icons are organized
on the canvas. All user settings, including modules selected,
connection settings, initial inputs for the newly created
model, are stored in an XML based model configuration
file.

Figure 5 shows an exemplified model configuration file,
through which the modules representing state variable ini-
tialization, time loop control, state variable update, land
surface process computation and output respectively are
assembled into a complete Noah LSM. HIME will interpret
the model configuration file, locate configuration files for
individual modules, and finally generate a model project file,
with which the compiler is called for compiling it into an
executable model binary. The processes of interpretation
and model compilation are completed without the involve-
ment of users. After that, model can be run and evaluated on
provision of driving data and parameters required by the
model.

HIME supports module reuse at both source code and
binary levels. As we know, worldwide there are many ma-
ture hydrological and land surface models built upon ex-
plicit physical processes. They have been tested and applied
to many case studies. Since those models are complicated
and bear a lot of expertise and efforts behind, it becomes
important and necessary to reuse their functional imple-
mentations of physical processes. As described in Section
3.1, like other IMEs, HIME can reuse modules that come
with source codes with small technical efforts. Different
from most IMEs, HIME is able to reuse binary codes as

<?xml version="1.0" encoding="UTF-8"23
<LSMS>
<control type="base">

=

<component name="NoahParamsInit" source=",./noah/noahparamsinit/bin/libnoahparamsinit.a" underlaidobj=

underlaidobj="simpledriver" />
<component name="NoahSFLX" source="noahsflx.xml"

"simpledriver"/>
= <control type="loop" operator="glt;" leftComp= ipdate” leftAtcr=" " rightComp=
"HoahParamsInit" rightAttr="enddate">
<comp t name="HN Ip source=", . /noah/ ip Ip /bin/lib 1P pdate.a”

underlaidobj="simpledriver" />

< ion

<initialization c

- </LSMS>

< t name=" tp source=", . fnoah/ houtput/bin/lib h put.a" underlaidobj="simpledriver"”
/>
</control>
</control>
<connection componentA="NoahParamsInit" attributeA="" compc T " attributeB=""/>
<connection componenti="NoahParamsUpdate" attributeA="" componentB="NoahSFLX" attrib B=nn S
< ion I tA="NoahParamsInit" attributeA="" componentB="NoahSFLX" attributeB=""/>
<connection componentA=" LX" attri " np fjpdate” attributeB=""/>
<connection componentA="NoahParamsInit" attributeA="" compc ahOutp attril Bmrn />
<connection componentA="NoahParamsUpdate" attributeld="" compc B=" " attributeB=""/>

tA="NoahSFLX" attributeA="" componentB="NoahOutput" attributeB=""/>
ramsInit" attribute="forcing filename" value="bondville.dat" />
<initialization component="NoahParamsInit" attribute="imnit" wvalue="10" />

Figure 5 An XML based model configuration file for HIME demonstrating a disassembled Noah model.



Nan ZT, et al.

long as they are compliant to the GNU compilation protocol.

By this way, HIME reuses modules unaware of variations in
original program languages. The binary level reuse becomes
critical if some closed-source or proprietary models have to
be coupled. Additionally, HIME takes an XML manner to
configure model and modules which is similar to currently
popular modeling systems such as OMS and ESMF. It
comes to be possible to reuse modules from those IMEs by
establishing a crosswalk between XML elements.

Practices show that understanding the model and logics
between physical processes is most time consuming in the
entire process of model decomposition. In contrast to it,
technical work in general takes only 10%-20% of time.
Therefore, HIME suggests that close collaboration with
model experts can speed up the modeling process.

An open source language Qt/C++ was used in the devel-
opment of HIME and modules in order to challenge the fact
that modeling activities and applications may be carried out
on different operating systems. Qt is a cross-platform ap-
plication framework using ANSI C++. Qt based applica-
tions run on all major platforms such as Windows, Mac OS
X, Linux and Unix without modification of source codes.
Apart from HIME framework, helper applications in HIME
are built with Qt or other ANSI C++ third party libraries.
The GIS component is based on Qt-based QGIS" and the
canvas component manipulating module icons is based on
Qt-based QtiPlot”. Hydrological and land surface models
written with FORTRAN were integrated at the binary level.
All those efforts make HIME open-source, operating on a
variety of operating systems.

4 Evaluation and application

Two experiments have been designed to test the applicabil-
ity of HIME in model integration. Experiment 1 decom-
posed the original TOPMODEL [27] and created a modu-
larized version of TOPMODEL using HIME. Simulations
with the original and modularized versions were used to test
the functionality of HIME and the modularization process.
In experiment 2, we used HIME to substitute the evapora-
tion module of TOPMODEL with a counterpart evapotran-
spiration (ET) module of Noah [28]. The purpose is to test
the capability of module substitution and model creation in
HIME.

4.1 Study area and data

Datasets for experiment 1 come with the TMOD9701 ver-
sion of TOPMODEL. The study area is the Slapton Wood
catchment in UK. The area is around 1 km? 60% of which

1) http://www.qgis.org/, accessed on Mar 3, 2011
2) http://soft.proindependent.com/qtiplot.html, accessed on Mar 3, 2011
3) http://www2.jpl.nasa.gov/srtm/, accessed on Mar 3, 2011
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lies above 90 m above sea level. The resolution of digital
elevation model (DEM) is 20 m. Above 90 m, the terrain is
relatively flat (generally less than 5% in slope). The land is
well farmed, mainly as grassland and for cereal and root
crops. Below 90 m, the slopes are steeper up to 25%, cov-
ered mainly by grass and forest (accounting for 13.5% in
area). The primary soil is with clay-loam texture [29].

The upstream mountainous basin of the HRB was studied
in experiment 2. The area is 10018 km*>. DEM is from the
SRTM dataset in a 90-m resolution®. The topographic indi-
ces (TI) range from 27.73 to 3.34, with 33 increments and
an average of 7.47. The river distance is divided into 11
increments for routing with a maximum of 304.4 km. As the
increments for the TI and river distance are beyond the de-
fault range defined in the original TOPMODEL version,
modifications were made accordingly. It is worthy to note
that both TI and river distance are different from that de-
scribed in ref. [30]. It is possibly due to the use of a 1500-m
resolution DEM in the previous work [30], the coarser
resolution leading to inadequate description of the real ter-
rain. Eight raingauge stations, namely Qilian, Zamashike,
Yingluoxia, Binggou, Xindi, Sunan, Dayekou and Kangle,
were used. Evaporation data are from 6 stations, namely,
Qilian, Zamashike, Yingluoxia, Binggou, Xindi and Sunan.
The observed runoff data are from the Yingluoxia station,
which is the outlet of the study basin. The data unit is con-
verted to m h”'. The data period lasts 11 years, from January
1, 1990 to December 31, 2000, of which the year of 1990
was used for model warm-up, 1991-1997 for parameter
calibration and 1998-2000 for the model validation

4.2 Module substitution

The semi-distributed hydrological model, TOPMODEL,
was developed by Beven and Kirkby. Topography is quan-
tified in the model as topographic index to reflect spatial
variation of hydrological components. Quick response flow
is predicted from a storage/contributing area relationship
considering the force of gravity along slopes. TOPMODEL
plays a transitional role between the lumped model and the
fully distributed model [27]. As an excellent land surface
model, Noah has been extensively used to simulate the wa-
ter balance and energy flux between soil, vegetation, and
atmosphere. Noah is easy to be coupled with atmospheric
models to predict local or global responses to the environ-
mental and climatic scenarios [28]. In contrast with
TOPMODEL, Noah is superior in expressing the physi-
cally-based hydrological processes. Meanwhile, more pa-
rameters and driving data are required to run Noah.

In our experiments, TOPMODEL was divided into sev-
eral functional modules responsible for calculations of TI,
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vegetation interception, evaporation, runoff generation,
routing and others respectively (Figure 6). Noah was di-
vided into 7 modules. As shown in Figure 6, the module
substitution experiment can be made for the modules, i.e.,
ET, interception and runoff, as they have the same physical
meanings and in different implementation methods. Refer-
ring to the work of Chen [30], in experiment 2, the ET
module from Noah substitutes the counterpart evaporation
module of TOPMODEL for two purposes. The first purpose
is to demonstrate its capability of HIME as a tool for model
integration. The second is to investigate the effects of inte-
grating explicit transpiration in TOPMODEL.

TOPMODEL assumes the actual evaporation rate equal
to the potential evaporation in gravity driven zones. After
the gravity driven store is depleted, the actual evaporation
loss of the plant root zone at any location i in the catchment
is calculated by the following equation:

Emi=£%(1—SmJ/gmuJ) (1)

where S,,; is the root zone storage deficit at location i (m),
Simax.; 18 the maximum capacity of the root zone (m) that is
calculated with the field capacity and the wilting point of
soil moisture content, and E, is potential evaporation (m/h).

The Noah LSM calculates total evapotranspiration E as
follows:

E=E, +E+E +E, 2)

where Ey; is the direct evaporation from the top shallow soil
layer (W/m?), E, is transpiration via canopy and roots
(W/m?), E, is evaporation of precipitation intercepted by the
canopy (W/m?), and E snow sublimate (W/m?).
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where E, is the potential evaporation, o is the green vegeta-
tion fraction, @y, O,, O, are the field capacity, the wilting
point and the volumetric soil moisture of layer i respectively,
B. is a function of canopy resistance, W, is the intercepted
canopy water content (m), S is canopy interception capacity,
n takes 0.5 [31], and Dy, is snow depth (m).

Therefore, the substitution of evaporation module of
TOPMODEL with the ET module of Noah will introduce
three new parameters, green fraction o, canopy resistance
function B, and canopy interception capacity W, /S. The
calculation neglects the effect of snow sublimation E be-
cause currently we have no snow depth data in the study
area. The substituted modularized TOPMODEL in HIME
looks like that shown in Figure 7. In the figure, the module
Inputs reads in data such as precipitation, potential evapora-
tion, observed runoff and topographic index; the three loops
modules control the iterative computation over sub-basin,
time and topographic index; the module Initialize initializes
variables in the time loop such as flow flux, actual evapora-
tion, and total precipitation, etc.; the module Infiltration
excess calculates surface interception and soil infiltration;
the module Local storage deficit calculates storage deficit in
each TI range; the modules Root zone, Unsaturated zone,
and Saturated area, estimate flow flux in the root zone, un-
saturated and saturated zones respectively; the module

E =E( ) 0.-0, 3) NOAH ET is the exact evapotranspiration module from the
air = Uy 0,-0,’ Noah LSM; the module Cleanup cumulates variables be-
Te w .
tween TI ranges; the module Routing will route flow over
WY time steps; Balance calc calculates water balance for each
E =o; Ep B, 1—( S° J R “4) components; and Outputs is an output module.
After the modules are selected, we specify connection
& oy -
Thermal radiation Precipitation | |Evapotranspiration Precipitation
v \ |Interceptionnnmtration4-' T . !
s ekl
\ Y
Soil thermal/water N
processes R”"ﬂ
l .. Y
- .
s i
Noah LSM Percolation

TOPMODEL

Figure 6 Possible physical process substitution between the Noah LSM and the TOPMODEL hydrological model.
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Figure 7 Modular visualization of the TOPMODEL in HIME with re-
placement of the ET module from the Noah LSM.

settings between modules. For example, the NOAH ET
module needs an input of storage deficit from the module
Local storage deficit. After that, HIME compiles the model
settings and creates an executable binary. With that newly
created model, similar to the original TOPMODEL, we are
capable of calibrating parameters, running model and ana-
lyzing its outputs.

4.3 Parameter estimation

Most TOPMODEL parameters are basin-scale averages that
are impossible to be obtained directly. Simulated annealing
optimization [32, 33] is used to calibrate parameters. The
initial temperature is 1000 K and ends at 1 K. Adaptive
Gaussian function is used as generating function to predict
the 9 cases of temperature decreasing curves as described in
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ref. [33]. The maximum iteration number is 2000. The ob-
jective function is set to the Nash-Sutcliffe (NSE) function
[34]. Original TOPMODEL was firstly calibrated, and the
three additional parameters were calibrated, using
TOPMODEL calibrated parameters for the rest parameters
of the modified TOPMODEL. The calibrated parameters are
listed in Table 2. Among those, QO, defined as the initial
stream discharge, was not calibrated, taking the streamflow
of the Yingluoxia station at the beginning simulation time
(i.e., January 1, 1990). Note that parametric values listed in
Table 2 differ from those in ref. [30], as the authors of ref.
[30] estimated the parametric values for one year (2000)
and parameters were given on experience.

4.4 Simulation results

Using the Slapton Wood catchment data, experiment 1
shows the agreement of simulations using original
TOPMODEL and HIME-based modularized TOPMODEL.
This supports the desirable conclusion that HIME can work
correctly and the modularization is good for experiment 2.
In experiment 2, a new model was created by substituting
the evaporation module of TOPMODEL with the counter-
part evapotranspiration module of Noah, and a comparative
analysis was conducted for the simulations of original
TOPMODEL and modified TOPMODEL. Figure 8 shows
the observed and simulated runoff depths of the basin outlet
station, the Yingluoxia station. The upper panel displays the
simulations of calibration and validation periods by the
original TOPMODEL, while the bottom panel is simula-
tions by the modified TOPMODEL. The upper X axis indi-
cates the basin-scale average precipitation input. The NSE
coefficients are 0.521 and 0.558 for the calibration period as
shown in Figures 8(a) and 8(c), whereas those are 0.697 and
0.698 for the validation period in Figures 8(b) and 8(d).
Basically, both the original and the modified models can
represent the streamflow characteristics well. Although the
modified TOPMODEL performs slightly better, as evi-
denced with NSEs, in the period of calibration because the
three additional parameters have been optimized, those

Table 2 Parameters used in the original TOPMODEL and modified TOPMODEL

Parameter Definition Range Optimized
M exponential storage parameter (m) 0.0001-0.03 0.0005983
Ln(T)) logarithmic saturated effective conductivity Ln (m%h) 0.5-1.5 0.853

T4 unsaturated zone time delay per unit storage deficit (h) 0.001-50 0.8593
CHV main channel routing velocity (m/h) 500-9000 5500

RV internal subcatchment routing velocity (m/h) 500-5000 4500

Srmax the root zone available water capacity (m) 0.0-0.5 0.00012
Qo initial stream discharge (m/h) 0.000005
SRy initial value of root zone deficit (m) 0.0-0.5 0.001

o average vegetation coverage fraction 0.2-0.6 0.21918
B. canopy resistance function 0.2-0.8 0.22316
WS canopy interception capacity 0-0.95 0.12771




2154 Nan ZT, et al.

| Lk
04 | 196
: g
< f1.0
E
€ . £
= [ 5
S 02 | {1 3
5 ' ' 2
1::‘ o
o
W L A
0 b N, LV L W N L AL LN Sf},
0 500 1000 1500 2000 2500 3000
Day
10
10.5
= £
£ 110 E
£ £
E | s
s I S
S 02 | 1 B
5 ' 2
5 ! &
@ | |
l I - | 1
o ] ;
0 e@*kjgth}kwu '-m-hh_.a\’ - i".\-..Q}“E),
0 500 1000 1500 2000 2500 3000

Day

— - —Observation

Sci China Tech Sci

Simulation

August (2011) Vol.54 No.8

0.4
< €
E 1.0 £
E E
£ ' 5
_§ 02+ 1 E
= s
2 8
2 l,] &
! I
L kt‘k { ‘r' vg\u
ol Ol N )
0 200 400 600 800 1000 1200
Day
Iy _TI T F'w‘ll[ 0
! 105
€ €
E 11.0 E
E E
: i 5
@- 0.2} I _:E:
= a
& | L o
Iitat
il I )
) i bl
.h i i W I A
0 ket N J‘}_F:J ;L“"‘--___,_!_t' ;,\ v :\M_ (d)
0 200 400 600 800 1000 1200
Day
Precipitation

Figure 8 Simulations for calibration and validation periods with original TOPMODEL and modified TOPMODEL. (a) Original TOPMODEL in warm-
ing-up (January 1, 1990-December 31, 1990) and calibration (January 1, 1991- December 31, 19997) periods; (b) original TOPMODEL in validation period
(January 1, 1998-December 31, 2000); (c) modified TOPMODEL in warming-up and calibration periods; (d) modified TOPMODEL in validation period.

almost identical NSEs in the period of validation indicate
that the explicit consideration of the vegetation transpiration
does not improve the overall simulation performance of
TOPMODEL.

By comparing the hydrographs produced by the two
models, Figures 8(c) and 8(d) show the responses of
streamflow to vegetation. That mainly includes the decrease
of streamflow in the peaks and increase in the recession
periods. The modified TOPMODEL with an explicit tran-
spiration consideration shows better capacity to simulate the
hydrograph than the original TOPMODEL. Some similar
conclusions regarding the vegetation impacts on hydrograph
can be found in ref. [35]. This can be explained that tran-
spiration in TOPMODEL affects the calculation of total
evaporation, which in turn affects the water storage in the
basin, consequently changes the runoff generation and pro-
portions of overland flow and baseflow, and ultimately im-
pacts the hydrograph. However, both the models cannot
represent the runoffs in spring periods well. This is because
snowmelt in spring is the primary contribution to stream-
flow in the study area, but both models are absent in simu-
lating snow melting.

Experiment 2 fully demonstrates the HIME based model

integration process, starting from model decomposition,
assembling, to parameter calibration and simulation evalua-
tion. These results indicate that modeling environment
based model integration and integrated model are effective,
reliable and practical.

5 Conclusions

Modeling environment is an effective approach to integrate
models. It provides a technical platform, on which models
can be built with little effort. In addition, it can deal with
scientific problems about hydrology and land surface proc-
ess, which are complex and involving multiple disciplines.
Besides, it can meet the requirements of watershed and
region management. Even though a number of modeling
environments have been developed in various fields, they
are limited in extendibility due to technical design and spe-
cific focus of fields. For example, it is hard to implement
intelligent modeling environment by incorporating knowl-
edge system into modeling environment. In this study, we
designed and implemented a modeling environment for hy-
drology and land surface modeling. Learning lessons from
the exiting modeling environments, HIME we developed is
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featured by the following aspects: 1) modularized modeling
methods, by which integrated models can be built by con-
necting modules of physical processes through visualized
operations, for example dragging and dropping icons; 2)
flexible and efficient communication between modules
based on well-designed module control and data transfer
mechanism; 3) module reuse at source code and binary lev-
els through interpreting metadata (implemented with XML
file) so that third-party modules can be easily reused and
modeling environment supports multiple operating system;
4) open interface of modeling environment with emphases
on hydrology and land surface modeling that will be easy to
integrate knowledge system for intelligent modeling.

Two groups of experiments have been conducted with
our preliminary hydrological modeling environment. The
functions of module decomposing and module assembling
have been evaluated. By substituting the evapotranspiration
module of TOPMODEL with the one of Noah LSM, we
have found that the performance of TOPMODEL has not
been improved significantly with an evapotranspiration
formulation with consideration of the vegetation. However,
when the timing of baseflow has been adjusted, it makes a
better fit of streamflow in high-flow period and larger
streamflow in recession period. These results indicate that
modeling environment based model integration and inte-
grated model are effective, reliable and practical.

Currently, we are going to decompose more hydrological
and land surface models and integrate them into our model-
ing environment. In the HRB, we will focus on the im-
provement of the existing models in the simulation of snow
and frozen soil in the upper stream area, interaction between
groundwater and surface water, influences of irrigation ac-
tivities, and integrated land use in the middle stream area.
Considering the very heavy computation of scientific model
at high spatiotemporal resolutions, high-performance com-
putation support will be added to our modeling environment
step by step. On one hand, we will integrate OpenMPI par-
allel library framework level; on the other hand, we will add
parallel code at module level to implement parallel compu-
tation. In addition, cloud computation is also in the consid-
eration of future work.
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