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a b s t r a c t 

Computer-based flow visualization, which is an important approach to examine both the dynamic flow 

process and to elucidate the laws of fluid movement, can greatly facilitate our understanding of the com- 

plicated hydrologic cycle and provide insights into regional water resources management. Nevertheless, 

at present, few software tools can efficiently perform different flow visualizations for watershed model- 

ing. In this study, a virtual watershed platform was developed and various implementation methods of 

flow visualization were assessed, such as scalar field visualization, vector field visualization, and visual 

water effects. In the platform, spatially distributed flow model results and georeferenced datasets are vi- 

sualized in a virtual 3D environment. End users can conveniently explore modeling results within that 

environment. Based on analysis of the varying requirements of the flow visualization methods applied 

to watershed simulation, overheads associated with a user-determined switch between different systems 

were reduced, and the level of comprehensive information management and analysis of large volumes of 

watershed data was improved. This study shows that application of the watershed platform can enhance 

flow visualization in the water resources research community, and makes related water modeling more 

practical in support of water resources management. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

In recent years, with the rapid growth of computing capacity, 

more and more mathematical models have been increasingly used 

in water resources research and watershed management. These 

models formed different watershed simulation tools. These tools 

can provide a spatially and temporally detailed description of the 

basin-scale hydrologic cycle and simulate a variety of flow vari- 

ables [1] . Watershed simulation requires a great amount of input 

data. Further, the models often produce gigabytes of output data 

that are both spatially distributed and temporally variant. There- 

fore, an integrated watershed simulation platform is not only a 

simulation tool but also a platform with data integration, simu- 

lation, data visualization and decision-making. In these platforms, 

efficient and informative graphic displays of the large amount of 

modeling data are very desirable to aid process interpretation and 

management decision-making. 
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Visualization technology takes advantage of computer graphics 

and image processing theory and methods to express laws and re- 

lationships hidden in vast amounts of data [2] . Therefore, render- 

ing watershed scenes and expressing simulation data in intuitive 

ways have become the most effective means by which a virtual 

watershed platform displays information to users. The technique 

of virtual globes has become popular in the field of environmen- 

tal and natural resources [3,4] . A 3D virtual globe presents geo- 

graphic information in a way that perceives the 3D aspects of ge- 

ographic features, thereby facilitating a more realistic perception 

of the actual environment. Google Earth [5] , NASA World Wind 

[6] and ArcGlobe [7] are the most commonly used virtual-globe 

tools. However, because they were designed for general purposes, 

they were not specifically intended for watershed studies, and can- 

not easily process data of watershed models. The specific applica- 

tions of the geosciences are very different from those of hydrol- 

ogy, and additional programming effort s are necessary for develop- 

ing domain-specific applications. In the hydrology and geoscience 

communities, many 3D visualization tools have been developed [8–

14] . However, few of them are able to conveniently handle the 

diverse data types involved in modeling and effectively visualize 

them. In addition, many existing tools do not display data in a geo- 

referenced environment, and so it is difficult to display the data 
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within background environments (e.g., terrain, landscape, and sun- 

light). The common way to solve this problem is the use of differ- 

ent systems to do simulation and visualization, and switching be- 

tween various systems in the decision-making process. For exam- 

ple, when presenting flood control information, we use flow data 

to show only flow conditions (water depth and velocity distribu- 

tion); when we wish to determine flood financial loss or emer- 

gency routing information, another visualization system should be 

used instead. 

Because the water system is the crucial element in digital wa- 

tershed simulation, the visualization of flow in that system is nat- 

urally of critical importance. Flow visualization is important for il- 

lustrating the dynamic flow process and for elucidating the laws of 

water movement, so it is an essential technique in digital water- 

shed research. In a comprehensive watershed simulation, flow vi- 

sualization techniques can provide an effective, intuitive, and com- 

prehensive expression of flow information. The variety of avail- 

able visualization methods can express flow information effec- 

tively, helping researchers understand and clarify the laws of water 

movement and flow data distribution [15] . 

Flow visualization techniques can be divided into two cate- 

gories, scientific visualization and visual effects. Scientific flow vi- 

sualization is used to show the distribution of various data, e.g., 

water level, water depth, flow velocity, and pollutant concentra- 

tion, using methods of graphical drawing and surface coloring. Vi- 

sual flow effects are used to simulate changes in shape and color 

of flow using computer graphics, enhancing the sense of reality for 

a virtual watershed environment. 

In research on scientific flow visualization, common flow infor- 

mation can be classified as scalar and/or vector. For scalar flow in- 

formation, color is usually used to represent the scale of the flow 

data, and isolines or isosurfaces are added to provide an intuitive 

representation of their distribution. In research into the problems 

of watershed water, isolines and isosurfaces are used widely in re- 

search and development of 3D visualization systems [16,17] . Vector 

flow information is partitioned into four methods: 1) direct, 2) ge- 

ometric, 3) texture-based, and 4) feature-based [18] . Texture-based 

methods are typically used in practice. Texture images can express 

the flow distribution of a vector field through texture. Common 

visualization methods include line integral convolution (LIC) [19–

21] and image-based flow visualization (IBFV) [22–28] . 

A number of physical and non-physical mimic methods are 

available for research into the visual effects of rivers. Physical 

mimic methods can realistically show the flow effects of wa- 

ter movement, but they require solution of the complex Navier–

Stokes equations, which cannot be done on standard computers 

and is not suitable for real-time rendering of flow effects [29,30] . 

Non-physical mimic methods mainly include simple texture map- 

ping, normal texture mapping, wave function transformation, par- 

ticle systems, Perlin noise [31] , and cellular automata [32] . Among 

these, wave function transformation and normal texture mapping 

are used most widely. Wave function transformation is used to al- 

ter vertices of the water surface directly and to simulate the dy- 

namic process of the wave state [33–35] . Normal texture mapping 

is used to change the normals of the water surface, and it is com- 

plemented by the light of the perturbation to achieve the con- 

vex and concave effects of flow and visualize water fluctuations 

[36,37] . 

There have been many achievements in single-flow visualiza- 

tion techniques with regard to both scientific flow visualization 

[18–28] and visual flow effects [29–37] . However, the visualization 

of flow state using a computer still has considerable overhead as- 

sociated with calculation of the shape, light, shadow, and texture 

of the flow. Furthermore, for flow shape, the Navier–Stokes equa- 

tion must be used to calculate 3D motion, which is very time con- 

suming. Thus, it is difficult to produce a detailed visualization of 

flow over a large area [30–32] . In addition, because of the increas- 

ing demand for data fusion in watershed research, flow visualiza- 

tion must integrate geographic and monitoring information for ef- 

fective implementation of data mining and interactive multilevel 

analysis [2,12,14,16,17] . 

To achieve functions in which different types of simulation re- 

sults may be visualized according to various demands in watershed 

simulation, we designed and developed a digital watershed plat- 

form that can display georeferenced data sets in a virtual 3D en- 

vironment. We investigated methods for implementation and effi- 

cient rendering of flow visualization techniques, such as scalar field 

visualization, vector field visualization, and visual water effects. In 

conjunction with the watershed simulation application, we evalu- 

ated data fusion methods of different flow visualization technolo- 

gies in an integrated platform, providing a reference for the com- 

prehensive application of flow visualization techniques to a water- 

shed area. 

2. Platform framework 

We developed a 3D virtual watershed platform, in which rela- 

tively independent function modules were integrated based on the 

characteristics and needs of various applications. The framework of 

this platform was divided into three levels, as in the following and 

Fig. 1 . 

Data level: (1) The geographic information system, 3D build- 

ing object, digital elevation model (DEM), and remote sensing data 

were collected and processed, and a 3D terrain model was estab- 

lished. (2) Flow data of the monitoring site (including water depth 

and level, flow rate, and water pollutant concentration gradient) 

were collected and stored in a database. Through calculation and 

simulation of the water dynamic model, these data were trans- 

formed into large-scale mesh data as model input for various com- 

ponents of the platform. 

Module level: (1) A 3D graphics rendering engine was devel- 

oped and a 3D virtual environment was established based on the 

watershed terrain model. (2) Based on the update cycle spatial 

size, read and write frequency, and concurrent requests for all 

types of terrain data, appropriate data organizations were selected 

in different ways. For example, the DEM and remote sensing im- 

agery are large data with lower update frequency. They need not 

be written in the platform but have frequent requests for read- 

ing, so they were organized within a pyramid structure file system. 

Model result data were updated frequently and must be loaded dy- 

namically; these data can be stored within the file system and or- 

ganized by file naming rules. Monitoring and other attribute data 

were stored in a space–attribute database and managed by the 

data management system. (3) An extension module was estab- 

lished and integrated via a standard interface using various profes- 

sional model components, e.g., simulations of flow, ship navigation, 

and floods. 

Display level: (1) The GUI and 3D virtual watershed environ- 

ment were established. Based on the 3D visualization and spa- 

tial analysis function of the platform, such as distance and area 

measurement, cross-section cutting and visualization, and visibility 

analysis, the flow visualization techniques were combined with the 

terrain and professional application models. Then, we implemented 

the watershed simulations using various applications. (2) The flow 

visualization module comprised an important part of the platform. 

In terms of functional requirements, that module was needed to 

realize the scientific visualization and visual effects of the overall 

framework. Regarding technological requirements, the flow visual- 

ization module was needed to execute real-time rendering of the 

large volume of data and implement the fusion of multiple data 

sources based on the simulation platform. 
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