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Flood Prevention Strategy in Confronting the Global Climate ChangeA Case Study of Taiwan
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Secretary-General of New Taipei City Government in Taiwan; PH: (886)2-2956-5919; email:
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1. NTRODUCTION
The recent extreme global climate change breaks meteorological records almost every
year. For instance, the intense storm in 2007 over South Asia caused tens of thousands to
evacuate and more than a thousand dead. In 2008, the Midwest in United States suffered
from severe weather conditions such as tornado, hail, lightening disaster, and storm one after
another. This caused the greatest flood in the Mississippi River Basin in decades. In August,
2009, Taiwan experienced the tremendous rainfall carried by Typhoon Morakot and suffered
the worst damage in over 50 years. In 2010, floods around the world only worsened. Many
regions in China suffered from major floods (such as the large torrent/mud-slide in Zouqu,
Gansu where the loss was difficult to estimate). In August of the same year, the flood in
Pakistan was the worst in 63 years, causing over 1,600 deaths. The October flood in
Thailand was the worst in 50 years, affecting over several hundred thousand people. The
flood in Colombia in December affected over 2 millions. Beginning in 2011, even more
floods occurred. For example, in January, Australia experienced the worst flood in 200 years
with over USD$5 billions in damage, and global coke coal supply was reduced by 5%. In the
same month, Brazil also suffered from severe damage due to flood and mud-slide induced by
consecutive heavy rainfalls with over 600 people dead. In March, both the United States and
Italy also suffered from flood. In early April, southern Thailand experienced a major flood
which ravaged 10 provinces. Over 2 million people were estimated to have been affected.
The above data clearly show that the storms and floods created by climate change have
brought more frequent and severe disasters for the entire world with major loss in properties
and lives. This is a new issue that must be confronted by people around the world.
According to an assessment report by IPCC, the result of climate change will increase the
water level by 10%~40% in the tropical region and will undoubtedly trigger more flood. It is
foreseeable that flood control and flood mitigation will face more difficulties and challenges in
the future.
Because of the increasing impact of climate change, it must not be overlooked by
anyone. It should also be managed with the concept of sustainable development. Only by
drafting visionary and integrated comprehensive flood prevention strategy can the impact be
alleviated/resolved, and potential disaster, reduced. It is essential for upgrading the quality of
life for everyone and for advancing the country and society.

-1-

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

2. TAIWAN’S CHALLENGES
(1) Poor Natural Condition and Management Difficulty
Taiwan's unique geographic conditions include short, fast rivers and steep slopes.
The annual average rainfall is approximately 2,493mm which is 260% of the global annual
average rainfall. However, its distribution is so uneven that the flow per unit area in the
major rivers is extremely high, about 500~1,000% that of the rivers in Japan and South
Korea as shown in Figure 1. Under such highly concentrated hydrological condition,
floods often accompany typhoon season. This poses great challenge and difficulty in
flood prevention and river management.
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Figure 1 Rivers' Flow Volume per Unite Area in Taiwan and in Other Countries
(2) Insufficient Storage Capacity Hindering Flood Prevention
As previously stated, Taiwan has rather short rivers and steep slopes so that flood
peak comes very quickly. This is further compounded by small reservoir capacities, which
makes flood prevention extremely difficult as shown in Figure 2.
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Figure 2 Reservoir's Effective Capacities in Taiwan and in Other Countries
(3) Taiwan is a relatively high-risk country.
According to the World Bank report(2005): National Disaster Hotspots-A Global
Risk Analysis, over 1.5 million lives were lost globally due to natural disaster in the last 20
years with approximately US$ 659.9 billions in economic damage annually. About 5% of
the global population suffers from 3 types of natural disasters. In Taiwan, however, 73%
of the population lives under these threats, much higher than most countries. All point to
Taiwan being a country that carries a high-risk for natural disasters as shown in Figure 3.
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(4) Fragile Geology with Serious Sediment Problems
Because Taiwan's geology is relatively young and fragile, masses of sediment
deposited in rivers, torrents, and reservoirs after typhoons or storms since the great 921
earthquake which loosened the earth. This has caused serious damages. For instance,
after the 2009 Typhoon Morakot, sediment was increased by 1.2 billion cubic meters. Of
these, about 800 million cubic meters remain on the slopes with 400 million cubic meters
washed out. Sediment problems will severely impact issues such as silts in reservoir,
increased turbidity, and river's ability to pass flood, etc.
(5)

Flood prevention/water management projects are incomplete; many
non-engineering measures need to be strengthened.
Many of Taiwan's current flood prevention/water management projects are not yet
complete. For example, only 70% of the rivers regulated by Central Government meets
the flood prevention standard. Only 60% of the regional flood passing facilities regulated
by Central Government are complete, and only 50% of those regulated by municipalities
and counties are complete. Thus, the pace of construction must speed up to meet the
impact and challenge brought on by future climate change.

3. GLOBAL CLIMATE CHANGE’S IMPACT
(1)Signs of Global Warming
1. A report by United Nations Intergovernmental Panel on Climate Change points out
that direct observation of climate change suggests the average global temperature
and sea water temperature steadily have increased. Global sea level also steadily
increases while areas of glacier and arctic ice coverage continue to decrease.
Global warming will increase both the severity and frequency of extreme climate
which will cause record-breaking floods and droughts around the world.
2. In the Top 10 Global Natural Disasters published by Time Magazine in 2007, flood
and drought consist 70% of the list, which inflicted major loss in lives and
properties. In addition, in the Top 10 Global Natural Disasters on Yahoo! News in
2010, flood and drought consist 50% of the disasters on the list. According to
their data, the earthquakes, floods, volcano erutpions, super typhoons, mud-slides,
and droughts killed at least 250,000 people in 2010, the most lethal year in over a
decade.
3. Because islands are susceptible to climate change, they are highly fragile. Both
islands in the tropics and in high latitude are vulnerable to the impact from climate
change, rising sea level, and extreme events. Rising sea level will increase flood,
water surge, coastal erosion, as well as other risks along the coast and thereby
threatens the important infrastructures depended on by the island nations. The
impact of climate change on water environment is shown in Figure 4.
-4-
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Figure 4 Climate Change's Impact on Water Environment
(2) Observations in Taiwan
1. Trend of Intensifying Flood and Drought
Taiwan's annual rainfall is heavily affected by the typhoons in that year. The average
annual rainfall is 2,493mm. The rainfall records of the last 50 years indicate a trend of
intensifying drought and flood, and the frequency of their alternation also increases as in
Figure 5.

Figure 5 Trend of Increasing Droughts and Floods in the Last 50 Years in Taiwan
2. Single-Day Rainfall of Rainstorm Surged
Affected by the climate change, Taiwan's total number of rainny days has been
-5-
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decreasing for years. In Taipei station, for example, the number was reduced by 27.8
days. However, the total rainfall is increasing to around 268mm, and the average
single day rainfall in a rainstorm increases by about 30%.
3. Increased Typhoons and Storms
Climate change changed the type of typhoons and rainfalls in Taiwan. The number of
typhoons that struck Taiwan has surged from 3 to 7 while river flows tend to be
increasingly polarized as shown in Figure 6. This increases the risks for both
flooding and water shortage. According to the paper "Close Association between
Global Warming and Extreme Rainfalls" by Academia Sinica's Shaw-Chen Liu in 2009,
the top 10% rainfalls in Taiwan will increase by about 100% in the next 25 years.
Because current top 10% rainfalls came from typhoons, we can reasonably assume that
greater, more destructive floods and debris flows will be inevitable.

Figure 6 Increased Typhoons and Rainfalls That Hit Taiwan
(3) Impact on Flood Prevention
The safety and functional requirements of past water conservancy constructions mostly
adopted the environmental characteristics to be the basis for design. However, since global
climate change became a factor, the original rainfall volume, intensity, flood volume, surge,
drought, and water demand, etc. will all change to some extent. This will either directly or
indirectly affect the functionality and safety of the water conservancy constructions.
Because of the poor natural conditions and the subsequent improper development, the
impact of climate change on Taiwan's flood prevention will be even more challenging as
shown in Table 1. Therefore, previous designs and experience will need to be
reconsidered. In the future, cleanliness will not be the only consideration for rivers.
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Hydrological conditions and hydrograph distribution will also be different from before.
All these present a new challenge. Water issues will be more extreme, and water will be
inevitably more turbid. We need to take on these problems with a pro-active attitude.

Table 1 Impact of Climate Change on Flood Prevention
Future
Current State

Climate Change
(Hazard Factor)

Socio-Economic Change

◆Urbanization and

 Increased Rainfall

Water-Proofing
◆Lacking Flooding Economic

Intensity
Urbanization
 Increased Flood
 Improper Land Use
Volume
Increased Disaster
 Increased Typhoon
Vulnerability
Intensity
 Increased
Sediment
Disasters
 Rising Sea Level

Data
◆Land Subsidence Aggravating
Flooding Damage
◆Overwhelming the Response to
Flooding
◆Those Particularly Vulnerable
(Children, Elderlies, and

 Increased

Women)
◆Insufficient Flood Budget

4. TAIWAN’S RESPONSE STRATEGY IN WATER CONSERVANCY CONSTRUCTIONS
Under the effect of climate change, hazard factors such as storms, floods, surges, coastal
erosions, and sediment disasters will intensify as global warming worsens. As a result, the
sustaining and protective ability of the coastlines, rivers, flood-passing systems, etc. within the
basin is at risk. Because of the constraints such as regional land use, national finances, etc.,
sustainability will be the central theme for future development. New thinking must replace the
old to successfully resolve the impact and challenge brought on by climate change. The new
thinking for water conservancy constructions must be based on these three major aspects as
shown in Table 2: integration, flood prevention, and hydrophilic environment. Below is a
description of the flood prevention strategy under this framework.
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Table 2 New Thinking on Water Conservancy Construction
Aspect

Old Thinking

New Thinking

Integration

1.Man over Nature
2.Economy-Oriented
3.Engineering(Hardware)Oriented
4.Clear Division of Labor

Flood
Prevention

1.Tradition Water
Management (Dykes to
Contain Flood)
2.Concentrated Management
(Relies on River to Pass
Flood)
3.Focusing on Flood
Prevention Constructions

Hydrophilic
Environment

1.Respecting Nature
2.Sustainability (Considering
Environment, Ecology, Economy,
and Social Justice)
3.Strengthening Non-engineering
Measures
4.Integrated Planning and
Specialized Execution
1.Comprehensive Strategy (Adding
Measures Such as Water
Protection, Containment, Division,
Reduction, and Storage, etc.)
2. Risk Diversification(Rain Born by
the Entire Basin)
3. Adding Non-engineering Flood
Prevention Measures (Land Use
Restriction, Early Warning
System)
1. Creating a Hydrophilic
Environment
2. Maintaining Biological Migration
Corridor
3. Restoring River Water Quality

(1)

Man Can Not Triumph over Nature and Does Not Need to.

(2)

The Impact of Climate Change Should Only Be Managed by "Reduction" and
"Adjustment".

(3)

Increase Rainfall and General Weather Forecast Accuracy
Because of the Monsoon, typhoons that struck Taiwan often generate massive

rainfalls. Combined with Southwest air current and the Northeast Monsoon, they create
abnormally massive rainfalls with rare rainfall pattern. Therefore, weather and rainfall
forecast accuracy should be improved, and the application of both satellites and ground
weather radar should be fuly utilized to develop faster, more accurate dynamic predictive
model. Consequently, flooding potential can be understood early to allow for more time
for warning in order to reduce damage.
(4)

Quickly

Completing

a

Systamatic

National

Land

Planning

and

Management-with a Water-Oriented Mindset
National land planning needs to be completed as soon as possible. Highly sensitive
and fragile areas(ie. regions with high flooding or subsidence potential) should be a
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priority to be excluded and made into a conservation area. Development should be
limited to increase the capability to respond to the climate change. In addition, high
water-consumption industries should not be placed in high water-shortage potential areas.
Industries that rely on groundwater should not be developed in the subsidence regions
along the coastline. Please see Figure 7 for related planning concepts for coastline,
flatland, and hillside.

Coastline

Flatland

Hillside

Draft Climate Change
Strategy

Flatland Afforestation

Ecological Protective
Measures

Balanced Development
Mechanism

National Security and
Restoration Plans

Increase Urban Flood
Retention Capacity

Effectively Manage Land
Use

Create Hydrophilic
Environment

Aborigines' Reservation

Prevent Coastal
Erosion
Improve Flooding Control
and Subsidence

Restore Ecology and
Environment

Upgrade Important
Public Facilities

共有財制度
Consolidate Legislation

Figure 7 Planning for Coastlines, Flatlands, and Hillsides

(5)

Pushing for Integrated Regional Water Management
The current regional integrated management in Taiwan still needs to be consolidated

and coordinated in order to upgrade the overall flood prevention capability in the region.
For instance, the protection standard and management interface for the flood prevention
and channeling system needs to be integrated to eliminate bottlenecks. Moreover,
sediment, source, quality, and quantity of the water at the up, mid, and downstreams in the
regions should be planned and managed as a whole. The related concept of regional
integrated water management is shown in Figure 8. The response is as follows:
1. Protecting the source at the upstream-improving water conservation and preventing
rain from out flowing.
2. Flood detention at the midstream-planning a detention zone or increasing the flood
plain.
3. Rain water storage at the down stream-setting rain water storage facilities in city
parks and public facilities.
4. Reduce land use intensity in low-lying areas-constructing flood resistant buildings
or using with low intensity.
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Engineering
Non-Engineering

Figure 8 Concept Diagram of Integrated Water Management
(6)

Avoid over-development and improve disaster potential analysis to reduce
sediment disasters
Because of the poor natural conditions such as terrain and geology, massive floods
and sediment disasters caused by climate change often inflict severe damage. Therefore,
over-development should be avoided, and the water conservation at the up, mid, and
downstreams should be upgraded to avoid major disasters. Further, more investigation
should conducted in the hillside to establish analytical information for disaster potential
such as debris flow, deep collapse, and landslide dam, etc. Complete monitoring system
should also be deployed and regularly updated. For the flatland, flooding potential
information should be established in concert with high-precision rainfall forecast data for
effective early warning and evacuation.

(7)

Quickly upgrade the capability of urban flood prevention and disaster alleviation
Because the population is increasingly concentrated at the cities, the capability of

urban flood prevention and disaster alleviation should be quickly upgraded to protect
people's lives and property and to effectively reduce the damage. The response strategy
is as follows:
1. Quickly consolidate the protection standard of and the interface between storm sewer
and regional flood channel.
2. Improve the water-permeability of the pavement.
3. Speed up sewer construction.
4. Review the related building and city planning regulations and push for rain water
storage and detention space through incentives and regulations.
5. Push for flood gate deployment in buildings to improve flood resistance in basement.
6. Push for flood insurance for basement and motor vehicles to reduce property loss.
- 10 -
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(8)

Raise Protection Standard for Dikes
Under the impact of climate change, protection standard for dikes is reduced. It
should be restored to the original standard in the future. However, engineering capability
is limited, and complementary non-engineering measures should be taken. The physical
disaster reducing constructions should be combined with the non-physical disaster
prevention measures. The response strategy is as follows:
1. Adding to the height and depth of the dikes to raise the protection standard.
2. Cofferdam and pumping station should be utilized and complemented with
non-engineering measures such as disaster prevention, evacuation, and flood plans
in difficult situations.
3. Improve the designed strength of dikes to prevent breaks or damages from sediment
or drift wood impact.
4. Non-engineering measures should be used to complement the limited engineering
protection standard. They include flood potential data, data on debris flow creeks,
data on landslide dams, as well as data on rivers' warning level, emergency
evacuation plans, flood plain setups, and shelters, etc.

(9) Sustainable Management and Re-activation of Existing Reservoirs
Since the overall socio-economic environment is no longer suitable for constructing
new reservoirs, sustainable management should be emphasized for existing reservoirs to
ensure stable water supply. The response strategy is as follows:
1. Spillway capacities of earth-rock dams should be re-examined. Additional
spillways may be deployed if needed to prevent dam breaks and damages.
2. Increase reservoir's height as well as its capacities for stratified water intake and
storage to increase its efficiency.
3. Improve silt removal and reduction to maintain reservoir's capacity and lifespan.
4. Respond to climate change by reviewing the operating rule curve and adjusting
reservoir capacity and flood control operations based on rainfall forecast.
(10) Improve Cross-discipline Cooperations and Coordination/Consolidation
between Different Interfaces
Cross-discipline cooperation and development that include meteorological,
hydrological, geological, groundwater, national land use plan, and disaster relief systems
should be improved. Overall consolidation and coordination between different interfaces
should be taken into consideration to upgrade the technical analytical capability and to
quickly accomplish disaster rescue and reduction. For example, in addition to
hydrological and hydraulic factors, bridge design should consider elements such as
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sediment and driftwoods.
(11) Push for Flood Insurance and Comprehensive Disaster Rescue System
For areas with high flood risk, flood plains should be created. In addition to
appropriate subsidy, the government should study the feasibility of flood insurance in
order to minimize loss. In addition to implementing the disaster reduction and prevention
practices, a comprehensive disaster rescue system should be established, and a special task
force should be quickly assembled to consolidate the chain of command in a major disaster.
Taiwan adopts a three-tier response system. Its structure is shown in Figure 9.
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Figure 9 Taiwan’s Disaster Rescue System Chart

(12) Carry Out National Disaster Prevention Education and Training
Implementation of a national disaster prevention education, particularly for the people,
their representatives, and the media, is necessary for them to understand that major floods
are inevitable. It takes everyone's effort to minimize the damage. Moreover, a standard
operating procedure(S.O.P) for early warning and evacuation should be established.
Disaster prevention information should be accessible to everyone, and relevant education,
promotion, and exercise should be carried out to improve the emergency response.
Community disaster prevention organization should also be included to establish a national
disaster prevention and rescue system.
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(13) Nurturing an Ecological and Hydrophilic Environment
For the past urban development, concrete pavement was increased for embankment,
and flood wall was constructed to reduce the risk of flooding and to improve safety
standards and maintenance’s effectiveness. However, with the growing popularity of
sustainable development, the demand for ecological and environmental protection
increases. Under the premises of safety and stable water supply, improving water quality,
creating a hydrophilic environment, maintaining biological corridor, and providing
recreational space for the residents will be the goals of sustainable ecology. Measures
such as the remediation of Dongpuruei River (Nantou, Figure 10), Beinan River (Taitung),
and Keelung River, the restoration of the Qixingtan coastline (Hualien), as well as the
improvement of water quality in Wulo River (Pingtung) have been very effective.

Figure 10 Remediation of Dongpuruei River at Nantou County
5. CONCLUSION
Climate change has impacted almost every aspect of our lives, and the previously
anomalous flooding will now be inevitable. Only through policies and measures based on
sustainable development can the damage be minimized. Because water is essential to living,
production, and ecology, it will be the most important issue in the 21st Century. Problems such
as floods, shortage, pollution, and environment conservation will limit the socio-economic
development of a nation. Therefore, a national consensus must be reached to appreciate the
water resources that we have in order to reduce the damages. We are very used to the concept
of "man over nature", but with Nature fighting back, we should reconsider our relationship with
Nature in order to adapt to the future. Only by cooperating with the people will the
government be able to realize the concept of sustainable development to alleviate the impact
brought by climate change. The entire nation should be educated on this subject to transform
the crisis into an opportunity for a better tomorrow.

- 13 -

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

Channel Morphology Prediction with and without Temporary Channel
Upstream of the Elephant Butte Reservoir
Yong G. Lai 1
1

Sedimentation and River Hydraulics, Technical Service Center, Bureau of Reclamation,
Denver, CO 80225; PH (303) 445-2560; FAX (303) 445-6351; email: ylai@do.usbr.gov
ABSTRACT
A two-dimensional mobile-bed numerical model, SRH-2D v3, is used to evaluate a
10-year channel morphology of an 18-mile river reach upstream of the Elephant Butte
Reservoir on the Rio Grande. Two scenarios are considered. One assumes that no temporary
channel was excavated following the lowering of the reservoir pool; another assumes that a
temporary channel was excavated instantly before the modeling period begins. The model
simulation is carried out using the actual flow hydrograph from October, 2000 to June, 2010.
The study aims to (a) determine the most likely channel morphology in 2010 had the
temporary channel not been excavated and (b) help understand the impact of the temporary
channel on the river morphology within the study reach. It is found that (a) no competent
channel, similar to the excavated temporary channel, would form, had the temporary channel
not been excavated; (b) the new predicted channel morphology is mostly in the form of a
multi-channel type in 2010; and (c) the study points to the need for continued maintenance of
the temporary channel at selected locations.
INTRODUCTION
The drought in the 1990s resulted in a decrease of the Elephant Butte Reservoir pool
elevation and inundation area. The exposed delta deposits disconnected the Rio Grande and
the Reservoir and led to high water losses. As a result, the water delivery was negatively
impacted according to the New Mexico’s Rio Grande Compact. In response, a temporary
channel, abbreviated as Temp Channel, was constructed since 2000. The Temp Channel was
also maintained through the delta area of the Elephant Butte Reservoir. After the Temp
Channel construction, degradation has been observed in the Rio Grande upstream of Elephant
Butte Reservoir. The degradation has propagated upstream and in recent years reached the area
of the Bosque del Apache National Wildlife Refuge (approximately RM 84). The base level
lowering due to the pool elevation drop of the Elephant Butte Reservoir, coupled with
relatively high flows in 2005 and 2008, was considered to be the leading causes of the
degradation. It is unclear, however, whether the excavation of the Temp Channel contributed
to the initiation of the degradation.
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The Bureau of Reclamation, Albuquerque Area Office (AAO), is interested in
quantifying the impact of the Temp Channel on upstream channel degradation. A bigger
picture question is what would occur if no Temp Channel had been excavated. Such
knowledge may be obtained using numerical analyses. In this study, SRH-2D v.3 is used to
predict the channel morphology with and without the Temp Channel in order to gain
knowledge about the impact of the Temp Channel. The study reach, upstream of the Elephant
Butte Reservoir, is from RM 42 to 60. The objectives of the SRH-2D v.3 sediment transport
modeling study are to determine the most likely channel location through which low flows
will be routed in 2010, had the Temp Channel not been excavated, and help understand the
impact of the Temp Channel on the river morphology within the study reach.
SURVEY DATA AND MODELING PARAMETERS
The present simulation starts from the river morphology before the excavation of the
temporary channel and also before the reservoir pool lowering. The initial
topography/bathymetry before 2000 is needed. A comprehensive survey of the Elephant Butte
Reservoir, covering the present study area, was carried out in 1999 by Collins and Ferrari
(2000). A topographic data set was constructed using a combination of the USGS quadrangle
data and the underwater measured bathymetry. This 1999 data set is used as the initial bed
condition for the modeling and the bed elevation contour is shown in shown in Figure 1a.
A 2D analysis begins by defining a solution domain and then generating a mesh that
covers the domain. In this study, the solution domain selected covers the river reach upstream
of the Elephant Butte Reservoir where a temporary channel has been excavated since 2000.
The modeling solution domain ranges from RM 42, near the beginning of the Narrows, to RM
60, the old Low Flow Conveyance Channel (LFCC) temporary outfall (see Figure 1b). A mesh
is generated using the Surface Water Modeling System software (SMS). The mesh consists of
mixed quadrilaterals and triangles, with a total of 14,628 mesh cells (Figure 1b.).
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(a) 1999 Bed Elevation Contour

(b) Solution Domain

Figure 1 The bed elevation and solution domain/mesh (RM 42 to 60)
The upstream boundary at RM 60 is closer to the USGS gage #8358300 at San Marcial
than other gages such as at San Acacia. According to a comparative study of the annual flow data
between San Acacia and San Marcial by Huang (2011), variation between the two gages is
relatively small. Therefore, the hydrological data at San Marcial gage is used. The daily flow
discharge was downloaded from the automated USGS database for the period of January 1, 2000
to July 31, 2010 (Figure 2). This is used as the upstream flow condition. The total sediment load

at the upstream boundary adopts the rating curve developed by Collins (2006), but modified
using the field data collected by Tetra Tech (2008). The total load rating curve is expressed as:
Qs  0.0582 Q1.5075

(1)

Figure 2 Daily discharge at the San Marcial gage from January 2000 to July 2010

- 16 -

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

Flow roughness may be calibrated using the measured water surface elevation data.
Such a calibration has been done for the study reach using 1D models with a wide range of
flow discharges (e.g., BOR 2002; Collins 2006). Most of the previous studies resulted in a
value of 0.017 for the main channel. The same value was also used in our previous SRH-2D
modeling for the reach from RM 79 to 84 (Lai, 2009). Therefore, the Manning’s coefficient of
0.017, uniformly distributed in the entire solution domain, is used in the present study.
Representation of bed materials is needed, particularly in areas of degradation. A
drill-hole study was carried out by Hilldale (2001) for the study reach during Jul 23 to 30 and
Aug 31-Sep 4, 2001, with 20-ft deep drilling holes. Additional drilling holes were dug on Jan
17, 2003, covering EB-26 (slightly upstream of RM 59) to 2.7 miles downstream of EB-26.
The study found that alternating layers of fine sand and silt-clay exist for most sites. On
average, the bed may be described as consisting of two layers: the top sandy layer and the
bottom silt-clay layer. The top layer is about six feet with dominant sands, while the bottom
layer is about ten feet with about 80% silt-clay content.
In this study, the bed materials are represented with two bed layers using the survey data.
The top layer has a thickness of six feet with the bed gradation listed in
Table 1. The bottom layer has a thickness of ten feet with a silt-clay content of 80%.
Surface bed materials were surveyed by Bauer (2006) between June 15 and June 20, 2006, and
again between July 17 and 19, 2006. The median sediment diameter (d50), excluding the
scattered gravel bars, is 0.27 mm for the study area. Since the variation of the sediment
gradation is relatively small, a uniform gradation is used by averaging the gradations surveyed.
The survey data were mostly concentrated in the sand bars which generally lack the presence
of silt-clay. The area was subject to reservoir deposition before 1999. Therefore, silt-clay
content should be added to the above gradation data. Based on our field trip on July 26-27,
2010, it was estimated that about 5-15% of silt-clay cohesive materials were present and
should be added. A modified bed sediment gradation is used (
Table 1) that added 10% silt-clay.
Table 1. Bed gradation of the top bed layer
Cohesive content d(mm)
10%

Up to 0.625 .125 .25

% pass by weight 10.0

.5

1

2

13.5 33.3 98.5 99.6 100

OTHER MODEL PARAMETERS
The flow analysis capability of SRH-2D v2 is well documented by Lai (2008; 2010).
The sediment module, SRH-2D v3, is less documented as it still an in-house development
model, and a few references include Greimann et al. (2008), Lai and Greimann (2008; 2010),
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and Lai et al. (2011). A detailed description of the sediment analysis theory and methodology
may be obtained from these references, as well as the work of Lai (2011). They are not
repeated. Only the cohesive sediment modeling is presented next.
The transport equation for the cohesive sediment is as follows:
hC UhC VhC


 ve p  v d C
t
x
y

(2)

where v e and v d are the rate of erosion and deposition, respectively, and p is the percentage
of the cohesive sediments on the bed. The following erosion rate ( v e in mm ) was used for
s
the cohesive sediment based on the previously available measured data (Vermeyen, 1995):
ve  0
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  em   es
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. In

the above,  es and  em are the critical shear stress for surface and mass erosion, respectively;
and S s and S m are the erosion slope for surface and mass erosion, respectively. The
deposition rate is based on the fall velocity of the cohesive sediment, and the following rate
( v d in mm )
s

v d  (1 
v d  (1 

was used:
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and

. In the above,  df and  dp are the critical shear stress for full and partial
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deposition, respectively; C eq is the equilibrium suspended sediment concentration.

The

erodibility data of the cohesive sediment used in the above were based on the measured data of
Vermeyen (1995) for the consolidated sediment in the reach from San Marcial to Elephant
Butte.
RESULTS AND DISCUSSION
Two modeling scenarios are considered in this study: the “With-TC” scenario in which
the temporary channel is excavated in the study reach and the “No-TC” scenario in which no
temporary channel is assumed. The No-TC scenario is based on the reservoir survey data in
1999 before the reservoir lowering and the temporary channel project. This scenario predicts
how the channel would evolve “naturally” if no temporary channel was dug. The With-TC
scenario is to represent the “existing condition”. However, the model deviates from the actual
existing condition. Firstly, the temporary channel was excavated in stages from 2000 through
2005. The actual excavation process was not well documented enough for the present
numerical model to replicate. In this study, the “temporary channel” is created instantly, not in
stages. Secondly, other small projects might have been carried out since 2000 within the study
reach, e.g., berm repairs (BOR, 2002). These works on the river changed the topographic
features of the reach, but they are not incorporated in the numerical model. As such, the
With-TC scenario should not be viewed as the actual existing condition model. Despite the
above assumptions, the With-TC scenario is useful as it provides a comparison with the
No-TC scenario. The difference between with- and without- the Temp Channel scenarios sheds
light on the channel morphology and the impact of the Temp Channel. A detailed presentation
of all model results can be found in Lai (2011). Only major findings are discussed.
The model results show that the temporary channel, and subsequent maintenance,
achieved its primary purpose of maintaining a single channel to keep the river and the
reservoir connected. The temporary channel prevented the large evaporative loss of water due
to much reduced water surface area, which would have occurred if flows had spread out over
the floodplain. It helps to maintain the water delivery.
According to the No-TC model results, it is concluded that no competent channel
would form had the Temp Channel not been excavated. Actually, a multi-channel form with
two to three channels is predicted at many locations in 2010. For example, Figure 3 shows the
predicted channel forms from RM 57 to 54 about 10 years later. Without the Temp Channel,
the developed channels are wider in width and shallower in depth in comparison to the
excavated temporary channel. At some locations, e.g., RM 57-to-54 and RM 51-to-48, a
dominant channel may still develop, although it is within a multi-channel system. Secondary
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channels have flowing water only with higher flows. At other locations, e.g., between RM 48
and RM 46, flows are widespread and no discernable channels are formed at all. More
evaporative loss is expected with such a multi-channel system. The formation of multiple
channels is typical of the delta dynamics and was reported for the Elephant Butte Reservoir (BOR
2002, p.1).

(a) With-TC Scenario

(b) No-TC Scenario

Figure 3 Predicted channel form (velocity is shown) in early 2010
Based on the With-TC scenario, two river locations are identified that require
continued monitoring and maintenance due to high risk of aggradation. Maintenance will
continue to be required, even with the excavation of the temporary channel. One reach is from
RM 60 to 59 (see Figure 4) where channel avulsion may occur as large aggradation is
predicted. Despite high level of uncertainty of the prediction, the prediction is corroborated
with field evidence. For example, it was reported that “t he channel was originally constructed as
designed, but persistent sediment accumulation within the channel became a maintenance
problem,” during excavation of the 2000 temporary channel (AAO 2007). Also, the temporary

channel berm was breached in May 2001 and the bank had to be “reinforced” and the channel
had to be “modified”. The excavation and the continued maintenance of the temporary channel
is the key that prevented avulsion from occurring and allowed a single stable channel to be
maintained.
Another problem reach is between RM 50 and RM 47 where large aggradation is
predicted (Figure 5). The aggradation leads to two phenomena: (a) a potential to develop a
multi-channel system such as the one predicted at RM 48; and (b) a potential avulsion to the
west upstream of RM 47. The model results are also partly corroborated with the field
evidence. The channel in this reach did experience large aggradation in 2009, which led to the
flow shifting to the west where it was still present during our July 2010 field trip.
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(a) Net Eroded Depth

(b) Velocity Pattern

Figure 4 Predicted results near the upstream end

(a) Net Eroded Depth

(b) Velocity Pattern

Figure 5 Predicted results between RM 48 to 45
The model results for the rest of the temporary channel, RM 55 to RM 50 and RM 46 to
RM 42 (in the Narrows), show that they are relatively stable without significant degradation or
aggradation. Maintenance needs in these areas are less likely.
Selected comparisons of the channel cross sections for the With-TC and No-TC
scenarios are shown in Figure 6 through Figure 9.
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(a) With-TC

(b) No-TC

Figure 6 Comparison of predicted channel cross section change at RM 59

(a) With-TC

(b) No-TC

Figure 7 Comparison of predicted channel cross section change at RM 55

(a) With-TC

(b) No-TC

Figure 8 Comparison of predicted channel cross section change at RM 53

(a) With-TC

(b) No-TC

Figure 9 Comparison of predicted channel cross section change at RM 48
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CONCLUSIONS
A two-dimensional mobile-bed numerical model, SRH-2D v3, is used to conduct a 10-year
18-mile geomorphic and sediment transport study for the reach upstream of the Elephant Butte
Reservoir on the Rio Grande. Modeling study with SRH-2D v3 has the following major
conclusions:
 No competent channel similar to the excavated temporary channel would form, had the
temporary channel not been excavated.
 The new predicted channel morphology is mostly in the form of a multi-channel type at
the end of 2009.
 The study points to the need for continued maintenance of the temporary channel at
selected locations.
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ABSTRACT
Flow response of a fluid, Dowfrost, to a unidirectional oscillatory motion was studied
both experimentally and analytically. The objective is to understand the basic interaction
characteristics between fluid mud and propagating water waves with the eventual application
to studying the characteristics of the waves in the coastal regions. Under the laboratory setting,
the unidirectional oscillatory motion was generated by a rigid plate perpendicular to the free
surface of the fluid. The flow velocity profiles were measured at different depths using particle
image velocimetry. An analytical solution was obtained based on the Navier-Stokes equations
and the experimental results were compared with the analytical solution. The study found that
the velocity fields generated appeared consistent at every depth of measurement. Furthermore,
good agreement was achieved between the numerical solution and the experimental data.
INTRODUCTION
Understanding the interactions between fluid mud and propagating ocean waves is
crucial for studying the wave characteristics in the coastal regions and the related applications.
The propagating ocean wave often disturbs the fluid mud deposited on the sea floor, while the
muddy seabed behaves as a damper that mitigates the wave energy. The unsteady and dynamic
processes involved are very complex. There are needs for more fundamental studies under the
laboratory conditions in order to understand the various physical processes and formulate
appropriate mathematical or empirical models to predict these processes. However, study in
this area is scarce and it is quite challenging to experimentally emulate the muddy seabed flow
processes under the dynamic condition.
Fluid mud is a colloidal system in which clay particles, ionized salts and water
molecules build inter-connected matrix that resists a certain level of stress, i.e., a yield stress
(van Olphen 1963). Due to such characteristics, fluid mud is generally treated as viscoplastic
fluid. It behaves as elastic fluid though until the applied stress exceeds the yield stress (Wan
1983; Nguyen & Boger 1992). The yield stress effects of an ideal non-Newtonian fluid have
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often been estimated by Bingham plastic model (Mei & Liu 1989; Chan & Liu 2009).
However, Park & Liu (2010) suggested that the Bingham model may be insufficient to
describe the reactions of yield-stress fluids to oscillatory motions. That being said, a more
physically-sound model is needed to accurately predict how the rheological properties of
non-Newtonian fluids change under dynamic conditions.
In this first phase of study, an experiment was designed in which a unidirectional
oscillatory motion was created and measurement techniques were evaluated. Originally, we
planned to induce a simple harmonic oscillation in the bottom boundary of the fluid and take
the velocity profile along the depth of the fluid. This experimental setting, however, met a
critical issue. The clay suspensions are so unclear that it is difficult to obtain the vertical
velocity profiles by utilizing the particle image velocitmery (PIV). To avoid the problem, the
plate was then installed perpendicular to two sides of the wall. Also, the fluid chosen for test
was dowfrost (propylene glycol) instead of clay suspensions. The primary reason is that the
current study focuses on the setup of the experiment for oscillatory flow and to understand the
unsteady flow characteristics in preparation for future non-Newtonian studies. The use of clay
suspensions is counter-productive at this point since they are optically unclear and prevent us
from using the PIV technique. Dowfrost fluid is optically clear so that the PIV technique can
be employed to obtain the velocity profiles. Once verified, the proposed experimental setup
will be employed in future to investigate the response of other Newtonian fluid or clay
suspensions under the oscillatory flow environment.
The primary objective of this paper is to report the experimental results to verify the
new experimental setup. It is achieved by comparing the measured velocity profiles obtained
using the PIV with the analytical solutions obtained with the Navier-Stokes equations
(Batchelor 1967). The velocity fields are taken at three depths: 1) near the surface of the
fluid—5 mm; 2) in the middle – 20 mm; 3) near the end of the plate –40 mm. The velocity
profiles are compared to each other and also with the analytical solutions. There is hypothesis
that velocity profiles in an oscillatory flow are “similar” along the depth. In other words, the
free surface and the fluid depth do not influence the velocity profiles and similarity
assumption may apply. The experimental results will answer whether such a hypothesis is
valid.
ANALYTICAL SOLUTION
The governing equations for the viscous fluid are the Navier-Stokes equations
(Batchelor 1967). The momentum equation may be expressed as:
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(1)
in which t is the time; u, the velocity vector; ρ, the density of the fluid; F, the body force; p,
the pressure; ν, the kinematic viscosity of the fluid. In this analysis, let x axis as the direction
of the motion of the plate, y axis the direction of the wave propagation, and z axis as the depth
of the fluid. Because the flow is assumed unidirectional, the flow velocity is zero in y and
z-axes. So, only x-component of the equation is considered as:

(2)

Further, it is assumed that there is no pressure gradient in the fluid,
of fluid does not influence on the velocity profile,

, and the depth

. Then the equation is simplified

as:

(3)

And solving this equations, it could be finally get:

(4)

The boundary conditions according to the experimental settings are imposed next. Considering
that one side of the tank is fixed and another side is moving, we obtain the following boundary
conditions:
(5)
(6)
in which h is the distance between the moving plate and the fixed wall; uw, the amplitude of
the velocity of the plate; ω, the angular frequency of the plate.
Considering only the real parts of the solution and applying the boundary conditions,
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the final approximate analytical solution of flow velocity may be obtained in terms of y and t:
,
where

(7)

. More detailed explanation about the solution can be found in Rosenhead

(1988).
EXPERIMENT RESULTS
The laboratory experiments were performed in the DeFrees Hydraulics Laboratory at the
Cornell University. The room temperature was measured around 20 °C. The manufacture label
of the test fluid, Dowfrost, specifies that the kinematic viscosity at 20 °C is 43.4 cTs (=
43.4×10-6 m2/s).
Experimental Settings: A glass tank (26×50×20 cm) was filled with Dowfrost up to 6 cm. A
rigid aluminum alloy frame was constructed around the tank to hold the SMT 1720D85C
motor to which a rigid thin plate is attached. The motor moved the plate parallel to the longer
side of the tank. The plate was partially submerged in the fluid: 4.4 cm below the surface of
the fluid. The distance between the plate and the fixed wall on the opposite side was 11.7 cm.
Figure 1 shows the simplified diagram of the set-up with important dimensions.

Figure 1 Cross-sectional view of the experimental set-up (not to scale)
PIV Measurement Method: The particle image velocimetry (PIV) is a method that measures
the velocity fields of flows. This technique involves with visual analysis of two consequent
images taken at different times. Crossing over the two images, the distance between the same
particles in the different images are estimated. Then, the velocity of the flows is estimated by
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dividing the distance by the time difference between the two images. The theoretical
background of the PIV is found in Sveen & Cowen (2004).
In this experiment, the procedure of the PIV method followed that used in Park et al.
(2008). Before installing equipments for the PIV technique, extremely fine silicate particles, of
which the density is roughly the same as that of Dowfrost, were mixed with the fluid. The
silicate particles stayed stationary relative to the motion of the flows and did not affect the
fluid chemically. A continuous Coherent Argon-Ion laser system was employed to illuminate
the particles. A horizontal light sheet was created by passing a continuous argon ion laser
beam through a cylindrical lens. The light sheet illuminated 5 mm below the surface of the
fluid. More than 2700 images were collected with the Phantom V7.1 camera at the rate 30 Hz.
The laser was shut down when it was not in use to reduce thermal convection. The experiment
was repeated at 20 mm and 40 mm.
The collected images were trimmed into the region of measurement bounded by the
moving plate and the fixed wall and the lateral sides of the illuminated sheet. Because the
resolution of the images was different at each depth, each set of the images had different
boundaries for the region of measurement. Table 1 summarizes the boundaries of the region
for the three depths.

TABLE 1 The boundaries of the region of measurement at the three depths – 5
mm, 20 mm, and 40 mm (pixel).

Depth
Top

Bottom

Right

Left

5

55

592

101

448

20

73

595

173

524

40

71

584

200

520

(mm)

Finally, the images were analyzed with the MatPIV 161, a MATLAB based PIV
program. In each image, two types of rectangular interrogation subwindows (128×32 pixels
and 128×16 pixels) were applied with 75% of overlap. The program returned 1000 velocity
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field data for each depth of measurement.
Measurement Results: The data series at each depth were not in phase because they were
collected independently. To reduce the phase differences between the measured data sets, we
shifted the data sets by considering the 343rd frame as the initial image for the depth of 5 mm;
the 547th frame, for 20 mm; the 351st frame, for 40 mm. Figure 2 shows the data sets shifted to
be in phase. As a result, the data series are shifted by the phase constant, φ to right.

Figure 2 The change of the velocity of the fluid near the moving plate over time measured by PIV at
different depths: 5 mm (red), of 20 mm (green), and of 40 mm (blue).

The amplitudes and frequencies of the motion of the fluid near the moving plate were
estimated through performing Fourier transform on the waves demonstrated in the Figure 2.
Considering the no-slip condition, we assume the fluid near the moving plate moves in the
same velocity of the moving plate. Table 2 records the estimated peak amplitudes and
frequencies. The amplitudes were estimated different along the depths. The frequencies were
found to be consistent at the depths of 5 mm and 20 mm, but not depth 40m.
TABLE 2 The amplitudes and frequencies of the moving plate measured
at different depths.

Depth (mm)

Amplitude (cm/s)

Frequency (Hz)

5

0.1360

0.293

20

0 .1537

0.293

40

0 .1146

0.234
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RESULTS AND DISCUSSION
Comparison of the velocity profiles: Figure 2 and 3 indicate that the velocity profiles move in
the similar fashion at each depth of measurement. But, the figures also exhibit that the
discrepancies exist between the profiles. Moreover, as shown in Table 2, there are substantial
disagreements between the peak frequencies and amplitudes of the moving plate. One main
contributor of the discrepancies might be the phase difference between the velocity profiles.
Another main contributor might be the limited number of the data. Only two and half periods
of the oscillatory motion represented. Also, the velocities in Figure 2 represent the velocity of
the fluid near the moving plate, not the true velocities of the moving plate. For more reliable
results, the velocity profiles must be perfectly synchronized. More data – with longer periods –
should be collected and analyzed. In addition, Rather than comparing the near-the-plate
velocities, the velocities at the same locations must be compared. If the experiment is repeated
with such considerations, the congruity between the profiles will improve.
Comparison to the Analytical Solution: In Figure 4, the velocity profile taken at 5 mm
depth is compared to the analytical solution. The phase constant, φ, is approximated by the
trial-error method. As shown in Figure 4, when φ reaches around 5π/6, the experimental data
and analytical solution appear to be in phase. As shown in the figure, however, there is
incongruity between the experimental theoretical values. To develop an analytical solution, we
assume the plate moves in a sinusoidal motion. However, as indicated in Figure 2, the motion
appears rather irregular than perfect sinusoidal. An improvement in the analytical solution is
necessary to increase the congruity. The analytical solution should be recomputed assuming
the plate motion is a superposition of different sinusoidal waves. Multiple amplitudes and their
corresponding frequencies can be found through the Fourier transform. Instead of picking only
the peak amplitude and frequency, other significantly high amplitudes and their corresponding
frequencies should also be taken to build the superposed wave for the analytical solution.
Figure 5 agrees with Figure 4. Though the experimental data and analytical solution
show the similar motions, there are discrepancies between the experimental and analytical
velocity profiles. The fluid near the stationary boundary is zero in the analytical solution due
to the no-slip condition while it has little velocities in the experimental data. As observed
during the experiment, the fluid surface was slightly fluctuated when the plate was moving.
The side of the moving plate might push the fluid and cause undesired motions of the fluid.
Such issue should be considered when developing the analytical solution.
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Figure 3 The velocity profiles at the different depths: 5 mm (red), of 20 mm (green), and of
40 mm (blue). (a) t = 0.5 s; (b) t = 1.60 s; (c) t = 1.83 s; (d) t = 4.0 s

Figure 4 The change of the velocity of the plate over time measured by PIV at depth = 5
mm: experimental data (blue circles), theoretical simulation (red curve). The frequency is
0.293 Hz; amplitude is 0.136 cm/s; φ is

approximately 5π/6
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Figure 5 Velocity profiles at depth of 20 mm (blue) and the plot of the analytical
solution (red). (a) t = 1.67 s; (b) t = 2.67 s; (c) t = 4.0 s; (d) t = 5.33 s.

CONCLUDING REMARKS
Fluid mud is a type of clay suspensions that is easily found in many coastal regions.
Because of its mechanical and chemical characteristics, understanding how the fluid mud
responds to dynamic conditions is crucial for improving scientific knowledge and engineering
application in the coastal engineering. Motivated by the need of studying the clay suspensions
under wave motions, we proposed a new experimental setting which may be used to
understand the flow characteristics under the oscillatory motion.
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In this study, we obtained velocity profiles at different locations – specifically, along
the depths of the fluid – by employing the PIV technique. The velocity profiles showed
discrepancies. But, the behaviors of the profiles appeared significantly “similar.” Furthermore,
we solved the Navier-Stokes equation to obtain the analytical velocity solution for our
experiment. A comparison of the experimental data to the theoretical solution indicated that
the analytical solution is good though further improvements are needed.
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ABSTRACT
In response to more-frequently-occurred disasters under climate change, the
enhancement of early warning system has drawn more attention than ever before in Taiwan. A
Modulized Integrated Disaster Early Warning System, which embeds with Rainfall, Flood,
Landslide, and Social-economic modules to analyze the impacts of various disasters, is
developed and tested in this study. Each module contains several conceptually different
models based on physical, statistical and empirical approaches. The benefits of integration
include shortening computational time, avoiding over-simplicity, improving theoretical
reasoning, and expanding database. The system is constructed on an automatic computing
platform that connects to a group of servers for data storage and module processing. Its Web
Service provides output demonstration with a GIS interface to end users. To make the system
more practical, special efforts are put on the unification of I/O format, linkage of storylines,
and check of logistical reasonability. The system is module-swappable that makes it superior
in expansibility, flexibility and maintainability to deliver accurate, integrated and
decision-oriented information for disaster early warning.
1. INTRODUCTION
Due to the rapid changes of climate and environment, Taiwan has suffered from more
frequent and devastating disasters in recent years. In 2009, Taiwan suffered a 1 in 50 year
disaster of flooding and landslide due to the tremendous rainfall brought by Typhoon Morakot,
before recovering from serious damages induced by Typhoon Kalmaegi, Fungwong, Sinlaku
and Jangmi in 2008. In 2010, Typhoon Fanapi and Megi brought continuous rainfalls with the
intensity greater than 100mm/hr that led to not only severe flooding in Gaoping Basin but also
multi-collapses of Suhua Highway that killed many travelers.
National Science and Technology Center for Disaster Reduction (NCDR) is conferred by
law the authority to chair the information assessment group of Central Emergency Operation
Center (CEOC), which provides decision support to the commander during typhoon period. In
order to provide the commander clear disaster warning information, a Modulized Integrated
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Disaster Early Warning System (MIDEWS) has been developed by NCDR since 2010. The
system is embedded with different modules across various fields of meteorology, hydrology,
geology, economy and sociology, to provide users with disaster impact forecast displayed on
GIS interface through Web Service. The MIDEWS composes of four major modules linked
from upstream to downstream, including rainfall estimate/forecast module, landslide warning
module, flood warning module, and social-economic impact module. The system is now
online and ready for giving reliable information for disaster warning operation. The system is
auto-computational on a group of data storage and module processing servers that
simultaneously retrieve rainfall data from Central Weather Bureau (CWB) and requests made
by authorized users accessed through Active Directory (AD) web service. The flowchart of
information exchange between different interfaces is plotted in Fig. 1.

Figure 1 Flowchart of Information exchange
In disaster warning task, one major issue is to avoid being over-optimistic or
over-pessimistic. The study incorporates different models to avoid extreme bias possibly
derived from using single model. The rainfall estimate/forecast module is consisted of three
models: Quantitative Precipitation Estimation and Segregation Using Multiple Sensor
(QPESUMS) model, Weather Research and Forecasting (WRF) model, and typhoon rainfall
forecasting model. The flood warning module includes a river flooding model, an inundation
simulation model, an inundation probability model, and a flood rainfall threshold model. The
landslide warning module includes a landslide rainfall threshold model, a landslide probability
model and a geo-hazard potential model. The social-economic impact module is capable of
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estimating social vulnerability and loss induced by flood and landslide, respectively. All the
model results are displayed on the same front-page so that users can get a quick overview of
the integrated disaster scale as shown in Fig. 2. Based on the authorization limit, a professional
user can login to individual modules for getting more information and doing parameterization.
The models included in each module are introduced in the following paragraphs.

二維淹水潛勢運算效能提升

橋梁安全監測跨領域整合研究平台

Fig. 2 Front-page of MIDEWS
2.

RAINFALL ESTIMATE/FORECAST MODULE

The module includes three models, one is for rainfall estimation and the other two are
for rainfall forecast. Estimated rainfall is very import for evaluating the antecedent condition
that triggers flooding or landslide, while the forecast rainfall is helpful to extend the response
time of emergency operation. The rainfall data produced by the three models are automatically
transmitted into the downstream models to generate disaster projections of flooding, landslide
and social-economic for users to choose from. Fig. 3 demonstrates the results given by the
three rainfall models.
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Figure 3 Results given by rainfall models

QPESUMS model
The QPESUMS, which incorporates radar and rain-gauge data for rainfall estimation to
compensate the scattered rain gauge observations, has been developed for years in Taiwan and
the estimating technique is mature (Chen et al., 2007).. Currently, the average distance
between rain gauges is 10−20 km. The QPESUMS provides downscaled rainfall estimation in
resolution of 1.3km x 1.3km, which is valuable for localized disaster warning especially for
mountain areas.
WRF model
WRF is a mesoscale weather forecast model developed by the United States considering
cloud water physics, cumulus parameterization, land surface processes, boundary condition
and atmosphere radiation. The WRF model used in NCDR provides typhoon courses and
rainfall forecasts four times a day with 72 hours lead time. The typhoon course can be adjusted
by observation and fed back to the WRF model to improve accuracy of rainfall forecast.
Typhoon rainfall forecasting model
The typhoon rainfall forecasting model used in this study is developed by Lee et al.
(2004), which considers the topographical lifting and the variations of rain rate with radius in
providing hourly rainfall at any station or any river basin based on a given typhoon center
location. The model is tested by many historical events and proven to be capable of giving
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reasonable cumulative rainfall amount induced by typhoon in Taiwan.
3.

FLOOD WARNING MODULE
The flood warning module is composed of models based on deterministic, statistical, and
empirical approaches. The deterministic model is physically reasonable but computation
consuming. The statistical analysis is relatively economical, but it easily leads to bias since
flood factors are variable and interplay complexly with each other. The empirical approach is
the easiest-to-use but often criticized due to the lack of theoretical reasoning and database. In
this study, a semi-empirical river flooding model, an inundation simulation model, an
inundation probability model, and an inundation rainfall threshold model are adopted for flood
forecast. Fig. 4 displays the snapshots of the results given by the flood warning models.

Figure 4 Display of flood warning module
River flooding model
Predicting the variation of river stage and determining where will be possibly affected by
the boosting water level is important to successful river flooding warning. In the last decades,
a large body of researches has shown good results on describing the relation between river
stage and rainfall by ANN (artificial neural network) method, e.g. Lorrai and Sechi (1995),
Campolo et al. (1999), and Wu et al. (2005). One branch of ANN algorithms, BPN
(Back-Propagation Neural Network), widely used in solving hydrological forecast issues
(Marier and Dandy, 2000; El-Din and Smith, 2002), is adopted herein for river stage forecast
from antecedent factors (Hsu et al., 2010). Once the river stage is obtained, the next task is to
determine whether the neighboring areas to be affected. According to the relation between
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warning water level and evacuation areas empirically set up by WRA for major rivers in
Taiwan, flood warnings can be given to the neighboring townships where the river stage is
expected to exceed the warning water level.
Inundation simulation model
The inundation simulation model is a deterministic model, combining the HEC-1 (U.S.
Army Corps of Engineers Hydrologic Engineering Center, 1992) taking into account the
watershed physiographic characteristics for upstream runoff hydrograph calculation, a 1D
channel dynamic model (Hsu et al., 2003), and a two-dimensional non-inertia wave
transmission model using alternating direction explicit (ADE) numerical scheme for
downstream overland flow routing (Chen, 2005). Among them, the HEC-1 provides the input
conditions for the other two modules for the calculation of detailed inundation depth on grid
basis. To account for the computation limits, an inundation potential database (IPDB; Chen et
al., 2006) was established to obtain the village-based average inundation depth under 150, 200,
250, 300, 350, 400, 450, 500, 550 and 600 mm/day of design rainfall, respectively. During
typhoon period, the most appropriate inundation map is selected from the IPDB through a
comparison procedure between the observed and design rainfall hyetographs, and warning can
be given to the townships having any village with inundation depth larger than 50 cm.
Inundation probabilistic model
Statistical model is relatively economical, compared to deterministic simulation, in
computation and practical in real-time use. Based on statistically incorporating the
deterministic inundation maps using logistic regression method on historical events, an
inundation probabilistic model is obtained by determining the village-based relation between
inundation probability and daily rainfall (Jang et al., 2011). The rainfall corresponding to 50%
of inundation probability is set as the threshold. Once the observed rainfall exceeds the
threshold, precaution is considered necessary because the probability to be inundated
becomes higher than not to be inundated. Test results show that the probabilistic model is
efficient in computation, clear in message and reasonable in physics.
Inundation rainfall threshold model
Although hydrological modeling based on scientific reasoning is proven powerful in
many investigations, scientific limitation such as the inaccuracy for long-rang rainfall forecast,
the shortage of computation capacity, and the inaccessibility to detailed flood database, etc.,
remains intractable. Thus, a rainfall threshold model, empirically setting the minimum rainfall
for each township, is established from the survey of historical data as a compensation for
scientific modeling. The maximum 1-, 3-, and 6-hr rainfalls a township experienced during
historical events are recorded and set as the rainfall thresholds. In application, warning will be
given to a township even if any of the three rainfall thresholds is exceeded. It should be noted
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that the rainfall thresholds are very subjective to experience and should be amended whenever
new inundation events occur in order to improve warning accuracy in the future.
4.

LANDSLIDE WARNING MODULE

Three models determining the rainfall threshold, landslide probability and geo-hazard
potential, respectively, are included in the landslide warning module. Fig. 5 is the
demonstration of the three models.

Figure 5 Demonstration of the landslide warning Module
Landslide rainfall threshold model
As rainfall intensity and rainfall duration are the two main factors for triggering landslide
(Caine, 1980), therefore, rainfall intensity and 24 h accumulated rainfall are adopted to
determine the rainfall threshold in this study. The Kriging method is applied to interpolate
rain gauge data spatially. A total of 3,629 cases of rainfall induced landslide from 1971 to 2004
are included for determining the thresholds of rainfall intensity and 24-hr accumulative rainfall
(Yu et al., 2004). The landslide thresholds are not constant that need regularly revision
according to newest landslide events.
Landslide probability model
The model analyzes the relation between rainfall and landslide probability by using
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logistic regression on historical landslide events as RL= exp(0 + 1Rc)/(1+ exp(0 + 1Rc)),
where, RL is the landslide probability; 0 and 1 are regression coefficients to be determined;
Rc is the accumulated rainfall of the event. Taking 50% of landslide probability as the
threshold for warning giving, the overall accuracy researches 70% for historical events.
Practically, the threshold can be adjusted according to the local characteristics and experience.
For example, for some villages that are highly vulnerable to be isolated by road interruption,
warning should be given at lower landslide probability; as for those where engineering
reinforcement has been carried out, the rainfall threshold should be raised.
Geo-hazard potential model
As landslide tends to occur in geographically weak spots, the study focuses on pinging
point the rock strength, rock joint, land slope and elevation, etc. around Taiwan using grid
cells with 500m500m resolution. According to the historical disaster investigations, the
number of disasters in each grid cell can be summed up and normalized for Hot Spot
identification. Analyses show that the landslide occurrence highly correlates to the hot spots
that can be plotted as the geo-hazard potential maps served for warning usage.

5.

SOCIAL-ECONOMIC IMPACT MODULE

In addition to physical damage, social and economic impacts can provide the decision
makers with extra information which is crucial for emergency deployment and post-disaster
recovery. The module includes two models in estimation of social and economic impacts
corresponding to intangible damage and tangible damage, respectively. Fig. 6 shows the
demonstration of the two models.
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Figure 6 Demonstration of social-economic impact module

Social Vulnerability Index (SVI) model
The model is developed to estimate intangible loss which is used to enrich the
information for disaster mitigation or reduction. The model integrates three important social
dimensions for calculating SVI, including maximum household value, household resistance,
and household self-recovery ability. Fig. 7(a) shows the maximum household value that can be
jeopardized by flood disasters, the deeper color represents more dangerous region. Such maps
can be used as important reference for pre-disaster resource deployment. Fig. 7(b) shows the
map of household resistance to flood disaster, which is an integration of the numbers of the
disable, solitude elder, and female. During disasters, these people are particularly in need of
help and they can be evacuated in advance through this map. Fig. 7(c) shows the map of
individual resistance to flood disaster. Those areas having lower self-resistant capability are
mostly with lower income and social participance, and will lead to extended social problems
that need extra assistant from the government. With the help of the SVI model, the commander
can make decisions not only by physical situations but also by considering the social
circumstances to modify the decisions or policies.
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(a)

(b)

(c)

Figure 7 Demonstration of SVI (a) maximum household value (b)
household resistance (c) individual resistance
Economic loss model
The model is used to estimate the tangible damage according to the prediction given by
the flood and landslide modules, including the number of affected people, land loss, household
loss, cropper loss, industrial loss, infrastructure loss, traffic and hydraulic facility loss, etc. The
formulas for calculating different types of loss are listed in Table 1. The loss estimations can
be displayed on a GIS platform in unit of city, county, village or land-use depending on user’s
need. In application, the model provides decision makers with approximate monetary losses
that can be consulted during emergency deployment and post-disaster recovery.

Table 1 Loss formulas
Items

Formulas

No. of affected
people

INP   PDi  IAi

Notation

n

PDi: density of people

i

LAi: affected area
i: No. of areaLand loss (Liu,
2009)

Land loss

LVi: land value per unit area

N

LL   LVi  LLAi
i 1

LLAi: area of land loss
i: No. of area type
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Household loss
for Flood

Household loss
for Landslide

(Li, 2008)

Ln(Flood loss)＝
-0.421 + 1.875 Ln(flood depth)
- 1.060(house possession)
+ 0.736 Ln(household member)
+ 0.159 Ln(income)
+ 0.637 Ln(flood duration)
- 0.834(apartment/mansion)
- 0.028(residential years)
Ln(Slopeland Loss) =
9.36 + 0.736 Ln(Landslide coverage)
+0.603 Ln(Height of coverage)
+0.210 (Disaster experience)
+0.092(Number of household people)
-1.015 (House type-Pure residence)
- 0.231(Community preparedness)
+0.451(Construction type- RC material)

Cropper loss

(Li, 2010)

COi: Cropper yield per unit
area
n

CL   COi  CPi  CLAi
i

CPi: Cropper price
CLAi: Cropper area
i: No. of cropper type

Industrial and
commercial loss

n

ICL   ICPi  ICLAi

ICPi: Industrial and
commercial price per unit area

i

ICLAi: Industrial and
commercial area
i: No. of industrial and
commercial type
Infrastructure loss

BCij : infrasturcture price per
unit area for
N

BL  
i 1

M



i type of building at floor j-th

BCij  BAij

j 1

BAij: infrasturcture area per
unit area for i type of building
at floor j-th
(Liu, 2009)

Traffic and

SUOi: Structure unit price

hydraulic facility
loss

SLNi: Number of building
loss

THL   SUOi  SLNi

i: No. of building type (Liu,
2009)
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5.

CONCLUSIONS

The MIDEWS has embedded four modules including 12 models in analysis of disaster
impacts in aspects of flood, landslide, society and economy. Each module contains several
conceptually different models based on physical, statistical and empirical approaches in order
to integrate the benefits of different methodologies. The system is constructed on an automatic
computing platform in connection with a group of data storage and module processing servers,
providing end users with output demonstration on GIS interface through Web Service. Though
the project started in 2010 and the system is still under construction, advantages have been
revealed in shortening computational time, avoiding over-simplicity, improving theoretical
reasoning, and expanding decision-making information. The system is deliberately designed to
be module-swappable that makes it superior in expansibility, flexibility and maintainability to
deliver accurate, integrated and decision-oriented information for disaster early warning. The
issues to be solved in the following stage include: how to maintain computational efficiency
when multiple models are working at the same time? And how to translate the scientific data
into easily understandable information for decision makers’ sake? This takes extra work on
collecting the feedback of the users in practical applications.
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ABSTRACT
Assessment of parametric uncertainty for groundwater reactive transport models is
challenging because of model nonlinearity due to nonlinear reaction equations and process
coupling. The model nonlinearity may yield complex surface of objective functions with
multiple minima and parameter distributions that are non-Gaussian and have multiple modes.
In this study, taking as an example a surface complexation model developed to simulate
transport of hexavalent uranium [U(VI)] in column experiments, the widely used nonlinear
regression methods and the Markov Chain Monte Carlo (MCMC) techniques are used to
compare their performance of quantifying predictive uncertainty. The complexity of
least-square objective function surface is demonstrated using a brute-force Monte Carlo (MC)
simulation. It explains why the multimodal, non-Gaussian parameter distributions cannot be
identified by using the nonlinear regression methods but by MCMC simulations. In addition,
for such parameter distributions, a comparative study shows that MCMC techniques are
superior to nonlinear regression methods for quantifying predictive uncertainty.
Key Words: Surface complexation model, response surface of objective function, multimodal
distribution, global and local optimization, Markov chain Monte Carlo
INTRODUCTION
Groundwater reactive transport modeling is an essential tool for analyzing and managing the
subsurface environment [Steefel et al., 2005]. However, its predictions are inherently uncertain;
disregarding or inaccurately quantifying predictive uncertainty may result in risk of failure in
site remediation and monitoring. In comparison with parametric uncertainty analysis in
groundwater flow and transport modeling, quantification of parametric uncertainty in reactive
transport modeling has its own challenges. The major challenge is that reactive transport
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models are nonlinear with respect to its parameters due to nonlinear reaction equations and
process coupling. The nonlinearity always lead to extremely complex surfaces of objective
functions (e.g., least square or likelihood) such as that reported in Matott and Rabideau [2008]
with a large number of local minima. For such objective functions, the gradient-based
parameter estimation algorithms (e.g., the Gauss-Levenberg-Marquardt method) may perform
poorly, terminating in regions of local minima depending on initial guesses of model
parameters. In this case, the global optimization methods are entailed to find the global
minimum of the objective function. Another challenge to quantification of uncertainty in
reactive transport modeling is that model parameters may be non-Gaussian and have multiple
modes, as demonstrated below conceptually and for a surface complexation model. This
questions the accuracy of the methods that assume normal or lognormal distributions for
parameters of reactive transport models either explicitly [Srinivasan et al., 2007; Liu et al.,
2008; Tartakovsky et al., 2009] or implicitly [Dai and Samper, 2004].
Studies in other fields of hydrology and water resources, especially those in surface
hydrology, suggest that Markov Chain Monte Carlo (MCMC) methods may be a solution to the
above challenges. As a Bayesian technique, MCMC does not either require model linearization
or assume any forms of probability distribution of model parameters. Instead, it estimates the
posterior parameter distribution and takes into account of model nonlinearity in the estimation.
It was demonstrated in Smith and Marshall [2008] that MCMC techniques are able to identify
multimodal parameter distributions of hydrologic models. Vrugt et al. [2008a, 2009a,b] recently
developed another MCMC-based approach, DiffeRential Evolution Adaptive Metropolis
(DREAM), which was adapted from the Differential Evolution – Markov Chain (DE-MC)
method of ter Braak [2006]. It searches minima of multiple-objective function and
simultaneously updates posterior parameter distributions; its efficiency of estimating
multimodal non-Gaussian parameter distributions has been demonstrated. While DREAM
appears to be a promising tool because of its advanced and efficient sampling algorithm, it is
unknown whether DREAM can resolve the above challenges in groundwater reactive transport
modeling. Application of DREAM to groundwater flow and transport modeling in Keating, et al.
[2010] suggested that DREAM may not be practical to high-dimensional and computationally
expensive models, since it requires thousands to hundreds of thousands of model runs.
The purpose of this study is to provide a thorough analysis on the response surface of
objective function and multimodality of parameter distributions in groundwater reactive
transport modeling, which is attained by using a brute-force MC simulation with hundreds of
thousands of model runs. It yields a response surface that is the basis to explain the results of
model calibration (local and global) and MCMC simulations. This study is conducted for a
Surface Complexation Model (SCM) developed by Kohler et al. [1996] to simulate uranium
reactive transport in column experiments. The SCM is ideal for this study, since it has only
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four unknown parameters (thus not high-dimensional) and its execution time of each forward
model run is about 3 ~ 5 minutes (thus not computationally expensive).
BAYESIAN APPROACHS AND CREDIBLE INTERVALS
The Bayesian methods treat model parameters, β, as random variables and characterize
parametric uncertainty using their posterior distribution obtained from the Bayes’ theorem:
p(y | β) p(β)
,where p(β | y) is the posterior parameter distribution conditioned on
p(β | y ) 
p(y )
data y, p(β) is prior distribution and p(y|β) is likelihood function. Since analytical expressions
of the posterior distribution are in general not available except for special cases, the posterior
distributions are always obtained numerically using MCMC techniques. The MCMC method
does not require linearizing the models and is able to infer the posterior distribution of any
form, not limited to the Gaussian form as in the nonlinear regression methods. Estimating
multimodal distributions of parameters is still a daunting challenge to MCMC techniques.
Recently, Vrugt et al. [2008a, 2009a,b] proposed the DREAM algorithm to resolve this
problem. DREAM runs multiple Markov chains from different starting points in parallel for
global search in the parameter space, which makes it possible to search multiple parameter
regions corresponding to multiple modes.
After the posterior parameter distribution is obtained, the predictive uncertainty is
quantified by first drawing parameter samples from the distribution and then executing the
model of prediction for the samples. The (1   ) 100% credible interval is determined via



u

l

p( g (β) | y )dg (β)  1   , where p( g (β) | y) is posterior distribution of g (β) conditioned

on data y. In this study, the credible interval limits, l and u, are determined using the
equal-tailed method as p( g (β)  l | y)  p( g (β)  u | y)   / 2 [Casella and Berger, 2002]. If
α = 0.5, the limits correspond to the 2.5% and 97.5% percentiles of model predictions.
UNCERTAINTY QUANTIFICATION
Surface complexation model. In order to study uranium transport and test potential
applicability of reactive transport modeling, Kohler et al. [1996] conducted eight column
experiments in a well-characterized U(VI)-quartz-fluoride column system. The breakthrough
curves of U(VI) exiting the column over the course of several pore volumes of water showed
the retardation effect due to uranium adsorption on the quartz surface. The uranium adsorption
was simulated in Kohler et al. [1996] using the Surface Complexation Models (SCMs), in
which uranium is absorbed on surface hydroxyle functional groups or sites of mineral
according to chemical reactions.
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The assessment of parametric uncertainty is conducted for Model C4 selected by Kohler et
al. [1996] as the best model based on a qualitative analysis and the principle of parsimony. This
model has two functional groups, S1OH and S2OH, hereinafter referred to as weak site and
strong site, respectively. The weak site is associated with one reaction
S1OH+UO22+ +H 2 O=S1OUO2 OH+2H +

(1)

and the strong site with two reactions
S2OH+UO22+ +H 2 O=S2 OUO2OH+2H +

(2)

S2OH+UO22+ =S2OUO2 +H +

(3)

Model calibration and uncertainty analysis is performed for the 10-base logarithms of the
formation rates of the three reactions (denoted as logK1, logK2, and logK3) and the 10-base
logarithm of the fraction of the strong site (denoted as logSite). The fraction of the weak site is
not considered explicitly, because the summation of the two site fractions is one.
The objective function used for the purposes of model calibration and parametric
uncertainty analysis is the Sum of Squared Weighted Residuals (SSWR) given by
SSWR 

Ngroup


j 1

 N

 N obs

  Y  Yˆ 

Nobs
i 1

i

i

i

2


 , where i is weight, N = 120 is number of observations


from the three experiments, Ngroup = 3 is number of groups (i.e., the three experiments), N obs
is number of data points in each group (equal to 39, 32, and 49 for Experiments 1, 2, and 8,
respectively), and Y and Ŷ are observed and simulated concentration, respectively. The group
weights (N/Nobs) are used to balance different numbers of observations in different experiments.
The computer code RATEQ developed by Curtis [2005] is used for the forward model
simulation.
Results. The surface of the objective function is constructed using a “brute-force” MC
simulation with more than 180,000 parameter realizations generated. All the four parameter
vary and the log10SSWR values of the four-dimensional parameter space are projected on the
three-dimensional space of logK1, logK2, and logSite, as shown in Figure 1. For a better
presentation, this figure includes only 273 parameter sets whose corresponding objective
functions are less then 380, which considered reasonable. The threshold value is selected
empirically based on match between simulated and observed breakthrough curves. A majority
of the parameter sets are clustered around the global minimum; while other parameter sets are
scattered, they also appear to cluster around the local optima in the parameter space.

- 52 -

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

Figure 1 Scatter plot of selected log10SSWR with the three most sensitive parameters model
parameters logK1 (red axis), logSite (blue axis), and logK2 (green axis).
To estimate the posterior parameter distributions, twelve Markov chains based on
DREAM algorithm are ran in parallel and a total of 72,000 model executions are conducted.
The first 50% of the realizations are discarded in the burn-in period. It is worth pointing out
that the maximum objective function of the remaining parameter realization is 380, which is
identical to the threshold value used for plotting Figure 1. It indicates that the empirically
selected threshold value is reasonable. Based on the remaining parameter realizations, Figure 2
plots the histograms of the four parameters. Different from the histograms obtained from the
simple MC simulation (not shown here), the highest peaks of the histogram in Figure 2
correspond to the global optimum. It indicates that the histograms of Figure 2 are more
reasonable than those of MC simulation, suggesting the efficiency of DREAM for estimating
the posterior parameter distributions relative to the simple MC method. None of the
histograms appears to be Gaussian; in addition, the histograms of logK1, logK2 and logK3
have multiple modes. The histogram of logK1 has the highest peak around the global optimum
of -4.9 and low peaks at the tail. Two peaks are shown in the histogram of logK2 at the values
-2.7 and -3.1; peaks around 0.9 and 1.3 are observed in the histograms of logK3.
In a cross-validation manner, model C4 is used to predictive Experiment 5 with 41
observations. Predictive uncertainty is quantified using the 95% confidence intervals (linear
and nonlinear) estimated using UCODE_2005 and the 95% credible intervals estimated based
on the DREAM parameter realizations. As shown in Figure 3, the linear confidence interval is
narrow and covers only 3 observations. While the nonlinear confidence interval is slightly
wider, they can cover no more observations than linear confidence interval. For the nonlinear
confidence interval, it is evaluated again using PEST with a larger, user-specified critical value
so that the interval can be increased. The new critical value is 379.82 that is the largest
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objective function obtained from the DREAM realizations. As shown in Figure 3, the
corresponding nonlinear confidence interval is wider than the 95% one, but it can only cover
seven more observations at the tail of the breakthrough curve. The 95% credible intervals of
MCMC cover about half (46.34% coverage rate) of the observations, especially those at the
peak of the breakthrough curve. The credible intervals of MCMC are superior to the
confidence intervals of the regression method in terms of covering the observations.

Figure 2 Histograms of the four model parameters based on 36,000 DREAM (after burning in)
samples. The red lines represent the location of global parameter optima.

Figure 3 Observations and the 95% linear and nonlinear confidence intervals estimated using
UCODE_2005 and 95% nonlinear credible interval estimated based on DREAM realizations.
Nonlinear confidence interval with modified critical value is also estimated using PEST.
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CONCLUSIONS
This paper applied MCMC approach to solve the challenge of quantification of parametric
uncertainty in reactive transport modeling, and was demonstrated using a surfer complexation
model. Results of this study show that DREAM is an efficient and effective tool for estimating
the non-Gaussian posterior parameter distributions with multiple modes. The key finding for
this study is that MCMC techniques are superior to the nonlinear regression methods for
quantifying predictive uncertainty. Comparing with MCMC techniques, the linear and
nonlinear confidence intervals of the regression methods underestimate predictive uncertainty
The reason is that assumptions required for estimating the confidence intervals are violated.
Estimating the linear confidence intervals assumes that model predictions are Gaussian, which
is not the case in this study. Assumptions for estimating the nonlinear confidence intervals are
violated in that (1) the model has notable model error for simulating the breakthrough data, (2)
model predictions are not monotonic due to model nonlinearity, and (3) there are more than
one minimum in the objective function.
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The Willingness to Pay by Industrial Sectors for Agricultural Water Transfer during
Drought Periods in Taiwan
Ya-Wen Chiueh1＊, Cheng Chang Huang2
Abstract
With continuous climatic change, droughts have begun to occur more frequently. In
order for industrial sectors to secure a stable supply of water during the time of droughts, or to
maintain the normal functions of industrial production lines, transfer of agricultural water has
often been utilized. This will happen more frequently as the climates continue to change.
There is a high possibility that continuous climatic change will affect the current water
management operations. The IPCC (Intergovernmental Panel on Climate Change) thinks that
developing the water market by targeting reasonable distribution of scarce water resources is
one of the strategies for water resource management under continuous climatic change (IPCC,
2008). Past studies have often discussed the amount of compensation given in exchange for
agricultural water transfer, or the costs lost resulting from water transfer. However, few
studies have discussed the industrial sector’s willingness to pay for agricultural water transfer
from the viewpoint of managing water shortage risks. In general, if the amount of
compensation is established based on farmers’ WTA information, there might be situations
where the amount of compensation established is inclined to become an exploitation of the
surplus from transferring agricultural water. Or, the benefits of the agricultural sectors might
be sacrificed or exploited. It could also be that the transaction cost would become higher for
agricultural water transfers during droughts when the information of the provider and those in
need are asymmetrical, which in turn would affect the benefits of the agricultural sectors and
the efficiency of water resource distribution. This study uses the Contingent Valuation
Method (CVM) to evaluate the amount of money industrial sectors are willing to pay under
climatic change to avoid the risk of water shortage in Taiwan. We target the larger industrial
areas and science parks as the objects of investigation. Interviews about the amount of
willingness to pay (WTP) for transferring agricultural water are conducted in factories in the
above mentioned areas, which include the Hsinchu Industrial Park, Chung-Li Industrial Park,
Taichung Industrial Park, Lin-Yuan Industrial Park, Hsinchu Science Park, Central Taiwan
Science Park, and Tainan Science Park. The results of this study show that the WTP for
agricultural water transfer of the abovementioned industrial/science parks are $28NT/ton
during drought periods.
Key words: drought, water transfer, contingent valuation method.
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I. Introduction
Due to frequent droughts resulting from climate changes, water reserved for agriculture is
often transferred into non-agricultural areas in order to ensure a stable water source or
maintain normal production in industries.
With continuing climate changes, such
transferring of water has become increasingly frequent. Climate changes have a high
potential of impacting current water management. The Intergovernmental Panel on Climate
Change (IPCC) believes that the marketization of water to reasonably distribute scarce water
resources is a management strategy for coping with climate changes. Nevertheless, the
marketization of water resources or transferring water among different sectors involves the
“supply” party’s willingness to accept (WTA) and the “demand” party’s willingness to pay
(WTP). Understanding each party’s respective WTA and WTP information can facilitate a
fair and effective transferring and compensation mechanism.
Previous literature reviews have mainly focused on the WTA amounts for farmers to
transfer out water. For example, Chiueh (2007) estimated the WTA amount for farmers in
the Kaohsiung area while Chiueh and Zheng（2007) estimated the WTA amount for farmers in
the Taoyuan and Shimen areas. However, very few studies have evaluated the price that
non-agricultural sectors are willing to pay to transfer in agricultural water, in view of
controlling water shortage risks. Generally, if prices were only established according to
WTA, there is concern that such a compensation policy could easily result in the tendency to
exploit the agricultural sector of their water surplus, or in other words, undermine their welfare.
Moreover, if the supply and demand market information is unbalanced, it is easy for
agricultural water transferring to cost more during periods of drought, thereby affecting the
welfare of agricultural sectors or the efficiency of water resource distribution. The goal of
this research is to design a questionnaire to survey the WTP amount set by non-agricultural
sectors to transferr agricultural water in order to eliminate water shortage risks due to climate
changes and to ensure a stable water supply for their sectors. Non-agricultural water users
from areas that are at higher risk of water shortage due to climate changes were chosen for
questionnaire sampling. The contingent valuation method (CVM) was used to evaluate the
WTA prices of non-agricultural departments for transferring agricultural water to eliminate
water shortage risks due to climate changes and to ensure a stable water supply for their
sectors. It is hoped that information can be provided to water markets so that the cost of
water allocation can be reduced, thereby facilitating a fair and efficient distribution of
resources.

II Literature Review
The IPCC believes that the marketization of water to reasonably distribute scarce water
resources is a management strategy for coping with climate changes (Huang, 2008; IPCC,
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2008).

In countries around the world, water resource allocation is often goes from

non-agricultural sectors to agricultural sectors. Cortignani and Severini (2009) used Positive
Mathematical Programming (PMP) to analyze how deficit irrigation influenced the impact of
increased water supply cost, decreased water resources and increased grain prices. It was
found that deficit irrigation is advantageous to efficiency and the welfare of farmers, and is
helpful for setting appropriate water resource management policies. Taylor and Young (1995)
asserted that as long as the benefits of transferring out irrigation water outweighs the benefits
and cost of irrigation water use, then irrigation water transferring rights are economically
feasible. Willies et al. (1998) used a different irrigation approach and transferring ratio to
analysis the cost to temporarily transferring out water for salmon breeding to salmon farmers.
Their results indicated that a contract for temporary transferring can provide water for salmon
breeding. In his study of water use trends in the western United States, Frederic (2006)
found that if the agricultural sectors in the western states can conserve water use by 15%, the
future daily and industrial water needs of the western United States can be met. Jedidiah et.
al (2008) collected data on the price and volume of water transferring in the western United
States from 1987 to 2005, and found that both the price and frequency of agriculture-to-urban
water transferring is higher than agriculture-to-agriculture water transferring. Moreover,
short-term leases are gradually shifting toward permanent sales.
The marketization of water or transferring of water among sectors involves the “supply”
party’s willingness to accept (WTA) and the “demand” party’s willingness to pay (WTP).
Understanding each party’s respective WTA and WTP information can facilitate a fair and
effective transferring and compensation mechanism. Garrida (2005) pointed out that prices
can be established based on inverse water demand curves of non-agricultural sectors.
Rensetti (1992) used the theory of derived demand to collect data on major Canadian
manufacturers’ intake, treatment, recirculation and discharge, and calculated their demand
function. Nauges and Thomas (2000) calculated the water needs for daily living in France,
and analyzed the negotiation power between daily water users and water providers. The
results showed that the ability of daily water users to negotiate prices and the negotiation
power of providers determined the demand function. Chu et al. (2009) used the agent-based
theory to analyze daily water use in Beijing, China, and established a pattern of daily water
use. The authors pointed out that disclosing water use information and identifying the
pattern facilitate the drafting of water management policies in Beijing, China.
Danilov-Danilyan & Khranovich (2008) used the production function to analyze how
establishing a market mechanism affects dependable water volume, and found that the
establishment of a market mechanism provides an incentive for increasing the volume of
dependable water resource.
In the past, most studies of agricultural water transferring have focused mainly on the
WTA amount that was acceptable to farmers for transferring out agricultural water. For
example, Chueh（2007) evaluated the WTA amount for farmers in the Kaoshiung area while
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Chueh and Zheng(2007) evaluated the WTA amount for farmers in the Taoyuan and Shihmen
areas. However, few studies have evaluated the WTA amount for non-agricultural sectors
based on the perspective of water shortage risk control.
Generally, if prices are only established according to WTA, there is concern that such a
compensation policy could easily result in the tendency to exploit the agricultural sector of
their water surplus, or in other words, undermine their welfare. Moreover, if the supply and
demand market information is unbalanced, it is easy for agricultural water transferring to cost
more during periods of drought, thereby affecting the welfare of agricultural sectors or the
efficiency of water resource distribution.
This study designed a contingent valuation method questionnaire to evaluate the WTP
amount for non-agricultural sectors when transferring in agricultural water in order to
eliminate their water shortage risks caused by climate changes and to ensure a stable water
supply. Non-agricultural water users from areas at higher risk of water shortage due to climate
changes were chosen for questionnaire sampling. Evaluation was conducted using the
contingent valuation method (CVM) and Econometric Analysis. It is hoped that information
can be provided to water markets so that the cost of water allocation can be reduced, thereby
facilitating a fair and efficient distribution of resources.
This study used the contingent valuation method to analyze the price that non-agricultural
users were willing to pay for agricultural water. This method of evaluating non-market
goods involved presenting hypothetical scenerios through a questionnaire. The respondents
were primarily asked to valuate goods and services that do not involve transactional actions.
The main feature of the contingent valuation method is ex ante judgment, that is, predictive
assessment. The concepts of non-dry season, dry season and the price of transferring rights
for agricultural water have yet to be implemented, and, therefore, would be very suitable for
establishing a pre-assessment of pricing mechanism for transferring agricultural water.
The difference between a CVM price inquiry and general direct questionnaires is that
CVM emphasizes integrating survey methods and theory. CVM became widespread in the
70’s. Following the United Kingdoms Forest Law and the United States’ Presidential Decree
NO. 12291, using the CVM to evaluate economic benefit became even more common. In the
Exxon Valdez oil spill in 1989, the amount of compensation ordered by the United States
Federal Courts was based on CVM, further increasing the credibility of CVM. In 1993, due
to its common use, the US government determined its natural resource policies according to
CVM. The NOAA issued CVM operation guidelines, using CVM as the norm. Research
has shown that in the absence of direct or indirect market price, CVM can provide a
reasonable valuation of public goods or environmental goods (Smith 1993). Mitchell and
Carson (1989) and Hutchinson et al. (1995) also pointed out that if designed properly, CVM is
a reliable valuation method.
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III. Methods
1. Contingent Valuation Method Theory and Empirical Model
As described below, this study adopted the contingent valuation method to analyze the
amounts that the non-agricultural industrial and science park users are willing to pay for
agricultural water:
The main feature of the contingent valuation method is its ex ante evaluation, that is,
predictive assessment. In this study, the market mechanism concepts for transferring
agricultural water have yet to be implemented, and are therefore appropriate for pre-evaluating
market mechanisms for transferring agricultural water given climate changes. As such, the
WTP prices of industrial and science parks for agricultural water to ensure stable water supply
and eliminate risks of water shortage due to climate changes can be further understood.
CVM can be conducted by adopting Hanemann’s (1984) random utility model or
Cameron’s (1988) disbursement function. However, Cameron (1988) pointed out that the
dichotomous selection of information in Hanemann’s (1984) random utility model was not
only ordered, but in the questionnaire, the base prices were also observable. Therefore,
Hanemann assumed a non-sequential discrete choice model, and apparently did not adequately
utilize the provided base price information.
Hence, Cameron adopted a censored
dichotomous choice model to directly estimate the parameters for the disbursement function
and directly obtain the WTP amount. Economic theory proves that because a dual
relationship exists between the indirect utility function and disbursement parameters, they are
therefore representative of consumer preference. To prevent excessive bias so that all the
gathered information can be fully used, this study adopted a closed dichotomous choice
method questionnaire design to gather information, and also used Cameron’s (1988) and
Cameron and James’ (1987) disbursement function to estimate the price parameters for
transferring agricultural water.
In terms of manufacturer benefits, in order to use the questionnaire to determine WTP
prices, a hypothetical agricultural water transferring mechanism must first be presented to the
manufacturers. The questionnaire price inquiry and manufacturers’ WTP or acceptable
prices were then compared using Cameron’s (1988) disbursement function. The estimation
process is shown in Fig.1, and the empirical model is as follows:
Y(Q0,Q1,U0,S) = E(Q0,U0,S) - E(Q1,U0,S)

(1)

Let Y (Q0,Q1,U0, S) be the function for price offered by industries to transfer in
agricultural water; and E(Q0,U0,S) and E(Q1,U0,S) be the disbursement function, where S
represents market goods vectors and individual socioeconomic vectors:
S = S (PW,PX,SO)

(2)

and SO represents its individual socioeconomic vector. If the price offered in the CVM
survey is $T, then when
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Y (Q0,Q1,U0, S)  T

(3)

the probability that the interviewee will select this offered price can be expressed by Eq.
(4):
Pr=Pr[Y*(Q0,Q1,U0,S)-T>u]

(4)

where Y* denotes the observable component and u denotes an observable random
component, as expressed in Eq.(5):
Y (Q0,Q1,U0,S)=Y* (Q0,Q1,U0,S)+u

(5)

The bid function can be estimated using the probit model (Cameron & James, 1987):
Ii=1 if Yi >Ti
=0 otherwise
Pr(Ii=1) = Pr(Yi>Ti) = Pr(ui>TI-XiB)
= Pr(ui/ > (Ti-XiB)/)
= 1-((Ti-XiB)/)
(6)
where Xi′B denotes explainable variables and their coefficients, and

φ denotes the

cumulative probability density function. The estimated bids of the interviewees can be
expressed in Eq. (7):
Yi = XiB+ui

(7)

However, the standard binary probit model is:
Ii=1 if Yi>0
=0 otherwise
Pr(Ii=1) = Pr(Yi>0i) = Pr(ui>-wi)
= Pr(zi>-wi / v)
= 1-(-wi / v)
Here,
Yi = wi + ui
Through the following transformation,
 1 /  
 = -wi
 B / 

-(Ti, Xi) 

* = (,) =(-1/,B/)
the following are obtained:
B = -/
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=-1/
Yi* = XiB

(8)

Conforming to the probit model, Yi * represents a manufacturer’s price appraisal of
agricultural water, which can be reasonably calculated using this equation.
2. Supposing u is the logistic distribution, then based on the logistic model, the empirical
results can be obtained (Cameron, 1988), as expressed in Eq. (9):
P(Y)=[1+e-[Yi-Ti]]-1
As with the probit method, the following is obtained:
Yi* = XiB

(9)

Conforming to the probit model, Yi * represents a manufacturer’s price appraisal of
agricultural water, which can be reasonably calculated using this equation.
In the same way, supposing u is the probit distribution, then conforming to the probit model,
Yi * represents a manufacturer’s price appraisal of agricultural water.
2. Questionnaire Design
For industrial water users, water supply stability is a critical factor in production. For example,
Item 1 of the questionnaire pertained to how manufacturers resolve drought problems. Then
Items 2-7 described hypothetical scenarios of varying severity of water scarcity and levels of
ensuring water supply. The hypothetical scenarios assumed that the government promised
agricultural water of equivalent quality, “water quality guarantee and compensation for loss
due to water shortage,” “exclusive pipelines for transferring agricultural water with free
pipeline connection” and use of agricultural water for non-agricultural sectors during drought
induced water shortage. In the hypothetical scenarios, the price lists were based on actual
current domestic price for transferring agricultural water. In addition, water prices were
taken into consideration in the questionnaire inquiry price. Furthermore, based on the
requirements of the theoretical framework of the contingent valuation method, one or more
prices ranging from extreme to moderate were set. As shown in Table 1, a total of 20
different prices were set. In other words, this study comprised 20 questionnaire configurations,
from Questionnaire A to Questionnaire T. Following the hypothetical questions, Item 8 was
designed to eliminate those who rejected agricultural water. The final part of the
questionnaire asked for the manufacturer’s basic information and water usage. The
questionnaire is shown in the appendix.
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Table 1. Hypothetical scenarios and price list (Unit: dollars/ton)
Hypothetical Scenarios Questionnaire

Form

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T

Hypothetical Scenarios
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
18
20
24
26
30

Source: this study

3. Sampling
This study focused on industries and science parks with heavier water usage, including
industries from the Hsinchu Industrial Park, Jhongli Industrial Park, Taichung Industrial Park,
Linyuan Industrial Park, Hsinchu Science Park, Central Taiwan Science Park and Tainan
Technology Industrial Park. The above industrial and science parks were sampled. Using
the directory purchased from the Ministry of Economic Affairs, questionnaires were sent via
mail to all registered manufacturers. The mailings were followed by a telephone reminder.
Manufacturers unwilling to participate in the survey were excluded from the study. After
verification, 1085 manufacturers participated in the survey. The questionnaires were sent out
on June 21, 2010 and the response deadline was August 6, 2010. As shown in Table 1, 135
questionnaires were collected, representing a return rate of 12.44%. To facilitate understanding
of the aforementioned hypothetical scenarios, the questionnaire response rate to the price list
of each given scenario is shown in Table 2.
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Table 2. questionnaire response rate
Area

6/8Copies Copies Copies
Invalid, D
Valid
sent , A responded, rejected, (6/21-8/6No.
Sample,
B
C
of calls)
E=A-(C+D)
Hsinchu Industrial
491
29
46
276
169
Park
Jhongli Industrial
442
40
11
176
255
Park
Taichung Industrial
1,207
29
109
665
433
Park

Return
Rate,
F=B/E
17.16%

Tainan Technology
Industrial Park
Linyuan Industrial
Park

138

10

6

79

53

18.87%

27

4

4

16

7

57.14%

Hsinchu Science
Park

306

21

9

177

120

17.50%

Central Taiwan
Science Park

94

2

10

36

48

4.17%

2,705

135

195

1,425

1,085

12.44%

Total

15.69%
6.70%

 IV. Empirical Results
In this study, the hypothetical scenarios assumed that the government promised
agricultural water of equivalent quality (raw water), “water quality guarantee and
compensation for loss due to water scarcity,” “exclusive pipelines for transferring
agricultural water with free pipeline connection” and use of agricultural water for
non-agricultural sectors during drought induced water shortages. Table 3 shows the
result of logit model analysis. The relationship between price list and WTP conformed to
demand theory. The significance variables were WT2T (the maximum amount of water
that can be transferred), and X78 (the amount of water taken in 2009 influenced the
willingness of industries to assume the price of transferring agricultural water during
drought season.) In the conditions set under the hypothetical scenarios, the acceptable
price that non-agricultural sectors were willing to pay for transferring agricultural water
was NT$28 per ton. The predictive value was 66% and above.
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Table 3. Results of Multinomial Logit Model Analysis
Variable
English
Coeff.
Std.Err.
t-ratio
Code
constant
ONE
-0.04736 0.876312 -0.05405
price list
BIT2
-0.03027 0.030223 -1.00143
acceptable amount of WT2T
0.032882 0.012232 2.68823
water for transferring
amount of water taken in X78
-1.39E-05 4.92E-06 -2.83035
2009
type of company
FAC
0.845882 0.664886 1.27222
location of factory
LOCATE -7.33E-02 1.03E-01 -0.71373
interrupted
production SOL1B
0.100238 0.098517 1.01746
due to water shortage
number of days of factory SOL1C2
-0.05525 0.061541 -0.89772
reserve water

P-value
0.956898
0.316618
0.007183
0.00465
0.203294
0.475394
0.308933
0.369334

V. Conclusion and Suggestions
During droughts brought about by climate changes, non-agricultural sectors often transfer in
agricultural water in order to ensure a stable water supply or maintain normal operations of
production lines. With continuing climate changes, such water transferring has become
increasingly frequent. Climate changes are very likely to impact current water management.
Collecting a complete set of data is the foremost condition for designing an appropriate water
transferring mechanism. This study focused on industries and science parks with heavier
water usage, including industries in the Hsinchu Industrial Park, Jhongli Industrial Park,
Taichung Industrial Park, Linyuan Industrial Park, Hsinchu Science Park, Central Taiwan
Science Park and Tainan Technology Industrial Park. Results showed that among the
sampled industries, the WTP price for non-agricultural sectors to transfer agricultural water
during droughts was NT$28 per ton. The survey showed that industrial water users were
already aware of payments in exchange for using agricultural water. The Intergovernmental
Panel on Climate Change (IPCC) has suggested that in times of climate changes, an
appropriate water exchange mechanism should be established for equitable and reasonable
allocation of scarce water resources, and for protecting the rights of agricultural sectors.
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ABSTRACT
The purpose of this research is to investigate the corresponding changes between
river infiltration and subsurface heterogeneity of the aquifer. River stage tomography was
mate the heterogeneous distribution of the hydraulic characteristics of the aquifer. In most
cases of a previous study, many areas were estimated, and they were assumed to be
homogeneous. No attempts were made to build a detailed study on heterogeneity of an aquifer
according to basin scale. Therefore, in our study, we set up a site for monitoring the water
level fluctuation of groundwater according to the fluctuation of the water level of the Hsin Hu
Wei Stream in Yunlin County. The simultaneous successive linear stochastic estimator
(SimSLE) was used on the monitoring data to estimate the subsurface heterogeneity of the site.
Meanwhile, the infiltration rate of the stream during the monitoring period was examined, and
the sensitivity analysis of the hydraulic parameters of the aquifer site was investigated. The
results indicated that the changes of the river stage as well as the distance between the
monitoring well and river affected the estimation accuracy of the heterogeneity hydraulic
property distributions of the aquifer site. On the whole, the river stage tomography provides
useful information to understand the heterogeneous hydraulic property distributions of an
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aquifer at the Hsin Hu Wei Stream. These research results also can be used for studying the
groundwater of a basin and developing strategies for water resources management.
INTRODUCTION
Management of groundwater resources in river basins requires information about
hydraulic property distributions. The major key is that the distribution of hydraulic properties
of aquifers easily affects the water and contaminant movement. In most cases of
previous studies, many areas were estimated and were assumed to be homogeneous. No
attempts have ever been made to build a detailed study on heterogeneity of an aquifer
according to basin scale since the results obtained on the estimation of aquifer characteristics
are highly unreliable, which involve a sufficient collection of necessary information and the
use of a lot of human resources and finances.
To improve our ability to characterize aquifers, many researchers have recently developed
a new aquifer characterization approach: hydraulic tomography surveys [Zhu and Yeh, 2005,
2006]. Hydraulic tomography has been applied successively to small-scale synthetic aquifers
[Zhu and Yeh, 2005, 2006]. Linking the concept of hydraulic tomography with the
long-recognized relation between river stages and groundwater level as well as evidence of
heterogeneity on flood pulse propagation in aquifers as observed by Yeh et al. [2004] and Xiang
and Yeh [2005] proposed and explored the possibility of the river stage tomography. River stage
tomography analysis results and the real distribution of aquifer hydraulic characteristics were
compared, which can be found using the river stage tomography estimate distribution of the
hydraulic characteristics of the aquifer, and it was found that the true distribution of the
hydraulic characteristics of the aquifer were very similar. Therefore, the numerical model can
confirm that the river stage tomography has a test function on distribution of the hydraulic
characteristics of the aquifer, and the results obtained show its credibility [Yeh et al. 2009].
The purpose of this study was to use groundwater and surface water data of the Hsin Hu
Wei Stream field sites in river stage tomography to estimate the heterogeneous distribution of
the hydraulic conductivity of the aquifer to promote the Hubei River water management in the
future.
THE STUDY SITE
Hsin Hu Wei Stream is one of the three major river systems in Yunlin County of Taiwan
used for irrigation. The span of the river is about 50 kilometers, through ten townships in
Yunlin County, an area of 109.26 square kilometers, with an average slope 1/10080. The study
site is 1,200 meters in length and 600 meters in width. A surface water observation station near
the rubber dam is located upstream of the study area. There are six observation wells located
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downstream. In the southern part of the basin, there are three observation wells numbered
BHS1, BHS2 and BHS3 while the other three observation wells numbered BHN1, BHN2, and
BHN3 are located in the northern part of the basin. The study area of Hsin Hu Wei Stream and
the groundwater monitoring stations are shown in Fig. 1.

Figure 1 The location of Study Area.
One surface water level gauge was installed in the Hsin Hu Wei Stream near the rubber
dam in order to collect the surface water level fluctuation. There are six groundwater
monitoring wells along the shore of the stream. The data of the surface water level and
groundwater level were collected from October of 2004 to October of 2005. Fig. 2 shows the
hydrograph of the surface water and groundwater during the monitoring period.
(a) Suface water level

(b) Groundwater level

Figure 2 Hydrograph of the surface water level and groundwater level.
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METHOD
The condition that the river stage tomography can perform is when the interaction
between the surface water and groundwater is significant. The time-lag of the interaction
between the surface water and groundwater needs to be considered. Therefore, the
cross-correlation analysis of the water level of the surface water and groundwater can estimate
the time-lag of the interaction. The cross-correlation coefficient is calculated using the formula
as follows:

r (d ) 

 x(i)  x  y(i  d )  y 
i

 x(i)  x 

2

i



 y(i  d )  y 

(1)

2

i

Where n is the number of data; x1,….xn are the data values for the first variable; y1,….yn are
the data values for the second variable; x , y is the average of the two variables, respectively;
r(d) is for the cross-correlation coefficient; and d is the delay time.
There is only one surface water level monitoring station in our study area. According to
the lack of surface water level in different sections, we need to collect the information of the
topography of the stream section, the return period of the water level, and the cumulative
distance data along the center of the river for the river stage hydraulic tomography. (Water
Resources Agency, 2009). The data from the surface water level monitored at the rubber dam
was used to recognize what the return period of the water level was of Hsin Hu Wei Stream.
Four degrees of return periods of the water level were selected to be the aim of our study.
When the surface water level at the rubber dam reached these four water levels, the water
levels at each section of the stream were assumed to have reached the water level of that return
period. The infiltration from the stream bed was calculated with the flood area and infiltration
capacity. These infiltrations were regarded as the recharge source of the aquifer under the
stream. Then, the 2-D groundwater simulation software, VSAFT2, was used to perform the
river stage analysis.
In this study, the river stage analysis is divided into three scenarios as follows:
1.
Using only one infiltration data which was calculated from the water level with each
return period and groundwater level data.
2.
Using four infiltration data which was calculated from the water level with the same
return period and groundwater level data.
3.

Using four infiltration data which was calculated from the water level with the
different return periods and groundwater level data.
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RESULTS
1 cross-correlation analysis
The result of the cross-correlation analysis shows that the time-lags of interaction of the
surface water and groundwater at six monitoring wells were 40, 47, 37, 45, 47 and 12 hours,
respectively. Fig. 3 shows the variations of the cross-correlation coefficient with the different
time-lags.

Figure 3 Results of the cross-correlation analysis.
2 Numerical Simulations
The groundwater flow model was set up with 3200 grids and each grid with the scale 15
m x 15 m. The initial K was set as the mean at 2.42 m/day and the variance at 1. The initial
conditions and boundary conditions were set up according to the average water level obtained
from the six monitoring wells.
According to the results of the river stage hydraulic tomography analysis of the first
scenario, the K field showed significant heterogeneity as show in Fig. 4. The higher K value
positions mainly were around the observation wells, and the results of the different surface
water levels were similar. Fig. 5 shows the result of the second scenario. Even with increasing
the data for analysis, the K distribution field still was similar with the first scenario. The
proper reason of this phenomena would be that the impacts on the aquifer from the same
return flood periods was similar. There was no additional information on the aquifer.
Comparing the results of the third and second scenarios, the heterogeneity was more
significant for the third scenario than the second scenario as shown in Fig. 5 and Fig. 6. These
figures show that fusing the respond of the aquifer for the different impacts improved the
accuracy of the river stage hydraulic tomography. Table 1 shows the K estimations of the three
scenarios.
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a) Return period: 2 years

c) Return period: 5 years

b) Return period: 10 years

d) Return period: 20 years

Figure 4 Estimation of the K distribution fields of the first scenario.

a) Return period: 2 years

b) Return period: 10 years

c) Return period: 5 years

d) Return period: 20 years

Figure 5 Estimation of the K distribution fields of the second scenario.

- 74 -

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

Figure 6 Estimation of the K distribution fields of the third scenario.
Table.1 Analysis of the three cases to simulate the range of the K values
Analysis
methods

Scenario one (m/s)

Scenario two (m/s)

Scenario three (m/s)

5.78E-4~5.21E-3
5.78E-4~5.78E-3
5.78E-4~8.68E-3
2.31E-4~4.17E-3
-

2.31E-4~3.24E-3
5.78E-4~1.10E-2
5.78E-4~8.68E-3
5.78E-4~7.52E-3
-

-

return period
2
5
10
20
2, 5, 10, 20

2.31E-4~4.86E-3

CONCLUSION
The river stage tomography was used to estimate the heterogeneous distribution of the
hydraulic characteristics of the aquifer. VSAFT2 was used to construct the groundwater flow
numerical model of the aquifer under the Hsin Hu Wei Stream. The respond of the groundwater
from the river stage impact depended on the distance between the river and monitoring wells.
The results of the river stage hydraulic tomography shows that the more responses there were
from the different impacts of the river stage the more heterogeneity was obtained of the K
distribution field. But the verification still needs to be completed.
In the future, we recommend choosing a basin within a larger number of observation wells
when using the river stage hydraulic tomography. More data collection would reduce the error
of the estimation.
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ABSTRACT
This study arranged the optimized formula of the irrigation systems and groundwater
recharge by estimating the possible recharge amounts used in in-situ experiments and planned
the operation directions of the water storage systems in order to verify the effectiveness of the
Zhuoshui River water storage systems. The recharge test sites in the project include a recharge
testing hole, eight 2-inch wells used to investigate the water-level fluctuation between the river
conduit and the recharge hole and fluctuation during the recharge period within a 100-meter
distance, three 6-inch wells used to monitor the groundwater level fluctuation during the
recharge testing period, three hierarchical monitoring wells used to monitor the infiltration
fluctuation from the conduit to the groundwater, three water-level meters in the Zhoushui
River conduit, and a pan for monitoring evaporation, and a rain gauge. According to the
equation of Horton, the infiltration rate fc=3.67×10-4 m/min can be obtained by observing the
groundwater level of a field infiltration test, and the quantity of infiltration was 69,886 tons.
According to the results, the study modeled the operation of the storage system. The irrigation
areas were expected to gain 6.92 million tons per year of additional irrigation water, and the
infiltration amount was 25.2 million tons per year.
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INTRODUCTION
The Zhuoshui Channel is the most important irrigation water supply channel of the
Taiwan Yunlin Irrigation Association. The supply area covers each township in Yunlin County.
The water resource of Zhuoshui Channel is from the Zhuoshui River, where the amount of
water resources is extremely different in wet and dry seasons. There was no storage
installation in the supply area of Zhuoshui Channel thus prohibiting the benefit of water
allocation. Therefore, the irrigation water supply of Zhuoshui Channel was frequently unstable.
Since the lack of irrigation water supply existed, groundwater in this region for the past 40
years was pumped by local farmers for irrigation resulting in land subsidence caused by
groundwater overpumping.
If there were storage installations along the shore of the Zhuoshui Channel, the excess
water could be stored in these installations during the wet season and the local groundwater
recharge would increase. Because night-time irrigation has become infrequent recently, the
water for night-time irrigation could be stored and used as irrigation during the day time.
The planning of a water storage facility along the shore of Zhuoshui Channel which
included a feasibility assessment was handled in 2006 and 2007. Due to the lack of water
resources and land, the installations were planned to supply independent irrigation districts.
The series of storage installations were planned along the shore of the Zhuoshui Channel for
satisfying the irrigation water requirement for each independent irrigation district. The total
area of the storage installation was 13 ha and provided 0.7 million tons of water supply to
independent districts each year. There was 16.25 million tons of water conserved from
night-time irrigation which supplied the Zhuoshui Channel each year. The estimation of
groundwater recharge was 6.42 million tons. The storage installations along the shore of the
Zhuoshui Channel raised the efficiency of surface water use and also provided the benefit of
groundwater recharge (Taiwan Yunlin Irrigation Association, 2007; Water Resource Agency,
2006).
In order to confirm the capability and the benefit of the storage installations along the
shore of the Zhuoshui Channel, this study carried out a field recharge test to estimate the
groundwater recharge. Then an optimal action plan was developed for water resource
allocation and groundwater recharge.
STUDY AREA
The irrigation districts of the Zhuoshui Channel are located in the southwestern part of
Taiwan in Yunlin County. Figure 1 shows the location of the Zhuoshui Channel and its
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irrigation districts. The Zhuoshui Channel passes through five townships which include Linnei,
Citong, Huwei, Tuku, and Yuanchang. The topography of this area is flat because of the
Zhuoshui Alluvial Fan.

Zhoushui River

Legend
River
Zhuoshui Channel
(main)
Yunlin County
Zhuoshui Channel
(sub-main)
Zhuoshui Channel
field

Hsin Hu-wei
River River

Cingshue
i
River

Beigang River

FigureRiver
1 The location of the Zhuoshui Channel and irrigation districts.

HYDROLOGY
The hydrogeology structures of the Zhuoshui River Alluvial Fan are separated into four
aquifers and four aquitards. Figure 2 shows the framework of the hydrogeology. The second
aquifer covers the largest part of the Zhuoshui River Alluvial Fan and the thickness of the
second aquifer is larger than the other aquifers. There are two or three extended clay layers in
the second aquifer. These clay layers separate the second aquifer into two layers (Central
Geological Survey, 1999).
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meter
Haifeng Houan

Xinghua

Fengrong

Ganghou

Xiluo

Jiulong

Citong

Liuhe

Wutu

Chukou

Zhoushui River Alluvial Fan hydrogeology profile 5
(Haifeng-Chukou)

Figure 2 The hydrogeology framework of the Zhuoshui Alluvial Fan.

IRRIGATION WATER SUPPLY PF THE ZHUOSHUI CHANNEL
Figure 3 shows the average water supply of the Zhuoshui Channel from 2002 to 2007.
The lack of water supply of the Zhuoshui Channel occurred from the first ten days of June to
the third part of September. The middle ten days of October also had a lack of water supply.
The average difference between the water supply and water demand was -0.8 million tons. On
the whole, the water resource of the Zhuoshui Channel was insufficient.

Supply

實際供水量
Demand
田間灌溉需水量
差異量Difference

Demand and濁幹線取供水分析表
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Figure 3 Average water supply of the Zhuoshui Channel and water demand.
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THE RECHARGE TEST SITE
The recharge test site includes three water-level gauges at the Zhuoshui Channel, one
infiltration pit with a 25-m2 area and 3-m depth, eleven groundwater monitoring wells (A1, A2,
A3, B1, B2, B3, B4, B5, B6, B7, B8) and three stratified monitoring wells. Figure 4 shows the
arrangement of the recharge test site. 入 入 入 入 入

B1 B2 B3
Stratified Well
入 11

A1

入2

Stratified Well
2

Infiltration
入入入
Pit

A2
Stratified 入
Well
3 3

A3

B4

B5

B7

B6

B8

Figure 4 The installation of the recharge test site.
INFILTRATION ANALYSES OF GROUNDWATER RECHARGE ESTIMATIONS
Four times an infiltration test were performed at the infiltration pit. The pit was filled by
injecting water from the Zhuoshui Channel and then letting the water infiltrate into the ground.
The water level inside of the pit was recorded by a water-level gauge. The Horton’s formula
was used to calculate the initial infiltration rate and infiltration capacity. Figure 5 shows the
analysis results of four infiltration test data in sequence. The infiltration capacities of the four
infiltration test data were 3.95 × 10-4 m/min, 4.41 × 10-4 m/min, 2.63 × 10-4 m/min and 3.68 ×
10-4 m/min, respectively, with the average infiltration capacity of 3.67 × 10 -4 m/min. The
yearly recharge of the storage installations along the shore of the Zhuoshui Channel was 25.51
million tons which was estimated by the area of the installations (13 ha) and the average
infiltration capacity.
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a) First time infiltration analysis

b) Second time infiltration analysis

c) Third time infiltration analysis

d) Fourth time infiltration analysis

Figure 5 The results of the infiltration analysis

WATER STORAGE SYSTEM OPERATION ANALYSIS
The operation of the storage installations along the shore of the Zhuoshui Channel
depended on the water intake, water outtake, infiltration, evaporation, and precipitation. The
operation analysis of the installations transferred the water supply to independent irrigation
districts, water supply to the Zhuoshui Channel, and for groundwater recharge per day. First,
the water supply for night-time irrigation was stored in these installations. The amount of
water storage contained the lost of water from infiltration and evaporation and then the
residual storage of water was called the operable storage water. Second, the operable storage
water preferentially supplied the independent irrigation districts until the water demand was
satisfied. After satisfying the water demand of the independent irrigation districts, the rest of
the operable storage water supplied the Zhuoshui Channel. Figure 6 shows the result of the
operation analysis in 2002.
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Figure 6 Operation analysis of the storage installations in 2002.
GROUNDWATER RECHARGE BENEFIT ESTIMATION
The analysis of the benefits of the groundwater recharge and water supplement for the
storage system along the shore of the Zhoushui Channel was the basis for the operation times,
benefit and cost during the wet-flow years, normal-flow years and dry-flow years. Because the
water usage allocation in the dry-flow years is typical, we chose the operation simulation
results in a dry-flow year of 2002 for an example. We multiplied the amount of the water
supplement for the irrigation districts, amount of groundwater recharge, and amount of both by
the original water cost (5 dollars per ton) to calculate each benefit and then calculated the cost
of the storage system by the project funding. Taking into account the flow limit of the channel,
the optimal operation was once per day. By drawing a curve of the operation cost compared to
the supplemental benefits for the irrigation districts and the benefit of groundwater recharge,
we found that as far as infiltration was concerned, when the operation times achieved 135
times, the benefit-cost ratio was one; as far as the supplement for the irrigation districts was
concerned, the benefit-cost ratio was less than one. In addition, when considering the
infiltration and supplement for the irrigation districts simultaneously, the benefit-cost ratio esd
one when operating 94 times.
Today the government gradually uses the groundwater recharge for land subsidence
prevention and reclamation policy. Since this storage system has both the benefits of
infiltration and recharge, we suggest it should be oriented to improve groundwater recharge.
CONCLUSION
According to the benefit analysis of the storage system along the shore of the Zhoushui
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Channel, the benefit of groundwater infiltration is superior to that of the supplement for the
irrigation districts. The benefit analysis result reveals that after 135 times of operation, the
benefit-cost ratio was one. We suggest the orientation of this storage system be to improve
groundwater recharge.
Under the fixed benefit, it takes less operation times to achieve the infiltration benefits
than that to achieve the supplement for the irrigation districts, and under the fixed operation
times, the benefit of groundwater recharge is superior to that of the supplement for the
irrigation districts. Therefore the optimal operation model relies mainly on groundwater
recharge and the water supplement for the irrigation districts.
REFERENCES
1. Central Geological Survey MOEA, 1999, Groundwater Monitoring Network Project in
Taiwan (Stage 1) - Hydrogeological Survey Report of Zhoushui River Alluvial Fan. (in
Chinese)
2. Water Resource Agency MOEA, 2006, Project of 2006 at the Research Center for Soil &
Water Resources and Natural Disaster Prevention, National Yunlin University of Science
& Technology. (in Chinese)
3. Taiwan Yunlin Irrigation Association, 2007, Detailed Plan Report of Storage System at
Longshore of Zhoushui Channel. (in Chinese)

- 84 -

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

Hydraulic Tomography of Sequential Pumping Test - Transient and Reproducibility
Analysis
Yong-Lin Chen1, Kuang-Chih Chang2, Shao-Yang Huang3, Jet-Chau Wen4
1

2

3

4

Graduate School of Disaster Prevention and Environmental Engineering, National Yunlin
University of Science & Technology, 123, Section 3, University Road, Douliou, Yunlin,
Taiwan, R.O.C. PH(+886)-5-5376915; FAX(+886)-5-5376916; email:
g9919703@yuntech.edu.tw
Water Resource Agency, Ministry of Economic Affairs, 41-3, Hsin-Yi Road, Section 3,
Taipei, Taiwan, R.O.C. PH(+886)-2-37073060; FAX(+886)-2-37073166; email:
a610010@wra.gov.tw
Graduate School of Engineering Science and Technology; Research Center for Soil &
Water Resource and Natural Disaster Prevention, National Yunlin University of Science &
Technology, 123, Section 3, University Road, Douliou, Yunlin, Taiwan, R.O.C. PH
+886-5-5373615; FAX +886-5-5376916; email: syh1019@ntu.edu.tw
Department and Graduate School of Safety Health and Environment Engineering;
Research Center for Soil & Water Resource and Natural Disaster Prevention, National
Yunlin University of Science & Technology, 123, Section 3, University Road, Douliou,
Yunlin, Taiwan, R.O.C. PH +886-5-53769156; FAX +886-5-5376916; email:
wenjc@yuntech.edu.tw

ABSTRACT
The objective of this paper is to investigate the heterogeneity hydraulic characteristics
distribution of an aquifer. Previously, experiments were generally conducted in the laboratory.
However, due to the lack of field data with drawdown observations from sequential pumping
test, the 2-D heterogeneous hydraulic characteristics of an aquifer at the field site were
estimated by Hydraulic Tomography (HT) with the VSAFT2 software. In 2004, a sequential
pumping test was conducted on a site that consists of eleven wells, situated on the campus of
the National Yunlin University of Science and Technology (NYUST) in Taiwan. The
distribution of the aquifer hydraulic characteristics at the site was carried out with steady state
hydraulic tomography (SSHT). In 2010, the same sequential pumping test at the same site as
in 2004 was performed again to validate the distribution of hydraulic characteristics of the
aquifer. Two methods, SSHT and transient hydraulic tomography (THT), were used for
examining the distribution. Meanwhile, the distribution analysis of 2010 was compared with
the traditional analysis (Theis’ Method) of the aquifer tests. The distribution results of 2010
reflected the real hydraulic characteristics of the aquifer. Then, the distribution results of 2010
performed by SSHT were compared with those of 2004 and SSHT has shown that the
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distribution characteristics are reproducible. Finally, the distribution results of 2010 using THT
validated the uniqueness of the aquifer characteristics at the NYUST site.

INTRODUCTION
The fundamental knowledge of groundwater resource management is the detail hydraulic
properties of an aquifer. The hydrograph when analyzed can obtain the hydraulic properties
(hydraulic conductivity, transmissivity, and storativity) of the aquifer. The traditional analysis
methods, e.g., type-curve methods, for hydrographs from pumping tests are based on
assumptions of homogeneity and isotropy [Theis, 1935]. Hydraulic tomography merges all
response information, i.e., pressure head change or drawdown, by means of injecting or
pumping water to impact the aquifer. Hydraulic tomography was promoted as an efficient
technology to estimate hydraulic characteristics distribution of an aquifer [e.g., Bohling, 2009;
Bohling et al., 2007; Li et al., 2007; Liu et al., 2007; Straface et al., 2007; Yeh et al. 2000; Zhu
et al. 2005; Zhu and Yeh, 2006]. Liu et al. [2007] and Straface et al. [2007] confirmed their
theoretical findings later by sandbox and field experiments, respectively. Previously,
experiments were generally conducted in the laboratory due to the lack of field data with
drawdown observations from sequential pumping tests.
This paper aims to compare the distribution results of 2010 performed by SSHT with
those of 2004 and shows that the distribution characteristics are reproducible. Research
regarding three methods (SSHT, THT, and Theis’ Method) to estimate the distribution of T
fields is rare. The distribution results of 2010 performed by SSHT and THT from field data to
prove the distribution of aquifer hydraulic characteristics is unique. Thus, the results of Theis'
Method in estimating aquifer hydraulic properties are not reliable.
DESCRIPTION OF THE FIELD SITE
The sequential pumping tests with multiple observation wells were conducted at an
experimental field site on the north side of the campus of NYUST, located in the southwestern
part of Taiwan. The aquifer at the site consists of 16.4 m of sand and is overlain by 3.4 m of
silty clay. The aquifer 20 m in depth from the ground surface is an impervious layer.
Comparing the soil profile of the site, each well could be regarded as a full penetration well. A
schedule 40 PVC pipe of 4.00-inch diameter was used for the well screen and casing, and the
borehole was screened with a 0.02-inch slotted screen. The screen length was 18.50 m and was
placed 1.50 m below the ground surface and extended down to the 20.00 m depth. All wells
were distributed throughout the 10 m × 10 m area of the site with BH04 being almost at the
center of the site. A layout of all wells is shown in Figure 1.
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Figure 1 Well locations on campus site of NYUST.

SEQUENTIAL PUMPING TEST
The sequential pumping test at the NYUST well site began in August 2010 and
terminated in December 2010. An auto-recording pressure gauge measuring precisely 1 mm
was installed in each well to measure the groundwater head. During the sequential pumping
test, water was pumped from one of the 11 wells at a constant pumping rate between 1.09 ×
10-4 m3/s and 1.50 × 10-4 m3/s. The different pumping rates used to confirm the drawdowns
were significant. Each pumping test was executed at least 72 hours to confirm whether the
total drawdown-time curves implemented a steady state. In addition to auto-recording pressure
gauges, a water level gauge was also used to measure the groundwater level during the
pumping test to regulate the auto-recording head data. After the pumping test was terminated,
the pump was shut off to allow the aquifer to recover for 48 hours, and the head was recorded
during groundwater recovery. The pump was then moved to another well, and the same
procedure was repeated. In total, 11 pumping tests were conducted, yielding 11 sets of
drawdown-time data including 121 drawdown-time curves. Fig. 2 shows the 10
drawdown-time curves of the observation wells that were obtained by pumping at the BH03
well. The drawdown steady state arrived in about 216,000 seconds.
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Figure 2 Drawdown-time curves of pumping tests (BH03 pumping well).

SSHT
Several studies dealt with data of field pumping test obtained by the SSHT analysis.
(Bohling, 2007, 2009; Li et al., 2007, Straface et al., 2007, Huang, 2011). The SSHT
performed using the steady state drawdown data from sequential pumping tests were used to
estimate the distribution of transmissivity (T). The scale of the numerical model adopted by
this study is in compliance with the real scale size of the site. Each element is 1 m × 1 m and
the model adopted in this study is 51 m × 51 m. The model was set up with a steady-state flow
on a horizontal plane having heterogeneity properties with the hydraulic conductivity (K) set
at 1.624 m/day and variance set at 0.5. Initial and boundary conditions were based on the
average static water level.. SSHT adjusted the transmissivity (T) field by approaching the
steady state head of the observation wells. The difference between the simulated steady state
head and the real steady head indicates the reliability of hydraulic tomography.
THT
Bohling (2007, 2009), Liu et al. (2007), Zhu et al. (2005), Zhu and Yeh (2006) have
proved that the THT analysis applied to sandbox experiments is feasible. THT uses the
unsteady state of the drawdown-time curves to determine the hydraulic properties. For THT,
the other parameter settings are the same as the settings of SSHT.
Traditional analysis (Theis’ Method)
In order to compare the differences between the traditional analysis and hydraulic
tomography, 110 sets of transmissivity (T) were analyzed from the drawdown-time curves of
the sequential pumping test by Theis’ Method.
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Calculation of Error
The verification of the multiple hydraulic tomography and traditional analysis from the
drawdown curves of the observation wells with the same pumping well shows that the
estimation of these two methods reflect more hydraulic characteristics of the aquifer than the
estimation of the other methods. The mean absolute error (MAE) and root mean square error
(RMSE) were calculated and listed in Table 3. Both calculation formulae are as follows:

L1  MAE 

( D

L2  RMSE 

p

 Do )

(1)

n

 (D

p

 Do ) 2

(2)

n

where D p is the predicted drawdown, Do is the real observed drawdown, and n is the
total amount of the drawdown.
For 2010, the first results of the K values (m/day) by SSHT were converted into T values
(m /s). Next, the primeval model set up 2601 grids, which were modified into 441 grids, to
2

view the distribution of the T values. The estimated T fields of 2010 compared with those of
2004 were close to the same trend as shown in Figures. 3(a) and 3(b), respectively. Figure 4
shows the calculation of L1 and L2 from the T value of the 441 grids which show L1 = 0.001
and L2 = 0.002. Since both errors of L1 and L2 are less than one when intersecting at the data
points, a nearly 45-degree line is displayed, which verifies that the reproducibility of the SSHT
analysis is successful.
(a) 2004-SSHT

(b) 2010-SSHT

Figure 3 Estimated T fields by SSHT using data of sequential pumping test of 2004 and 2010.
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Figure 4 Comparison of reproducibility analysis error value: 2004-SSHT and 2010-SSHT.

Three analysis methods (SSHT, THT, Theis’ Method)
Either the 2010-SSHT or 2010-THT analysis method was used by one pumping test data
set (BH01) and increased gradually by one each time to include all seven pumping test data
(BH01, BH02, BH03, BH06, BH07, BH08, BH09) as shown in Figures. 5 and 6. As shown
overall in Figures. 5 and 6, the SSHT or THT analysis from the increasing number of
sequential pumping test data reflects significantly the heterogeneity distribution of the
hydraulic characteristics of the aquifer.
(a) 1 pumping test data set
(b) 2 pumping test data set
(c) 3 pumping test data set
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(d) 4 pumping test data set

(e) 5 pumping test data set

(f) 6 pumping test data set

(g) 7 pumping test data set

Figure 5 Estimated T fields of a joint pumping test obtained from the 2010-SSHT analysis.
(a) 1 pumping test data set

(b) 2 pumping test data set

(c) 3 pumping test data set

(d) 4 pumping test data set

(e) 5 pumping test data set

(f) 6 pumping test data set
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(g) 7 pumping test data set

Figure 6 Estimated T fields of joint pumping test for 2010-THT.
In order to compare the differences with the traditional analysis and hydraulic
tomography, the drawdown-time curves from the sequential pumping tests were used to
analyze the transmissivity (T) of an aquifer at the site. The traditional analysis method used on
the sequential pumping tests yield T values of 11 data sets, and then the geometric means of T
were calculated. In Table 1, the geometric means of transmissivity (T) from the observation
wells with different pumping wells were between 1.21 m2/s and 4.63 × 10-1 m2/s. Since the
highest value is double the lowest one, this result contradicts the homogeneous assumption of
traditional analysis.
The transmissivities of the observation wells obtained with the same pumping well were
between 1.38 m2/s and 5.79 × 10-1 m2/s. Again, the highest value is about double the lowest
one. This result also significantly refutes the homogeneous assumption.
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Table 1 Transmissivity (T) from the traditional analysis (G. mean: Geometric mean)
Pumping
Well No.
Observation
Well No.

T(m2/s)
BH01
－

BH01

BH02

BH03

BH04

BH05

BH06

BH07

BH08

8.40E-01 1.06E+00 5.50E-01 1.16E+00 9.76E-01 1.12E+00 6.75E-01
－

BH02

5.26E-01

BH03

1.28E+00 1.06E+00

BH04

8.99E-01

BH05

9.42E-01 1.25E+00 8.08E-01

BH06

6.10E-01

5.62E-01

BH10

BH11

G. mean

6.93E-01 2.01E+00 8.52E-01

9.33E-01

7.27E-01

8.08E-01

6.92E-01

9.07E-01 1.50E+00 8.51E-01

8.86E-01

5.75E-01

6.30E-01 1.00E+00 3.61E-01

6.11E-01

9.42E-01

5.58E-01

4.64E-01

9.68E-01

－

3.28E-01

9.94E-01

9.07E-01 1.34E+00 4.75E-01

5.62E-01

－

3.15E-01 1.11E+00 5.18E-01

BH09

9.07E-01

6.74E-01

－

6.78E-01

5.11E-01

7.67E-01

6.83E-01

4.46E-01

6.50E-01

1.08E+00 1.59E+00 1.18E+00 3.72E-01

4.99E-01

－

5.09E-01

8.99E-01

6.82E-01 1.28E+00 5.71E-01

7.82E-01

BH07

6.82E-01 1.33E+00 6.37E-01

5.13E-01

5.56E-01 1.02E+00

8.58E-01 1.02E+00 1.01E+00 5.69E-01

7.81E-01

BH08

8.99E-01 2.24E+00 4.91E-01

6.49E-01

5.12E-01 1.11E+00 5.01E-01

－

BH09

9.42E-01 1.77E+00 3.19E-01

4.10E-01

6.89E-01 1.11E+00 5.18E-01

3.97E-01

BH10

1.63E+00 1.08E+00 1.27E+00 1.10E+00 2.05E+00 2.03E+00 1.07E+00 1.36E+00 1.17E+00

BH11

5.66E-01 1.12E+00 5.84E-01

3.44E-01

4.22E-01

5.45E-01

8.41E-01

4.18E-01

4.09E-01 1.01E+00

G. mean

8.94E-01 1.21E+00 7.24E-01

4.63E-01

6.54E-01

9.88E-01

6.96E-01

6.84E-01

7.17E-01 1.16E+00 6.41E-01

2.32E-01

－

7.52E-01

5.48E-01 1.65E+00 6.19E-01
－

1.28E+00 4.26E-01
－

－

simulate four pumping tests (pumping at BH04, BH05, BH10, and BH11, respectively) to
predict four sets of drawdown data. SSHT and THT were precluded in the inverse process of
the hydraulic tomography analysis mentioned above. The traditional analysis using one
pumping test data set (BH01) was increased gradually by one each time until all seven
pumping test data (BH01, BH02, BH03, BH06, BH07, BH08, BH09) were included as shown
in Table 2. Three methods were used to simulate the predicted drawdowns and observed
drawdowns as shown in Figures. 7, 8, and 9. Also shown in Figures 7 and 8, the SSHT and
THT results of analysis are good since the predicted drawdown and observed drawdown trends
are almost fully concentrated on the 45-degree line. Figures. 9(a) to Figure 9(g) show the
drawdown predictions with homogeneous K values which were calculated by Theis’ method.
Using hydraulic tomography, the values of both the predicted drawdowns and observed
drawdowns become closer when more data sets are acquired from the sequential pumping test.
Overall, hydraulic tomography is a more effective technique to acquire the hydraulic
properties of an aquifer than the traditional analysis.

Data set

G. mean K (m/s)

G. mean K (m/day)

BH01

1.04E-05

8.94E-01

BH01,BH02

1.21E-05

1.04E+00
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6.71E-01

1.44E+00 1.38E+00

Verification of estimated T Field
The three methods (SSHT, THT, and Theis' Method) used the same numerical model to

Table 2 Geometric means of the K values obtained from sequential pumping test
(G. mean: Geometric mean)

7.96E-01

5.79E-01

Cross-Pacific Conference on Environmental and Water Resources, Orlando, FL, September 3-5, 2011

BH01,BH02,BH03

1.07E-05

9.23E-01

BH01,BH02,BH03,BH06

1.09E-05

9.39E-01

BH01,BH02,BH03,BH06,BH07

1.02E-05

8.84E-01

BH01,BH02,BH03,BH06,BH07,BH08

9.80E-06

8.47E-01

BH01,BH02,BH03,BH06,BH07,BH08,BH09

9.57E-06

8.27E-01

(a) 1 pumping test data set

(d) 4 pumping test data set

(b) 2 pumping test data set

(c) 3 pumping test data set

(e) 5 pumping test data set

(f) 6 pumping test data set

(g) 7 pumping test data set

Figure. 7 Drawdown predictions plotted according to the estimations of SSHT.
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1 pumping test data set

2 pumping test data set

3 pumping test data set

4 pumping test data set

5 pumping test data set

6 pumping test data set

7 pumping test data set

Figure 8 Drawdown predictions plotted according to the estimations of THT.
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1 pumping test data set

2 pumping test data set

3 pumping test data set

4 pumping test data set

5 pumping test data set

6 pumping test data set

7 pumping test data set

Figure 9 Drawdown predictions plotted according to the estimations of Theis’ Method.

In Table 3, the three analysis methods compare L1 with L2 and show that both SSHT and
THT errors are much smaller than the Theis' Method and thus better than Theis' Method. The
drawdown predictions of SSHT, THT, and Theis’ Method using seven sets of pumping test
data are illustrated in Figure10. The displayed results of the traditional analysis are completely
different from the SSHT and THT values as also shown in Figure 10.
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Table 3 Errors of prediction drawdown from difference analysis methods (L1 = MAE: Mean
Absolute Error, L2 = RMSE: Root Mean Square Error)
Analysis methods

SSHT (m)

Theis’ Method (m)

THT (m)

Errors
L1

L2

L1

L2

L1

L2

BH01

4.22E-01

5.00E-01

3.04E-01

3.63E-01

2.86E+00

3.03E+00

BH01,BH02

2.94E-01

3.58E-01

2.94E-01

3.58E-01

2.42E+00

2.57E+00

BH01,BH02,BH03

2.87E-01

3.45E-01

2.42E-01

2.88E-01

2.76E+00

2.91E+00

BH01,BH02,BH03,BH06

2.77E-01

3.35E-01

2.66E-01

3.21E-01

2.70E+00

2.85E+00

BH01,BH02,BH03,BH06,BH07

2.54E-01

3.04E-01

2.71E-01

3.29E-01

2.90E+00

3.07E+00

BH01,BH02,BH03,BH06,BH07,BH08

2.41E-01

2.87E-01

2.61E-01

3.19E-01

3.06E+00

3.23E+00

BH01,BH02,BH03,BH06,BH07,BH08,BH09

2.25E-01

2.68E-01

2.54E-01

3.11E-01

3.15E+00

3.32E+00

Multiple pumping test data

Figure 10 Drawdown prediction comparison with the different analysis methods.

CONCLUSIONS
The uncertainty of pumping test that is expected as a result of the difference of time,
climate or operation procedure existed in the pumping test from 2004 to 2010. But the result
of the reproducibility analysis showed that the distribution of T estimations obtained by SSHT
using pumping test data of 2004 and 2010 is similar. Thus, the reproducibility of
hydraulic
tomography was verified. According to the drawdown predictions of SSHT, THT, and Theis’
method, the T distribution fields which were estimated by SSHT and THT reflect more true
behavior of the aquifer site than Theis’s method. These verifications obviously present the
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robustness of hydraulic tomography. Future works are to expand the 2-D SSHT and THT to
3-D SSHT and THT to obtain more accurate hydraulic characteristics.
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