
Estimating surface water area changes
using time-series Landsat data in the
Qingjiang River Basin, China

Zhiqiang Du
Bin Linghu
Feng Ling
Wenbo Li
Weidong Tian
Hailei Wang
Yuanmiao Gui
Bingyu Sun
Xiaoming Zhang

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 11/29/2012 Terms of Use: http://spiedl.org/terms



Estimating surface water area changes using time-series
Landsat data in the Qingjiang River Basin, China

Zhiqiang Du,a Bin Linghu,b Feng Ling,c Wenbo Li,b Weidong Tian,d

Hailei Wang,b Yuanmiao Gui,b Bingyu Sun,b and Xiaoming Zhangb
aWuhan University, State Key Laboratory of Information Engineering in Surveying, Mapping

and Remote Sensing, No. 129 Luoyu Road, Wuhan, 430079, China
bChinese Academy of Sciences, Institute of Intelligent Machines, No. 350 Shushanhu Road,

Hefei, 230031, China
wbli@iim.ac.cn

cChinese Academy of Sciences, Institute of Geodesy and Geophysics, No. 340 Xudong Road,
Wuhan, 430077, China

dHefei University of Technology, School of Computer and Information, No. 193 Tunxi Road,
Hefei, 230009, China

Abstract. The Qingjiang River Basin, which is 423 km long in the Hubei province, China, is the
first large tributary of the Yangtze River below the Three Gorges. The Qingjiang River Basin
surface water area monitoring plays an important role in the water resource management strategy
and regular monitoring management of the Yangtze River watershed. Hydropower cascade
exploitation, which started in 1987, has formed three reservoirs including the Geheyan reservoir,
the Gaobazhou reservoir, and the Shuibuya reservoir in the midstream and downstream of the
Qingjiang River Basin. They have made a great impact on surface water area changes of the
Qingjiang River Basin and need to be taken into account. We monitor the Qingjiang River
Basin surface water area changes from 1973 to 2010. Ten scenes from the Multispectral Scanner
System (MSS), seven scenes from the Thematic Mapper (TM), and two scenes from the
Enhanced Thematic Mapper Plus (ETMþ) remote sensing data of Landsat satellites, the normal-
ized different water index (NDWI), the modified NDWI (MNDWI), and Otsu image segmenta-
tion method were employed to quantitatively estimate the Qingjiang River Basin surface water
area in the 1970s, 1980s, 1990s, and 2000s, respectively. The results indicate that the surface
water area of the Qingjiang River Basin shows a growing trend with the hydropower cascade
development from the 1980s to the first decade of the 21st century. The study concluded the
significance of human activities impact on surface water spatiotemporal distribution. Surface
water accretion is significant in most parts of the Qingjiang River Basin and might be related
to the constructed cascade hydropower dams. © 2012 Society of Photo-Optical Instrumentation
Engineers (SPIE). [DOI: 10.1117/1.JRS.6.063609]
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1 Introduction

Surface water is one of the irreplaceable strategic resources of human survival and social devel-
opment.1 It is essential for humans, their food crops, and ecosystems.2 At the same time, land
surface water is an important component of the water cycle. And water information extraction
plays an important role in wetland inventory,3–6 surface water survey and management,7–14 flood
monitoring and flood disaster risk assessment,15–20 and environment monitoring.21 Among the
correlative research, surface water information extraction or the spatiotemporal change detection
of surface water area is a key issue. In brief, the accurate extraction and measurement of water
features and surface water area change is the most important study goal. Additionally, water
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feature is one of the most important objects on the earth, and its extraction is of great significance
to many related researches in remote sensing and hydrology domains. Over the past decades,
multiresource remotely sensed data, such as the Thematic Mapper (TM),1,2,7,17,22–25,26 the
Enhanced Thematic Mapper Plus (ETMþ),3,5,25,27 the Systeme Probatoire d’Observation dela
Tarre (SPOT),4,6 the Multispectral Scanner System (MSS),17 the Moderate-resolution Imaging
Spectroradiometer (MODIS),11,12,28 the Advanced Very High Resolution Radiometer (NOAA/
AVHRR),15–18 and the Small Satellite Constellation for Environment and Disaster Monitoring
A/B (HJ-1A/B),2,29 have been used to extract water features. Some widely used data are MSS,
TM, and ETMþ images provided by Landsat series satellites. In the present study, the surface
water area changes in the middle and lower reaches of the Qingjiang River Basin are estimated
based on time series Landsat remote sensing images from 1973 to 2010.

2 Study Area and Data

2.1 Study Area

The Qingjiang River, which is 423 km long, is the first large tributary of the Yangtze River below
the Three Gorges, in the Hubei province, China. The midstream and downstream of the
Qingjiang River watershed was selected as the study area (Fig. 1). It is located between
30°22 0–30°31 0 N and 110°16 0–111°24 0 E. The Qingjiang River Basin has a moderate climate,
an average annual rainfall of about 1400 mm, and an average flow of 440 m3∕s.30 The Qingjiang
River above Ziqiu town is a mountainous river with the river channel width ranging from 10 to
60 m in the dry period, and with most of the river flowing through the deep valleys with steep
slopes of 60 to 80 deg on either side. On the other hand, the Qingjiang River below Ziqiu town is
a half-mountainous river with the width of 60 to 100 m in the dry season. Three hydropower
stations including Gaobazhou hydropower station, Geheyan hydropower station, and Shuibuya
hydropower station have been built since 1987. In addition, three reservoirs including the
Gaobazhou reservoir (from the Gaobazhou Dam to the Geheyan Dam, 50 km long), the Geheyan
reservoir (from the Geheyan Dam to the Shuibuya Dam, 92 km long), and the Shuibuya reservoir
(above the Shuibuya Dam, part of Shuibuya reservoir) have been formed. The land cover types of
the study area include river, city, hydraulic structure, vegetation, soil, wetland, and mountain.
The study area terrains are complicated, with mountains, foothills, and plains.

2.2 Data

Nineteen scenes from time-series Landsat satellites remote sensing data over the period of 1973
to 2010 archived from the U. S. Geological Survey server (http://earthexplorer.usgs.gov/) are
used in this study (Table 1). The MSS sensors of Landsat-1 to Landsat-4 satellites have four
bands of data with pixel resolution of 60 m from 0.5 to 1.1 μm. The Landsat-5 TM sensor
has six bands of data with pixel resolution of 30 m from visible wavelengths to mid-infrared
wavelengths. The ETMþ sensor of Landsat-7 also has six bands of data with pixel resolution of
30 m from 0.4 to 2.5 μm. All images used in the present paper are in the world reference system

Fig. 1 Location of the study area. (Landsat-5 TM images false-color composite RGB: 753, 02 May
2010.)
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(WGS84) datum with GeoTiff format, and are projected using the Universal Transverse Mercator
system (zone UTM 49 North). Further information about the specifications of the satellite data
used in the present study is given in Table 1.

3 Methods

Multisource remotely sensed images have been widely used in surface water assessment and
management. These applications have involved water features delineation using the thematic
information extraction techniques. Various information extraction methods have been proposed
to extract water information from remotely sensed images.6,22,23,27 In general, the methods of
water information extraction can be divided into three categories: single-band method, classi-
fication method, and multiband method. A band image and a selected threshold are involved in
the single-band method to extract water information, such as surface water area and its spatio-
temporal distribution. However, the extracted water information is often mixed with the noises
formed by different backgrounds, and the water information in some places will be miss-
extracted. Supervised classifier and unsupervised classifier are usually adopted to extract surface
water area. The result of water information from the classification method is more accurate com-
pared with that coming from the single-band method. The multiband methods take advantage of
the reflective differences of each involved band. Furthermore, multiband methods can be divided
into two main kinds, such as the method with combination of multiband data and the ratio
method. Compared with the single-band method, the multiband combination method proves
more accurate extraction results, especially in the reduction of surface water information omitted
extraction. The ratio method uses two multispectral bands of data to extract surface water dis-
tribution, and also demonstrated better accuracy and convenience when compared with other
methods.25,27 Therefore, two ratio water information extraction models, including normalized
different water index (NDWI) and modified NDWI (MNDWI), have been employed to extract
water information from remotely sensed data.15–18,22–25,27,28

Table 1 Specifications of MSS TM∕ETMþ data used in this study.

Satellite Sensor Path/Row Acq. date
Resolution

(m) Type Producer
Wavelength

(μm)

Lanssat-1 MSS 134∕39 1973-11-22 60 GeoTiff USGS Band4: 0.50–0.60
Band5: 0.60–0.70
Band6: 0.70–0.80
Band7: 0.80–1.10

Lanssat-2 MSS 134∕39 1975-10-16
1977-06-01

Lanssat-3 MSS 134∕39 1979-05-31
1979-08-11
1979-11-09
1980-06-30

Lanssat-4 MSS 125∕39 1983-05-16
1984-02-28
1984-06-03

60 GeoTiff USGS Band1: 0.52–0.60
Band2: 0.63–0.69
Band3: 0.76–0.90
Band4: 0.80–1.10

Lanssat-5 TM 125∕39 1987-04-17
1987-10-26
1993-09-24
1996-05-11
1996-10-18
2004-04-22
2010-05-02

30 GeoTiff USGS Band1: 0.45–0.52
Band2: 0.52–0.60
Band3: 0.63–0.69
Band4: 0.76–0.90
Band5: 1.55–1.75
Band7: 2.08–2.35

Lanssat-7 ETMþ 125∕39 1999-09-01
2000-05-14

30 GeoTiff USGS Band1: 0.45–0.52
Band2: 0.53–0.61
Band3: 0.63–0.69
Band4: 0.77–0.90
Band5: 1.55–1.75
Band7: 2.09–2.35
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3.1 Ratio Water Features Extraction Model

NDWI is one ratio method and is defined as follows:22

NDWI ¼ Green − NIR

Greenþ NIR
; (1)

where Green is a green channel image and NIR is a near infrared band image.
NDWI can achieve the following objectives: 1. maximize the reflectance of water by using

green wavelengths and minimize the low reflectance of NIR by water features, and 2. take
advantage of the high reflectance of NIR by vegetation and soil features.25 As a result, the
water feature value is more significant in the NDWI image, and the water information can
be obtained with a suitable threshold.

The NDWI method can enhance water features information, but it cannot completely separate
urban features from water features.23,28 To address this problem, MNDWI has been developed
and is defined as the following:23

MNDWI ¼ Green −MIR

GreenþMIR
; (2)

where MIR is a mid-infrared band image.
The water information can also be obtained with a selected threshold from MNDWI.23

Similar to NDWI, the MNDWI threshold value was set to zero.

3.2 Image Threshold Segmentation

Image segmentation is a key step in extracting water features information from NDWI or
MNDWI data. The threshold segmentation has been adopted in NDWI and MNDWI to separate
the image into two classes: water features and background features. The threshold values for
NDWI and MNDWI were set to zero,22,23 but the adjustment of the threshold based on actual
situations is necessary. And that could achieve a more accurate result for the water information
delineation.23,28 Hence, dynamic thresholds are needed when different regions or different phases
of remote sensing data are employed to detect water features information. Many methods can be
used for image threshold segmentation.28,31–34 The Otsu method31 is a dynamic threshold
method that has been successfully used in delineating water bodies and monitoring water
area changes.2,25 The Otsu method, an automatic thresholding segmentation algorithm, has
been employed to determine the different thresholds for separating water features from the
background features in the present study.

3.3 Surface Water Area Estimation Model

NDWI and MNDWI models have been successfully used in detecting water features informa-
tion.1–7,11,12,15–18,22–25,27–29 Nevertheless, we have found that there were different ratio water fea-
tures extraction forms when MSS, TM, and ETMþ data were used. Especially for TM and
ETMþ data, which band is selected for the NDWI or MNDWI method because there is one
NIR band data (Band4: 0.77 to 0.90 μm) and two bands MIR data (Band5: 1.55 to 1.75 μm
and Band7: 2.09 to 2.35 μm).

According to research results,28 the ratio water features extraction model, which is composed of
green spectral wavelength range of 0.52 to 0.60 μm and mid-infrared spectral wavelength range of
1.20 to 1.80 μm, is more suitable for water features information detection than that composed of
green band and NIR band (0.76 to 0.90 μm) or mid-infrared band with the spectral wavelength range
of 2.09 to 2.35 μm. Hence, Band4 and Band7 of Landsat-1 to Landsat-3 or Band1 and Band4 of
Landsat-4 will be selected to formNDWIwhenMSS data are employed to extract water information.
On the other hand, Band2 and Band5 of TM or ETMþ sensor will be used to structure MNDWI.

Therefore, we developed a five-step general procedure for using the MSS, TM, and ETMþ
remote sensing images of Landsat satellites to estimate the surface water area based on NDWI or
MNDWI. A flowchart of the proposed surface water area estimation model is shown in Fig. 2.

Du et al.: Estimating surface water area changes using time-series Landsat data . . .

Journal of Applied Remote Sensing 063609-4 Vol. 6, 2012

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 11/29/2012 Terms of Use: http://spiedl.org/terms



4 Results and Discussion

In our current research on the estimation of the surface water distribution area of the Qingjiang
River Basin, China, we used NDWI and MNDWI as the primary tools. The surface water
distribution area of the Qingjiang River Basin in the 1970s, 1980s, 1990s, and 2000s were
estimated using the five-step general procedure mentioned above based on time series Landsat
remote sensing data from 1973 to 2010. Then, the Qingjiang River Basin surface water distribu-
tion area changes of the 1970s, 1980s, 1990s, and 2000s were emphatically analyzed.

4.1 Qingjiang River Basin Surface Water Area Estimation from 1973 to 2010

Six scenes from MSS data, four scenes from MSS, and two scenes from TM data, two scenes
from TM and one scene from ETMþ data, one scene from ETMþ and two scenes from TM data
were selected to estimate the Qingjiang River Basin surface water area in the 1970s, 1980s,
1990s, and 2000s, respectively.

After data preprocessing, the subset of MSS, TM, and ETMþ data of Landsat satellites were
used to extract water features information. Band4 and Band7 of Landsat-1 to Landsat-3 or Band1
and Band4 (Landsat-4) of the selected MSS data were used to generate original NDWI images
using Eq. (1). Band2 and Band5 of the selected TM and ETMþ subset data were selected to
generate original MNDWI images using Eq. (2).

We used the Otsu method and the original NDWI or MNDWI image to determine the initial
thresholds. The threshold values had been adjusted to obtain the final image segmentation
thresholds, according to the comparison of the water information extraction results with the
reference data such as ETMþ Pan image or the same time RGB combinations of multispectral
data. The final image segmentation thresholds were used to get water features distribution binary
map. The Qingjiang River Basin surface water areas from 1973 to 2010 had been obtained by
statistical analysis (Table 2).

When more than one scene of Landsat data were used in one year, the surface water area of
the month, which was the same or close to the month of the other years in the same decade, was
chosen to represent the surface water area of this year. For instance, November 1979, June 1984,
and April 1987 were chosen to represent the surface water area of 1979, 1984, and 1987, respec-
tively. Therefore, 14 years of surface water area were selected to show surface water area change
trend of the Qingjiang River Basin from 1973 to 2010 (Fig. 3). Additionally, natural precipita-
tion, as one of the important factors for surface water distribution change, can have an impact on
the Qingjiang River Basin surface water change and therefore should be taken into consideration.
Figure 3 shows the annual precipitation changes over the study period.30 The maximum annual
rainfall was more than 1800 mm (1983), while the minimum annual rainfall was about 1100 mm
(1977), and the average annual rainfall was about 1400 mm.

From Fig. 3, the annual precipitation over the study period had some scale changes, while the
Qingjiang River Basin surface water area made more dramatic shifts in different periods from
1973 to 2010. The changes from the 1970s to the 1980s and from the 1990s to the 2000s were
more obvious. That makes it necessary to analyze the factors responsible for the surface water
changes from the 1970s to the 1980s, which was the period before the hydropower cascade
development of the Qingjiang River Basin, and these from the 1990s to the 2000s, which
occurred after hydropower development. Hence, the following sections focus on the reasons
for the surface water area changes of the Qingjiang River Basin before and after hydropower
cascade development.

4.2 Qingjiang River Basin Surface Water Area Changes Analysis from the
1970s to the 1980s

Both natural precipitation and surface runoff in different seasons are uneven. This means that the
Qingjiang River Basin surface water areas will have some changes in spring (March to May),
summer (June to August), autumn (September to November), and winter (December to February
of the next year). Consequently, it is necessary to analyze the surface water natural distribution of
the study areas in different seasons before hydropower cascade exploitation. For this purpose,
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two scenes of MSS remote sensing data, including Landsat-3 MSS data (May 1979), Landsat-4
MSS data (May 1983), and one scene of TM data (April 1987), were selected to estimate the
Qingjiang River Basin surface water area in spring. Four scenes of MSS data (June 1977,
Aug. 1979, June 1980, and June 1984) were chosen to estimate the surface water area in summer.
Three scenes of MSS (November 1973, October 1975, and November 1979), and one scene TM
(October 1987) data were employed to estimate the Qingjiang River Basin surface water area in
autumn. One scene of MSS data (February 1984) were used to estimate surface water area in
winter. In all, the selected twelve scenes of Landsat remote sensing data and the surface water
area estimation model developed in this present paper were used to get the surface water
spatiotemporal natural distribution in different seasons (Fig. 4).

From Fig. 4, the Qingjiang River Basin surface water spatiotemporal natural distributions had
changes in different seasons, but the surface water areas from May to August were bigger than
those fromOctober to April of the next year. There were two reasons for that. First, the period from
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Fig. 2 Flowchart of the five-step surface water area estimation model.
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May to September belongs to the wet season, also known as the rainy season, making the
precipitation during this stretch account for 75% to 78% of annual precipitation about
1400 mm (Fig. 3). Notably, the precipitation from May to August accounts for 50% to 55%
of annual precipitation.30 Second, seven months from October to April of the next year are in
the dry season, and the runoff accounts for about 24% of the annual runoff.With these precipitation
changes across the year, the width of the Qingjiang River Basin channel varies from 10 to 100 m in
the dry season to 60 to 120 m in the wet season. Therefore, dividing the overall seasons into the wet
and dry seasons to study Qingjiang Basin surface water changes is more suitable for a compre-
hensive view of the natural precipitation, surface runoff, and hydropower operation management.

Three scenes of Landsat data in autumn, including November 1973, October 1975, and
November 1979, were selected to analyze the surface water area changes of the Qingjiang
River Basin in the 1970s. The visual interpretation and overlay analysis with MSS false-
color composite RGB: 756 indicated that NDWI images [Fig. 5(b), 5(d), and 5(f)] clearly showed
water features as enhancement and some shadow regions were also enhanced. The reason is that
the noise formed by the shadow has similar NDWI or MNDWI with water features.24 Accuracy
assessment results demonstrated that the results of the water features information extraction in
the 1970s were consistent with the actual situation by comparison with the same time RGB
combinations of MSS data. The overall accuracy and overall Kappa of the 1970s were more
than 90% and 0.80 (Table 2). The accuracy assessment results also indicated that some
small water boundaries had been mistakenly extracted because river channel width ranges
from 10 to 100 m and MSS spatial resolution is 60 m. Results had the following indications.
First, the Qingjiang River Basin surface water area was 17.92 km2 in November 1973,

Table 2 Statistical results, NDWI, MNDWI thresholds for the 1970s to the 2000s and associated
sensors.

Time Sensor Threshold
Overall accuracy

(%) Overall Kappa
Area
(km2)

1970s 1973-11 MSS 0.301 93.67 0.8519 17.92

1975-10 0.442 94.33 0.8709 17.32

1977-06 −0.108 93.76 0.8586 33.44

1979-05 −0.144 93.00 0.8523 35.36

1979-08 −0.124 92.67 0.8466 30.61

1979-11 0.141 93.67 0.8542 18.33

1980s 1980-06 MSS 0.004 94.00 0.8622 29.98

1983-05 −0.093 92.33 0.8373 33.50

1984-02 0.072 90.64 0.7996 15.31

1984-06 −0.152 93.67 0.8628 32.04

1987-04 TM 0.105 97.33 0.9443 17.79

1987-10 0.286 95.99 0.9160 14.58

1990s 1993-09 TM 0.205 97.00 0.9376 48.62

1996-10 0.198 97.33 0.9444 64.78

1999-09 ETMþ 0.257 97.67 0.9513 62.67

2000s 2000-05 ETMþ 0.159 98.00 0.9582 48.57

2004-04 TM 0.005 96.33 0.9235 62.56

2010-05 0.002 97.76 0.9513 82.39
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17.32 km2 in October 1975, and 18.33 km2 in November 1979. Second, the width of the
midstream river varied from 10 to 60 m and that of the downstream shifted between 60 to
100 m over the three selected years. The reasons why the surface water area and the river
width of 1973, 1975, and 1979 remained relatively stable are that the selected three scenes
of MSS data were in the dry season, and the annual precipitation data over the period had slight
changes (Fig. 3). This means that the surface water spatiotemporal distribution changes of the
Qingjiang River Basin were mainly determined by natural precipitation in the 1970s.

When it came to the 1980s, three scenes of Landsat data, such as June 1980, June 1984, and
April 1987, were chosen to analyze the reasons for the Qingjiang River Basin surface water area
changes. The Qingjiang River Basin water features were enhanced by NDWI [Fig. 6(b) and 6(d)]
and MNDWI [Fig. 6(f)] while the clouds also formed the noises [left and right side of Fig. 6(b)].
The mid and lower reaches surface water of the Qingjiang River Basin in 1980 and 1984
increased compared with the 1970s and 1987. The accuracy assessment results (Table 2) indi-
cated that the water mapping accuracy from TM andMNDWI were higher than MSS and NDWI.
Two reasons are responsible for that. First, TM spatial resolution, 30 m, is higher than MSS.
Second, MNDWI is more suitable for water information extraction than NDWI.23 Overall, the
qualitative accuracy analysis and the quantitative accuracy assessment demonstrated that water

Fig. 3 Surface water area and annual precipitation changes of the Qingjiang River Basin from
1973 to 2010.

Fig. 4 Qingjiang River Basin surface water area distribution in different seasons.
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features extraction results in the 1980s were consistent with the same time MSS and TM images.
The results indicated [Fig. 6(c), 6(e), and 6(g)] that the main surface water of the study areas were
detected, whereas some water features [middle side of Fig. 6(c)] were missing when cloud noises
were removed. The surface water area of the study region was 29.98 km2 (June 1980),
32.04 km2 (June 1984), and 17.79 km2 (April 1987).

Fig. 5 Surface water distribution of the Qingjiang River Basin in the 1970s. (a) Landsat-1 MSS
image (22 Nov. 1973) false-color composite (RGB: 754). (b) NDWI image of Nov. 1973. (c) Water/
nonwater binary map derived from NDWI image of Nov. 1973. (d) NDWI image of Oct. 1975.
(e) Water/nonwater binary map derived from NDWI image of Oct. 1975. (f) NDWI image of
Nov. 1979. (g) Water/nonwater binary map derived from NDWI image of Nov. 1979.
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The river channel width in 1980 or 1984 was 60 to 120 m, which was wider than the range,
from 10 to 100 m, in 1987. Two reasons can explain why the surface water area and the river
width changes in 1980 or 1984 were more considerable than these in 1987. First, June 1980 and
June 1984 were in the rainy season while April 1987 was in the dry season. Second, the annual
precipitation data of 1980 and 1984 were bigger than that of 1987 (Fig. 3). In conclusion,
the Qingjiang River Basin surface water spatiotemporal distribution changes were also mainly
determined by the natural precipitation in the 1980s.

Fig. 6 Surface water distribution of the Qingjiang River Basin in the 1980s. (a) Landsat-5 TM
image (17 Apr. 1987) false-color composite (RGB: 752). (b) NDWI image of Jun. 1980.
(c) Water/nonwater binary map derived from NDWI image of Jun. 1980. (d) NDWI image of
Jun. 1984. (e) Water/nonwater binary map derived from NDWI image of Jun. 1984. (f) MNDWI
image of Apr. 1987. (g) Water/nonwater binary map derived from MNDWI image of Apr. 1987.
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4.3 Qingjiang River Basin Surface Water Area Changes Analysis from the
1990s to the 2000s

In this section, we focus on analyzing the Qingjiang River Basin surface water area changes after
the hydropower cascade development. In the case of the 1990s, MNDWI images [Fig. 7(b), 7(d),
and 7(e)] enhanced the water features but the clouds [lower right of Fig. 7(f)] and shadows
[bottom left of Fig. 7(b), 7(d), and 7(f)] formed noise. The channels of the Qingjiang River

Fig. 7 Surface water distribution of the Qingjiang River Basin in the 1990s. (a) Landsat-7 ETMþ
image (01 Sep. 1999) false-color composite (RGB: 751). (b) MNDWI image of Sep. 1993.
(c) Water/nonwater binary map derived from MNDWI image of Sep. 1993. (d) MNDWI image
of Oct. 1996. (e) Water/nonwater binary map derived from MNDWI image of Oct. 1996.
(f) MNDWI image of Sep. 1999. (g) Water/nonwater binary map derived from MNDWI image
of Sep. 1999.
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midstream-downstream in the 1990s were wider than in the 1980s. And, the midstream-
downstream surface water area in the 1990s showed an increase compared with the 1980s.
The overall accuracy and Kappa of the three selected years in the 1990s were higher than
97% and 0.93 (Table 2). Two reasons contributed to the greater overall accuracy in the quanti-
tative assessment in the 1990s than that in the 1970s. First, TM∕ETMþ data used in the 1990s
have a higher resolution than MSS. Second, the channel width increased from the range of 10 to
100 m to 60 to 450 m due to the construction of two dams, the Geheyan Dam, which was started
in 1987 and completed in 1993, and the Gaobazhou Dam, which was started in 1997 and
completed in 1999. Overall, the water features information extraction results in the 1990s
were consistent with the actual situation by comparison with the same time TM∕ETMþ
RGB (751) and panchromatic image. The Qingjiang River Basin surface water area was
48.62 km2 in September 1993, 64.78 km2 in October 1996, 62.67 km2 in September 1999,
and the river channel width increased to 60 to 450 m.

Although the selected TM and ETMþ data, September 1993 (TM), October 1996 (TM), and
September 1999 (ETMþ) were in the rainy season and the annual precipitation data of the three
selected years in the 1990s had small changes (Fig. 3), the surface water spatiotemporal distribu-
tion of the study area in the 1990s had great changes. There are three reasons for that. First, the
Geheyan reservoir stored more than 34 km3 water for power generation from 1993 when the nor-
mal water level of the Geheyan Dam is 200 m. Second, the Gaobazhou reservoir also stored more
than 4.3 km3 water for power generation from 1999when the normal water level of the Gaobazhou
Dam is 80 m. Third, the river channel width of the study area increased from the range of 10 to
100 m to that of 60 to 450 m for the two formed reservoirs. From the above, we can draw the
conclusion that the changes of the Qingjiang River Basin surface water spatiotemporal distribution
in the 1990s were mainly determined by the hydropower cascade development.

In the 2000s (Fig. 8), the channels below the Geheyan Dam in 2004 and 2010 were wider
compared with the 1990s and 2000. Similarly, the channel above the Shuibuya Dam in 2010
was wider than the 1990s, 2000, and 2004. Quantitative accuracy assessment demonstrated
that the water features information extraction results in the 2000s were consistent with the actual
situation by comparison with the same time RGB (453) of TM∕ETMþ and ETMþ Pan data. The
overall accuracy and Kappa of the 2000s were greater than 96% and 0.92 (Table 2). The Qingjiang
River Basin surface water area was 48.57 km2 in 2000, 62.56 km2 in 2004, and 82.39 km2 in
2010. The annual precipitation data of the three selected years in 2000s had slight changes (Fig. 3),
whereas the Qingjiang River Basin surface water spatiotemporal distribution in the 2000s changed
more substantially. There are three reasons behind that. First, the channels above the Shuibuya
Dam in 2010 increased from 10 to 300 m because the Shuibuya reservoir stored about 5 km3

the yield of water for power generation from 2006. However, it should be noted that only part
of the Shuibuya reservoir has been focused on in this paper, and the total capacity of the Shuibuya
reservoir should be more than 47 km3. Second, the Gaobazhou reservoir released about 0.64 km3

reservoir storage capacity for flood prevention inMay 2000, which is in the flood period. Third, the
Geheyan reservoir and the Gaobazhou reservoir stored more water for power generation in the dry
season (April 2004). Finally, the conclusion can be reached that the Qingjiang River Basin surface
water spatiotemporal distribution changes in the 2000s were mainly determined by the hydropower
cascade development and hydropower scheduling operation.

From the above analyses, the annual precipitation from 1973 to 2010 had some changes but the
Qingjiang River Basin surface water area was not more than 36 km2 in the wet season before 1987
and it was more than 48 km2 even in the dry season from 1993. Three main reasons are accoun-
table for that. First, the Geheyan reservoir stored water for power generation from 1993. Second,
the Gaobazhou reservoir stored water for power generation from 1999. Third, the Shuibuya reser-
voir stored water for power generation from 2006. It is necessary to analyze the upstream and
downstream surface water area changes of the three reservoirs formed by the three dams.

4.4 Analysis of the Upstream and Downstream Surface Water Changes of the
Three Reservoirs

In order to analyze the upstream and downstream surface water area changes of the three
reservoirs, the same season Landsat data, such as MSS (May 1983, before the hydropower
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cascade development), TM (May 1996, after the Geheyan Dam completion), ETMþ (May 2000,
after the Gaobazhou Dam completion), and TM (May 2010, after the Shuibuya Dam comple-
tion), were selected. The surface water area changes of the three reservoirs are shown in Fig. 9.

From Fig. 9, the surface water area of the Shuibuya reservoir was not nearly 0.5 km2 but
increased to 3.25 km2 in May 2010. This implies that the Shuibuya Dam had a significant impact
on the spatiotemporal distribution of upstream surface water. Next, the Geheyan reservoir surface

Fig. 8 Surface water distribution of the Qingjiang River Basin in the 2000s. (a) Landsat-5 TM
images (02 May 2010) false-color composite (RGB: 542). (b) MNDWI image of May 2000.
(c) Water/nonwater binary map derived from MNDWI image of May 2000. (d) MNDWI image
of Apr. 2004. (e) Water/nonwater binary map derived from MNDWI image of Apr. 2004.
(f) MNDWI image of May 2010. (g) Water/nonwater binary map derived from MNDWI image of
May 2010.
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water area was 15.24 km2 in May 1983 before the hydropower exploitation. It increased to
47.32 km2 in 1996 because the Geheyan reservoir stored more than 34 km3 water for power
generation from 1993. However, it decreased to 35.59 km2 in 2000 because the Geheyan reser-
voir released about 5 km3 of reservoir storage capacity for flood prevention in the flood season
(May to August). In 2010, it increased to 52.28 km2 as the Geheyan reservoir stored more water
for power generation due to the upstream Shuibuya reservoir sharing the Qingjiang River Basin
flood pressure using operation scheduling. Finally, the Gaobazhou reservoir surface water area
was 14.12 km2 in May 1983, and decreased to 7.83 km2 in 1996 because the upstream Geheyan
reservoir started to store water, reducing the downstream natural runoff. However, it jumped up
to 9.49 km2 in May 2000 and soared to 22.61 km2 in May 2010 when the Gaobazhou reservoir
stored about 4.33 km2 water for power generation from April 2000.

In general, three dams had great impacts on the upstream and downstream surface water areas
distribution. The operation scheduling of the three reservoirs also did change surface water areas
distribution. This means that the hydropower cascade development and the hydropower
scheduling operation significantly influenced the spatiotemporal distribution of surface water
distribution in the Qingjiang River Basin.

5 Conclusions

We calculated nineteen ratio water information extracting data (NDWI and MNDWI images)
based on MSS, TM, and ETMþ time-series Landsat data of the Qingjiang River watershed
from 1973 to 2010. The results show that: 1. the Qingjiang River Basin surface water area
had little change from the 1970s to the 1980s and surface water area changes were mainly
affected by natural precipitation before 1987; 2. the Qingjiang River Basin surface water
area had relatively significant changes from the 1980s to the 1990s, especially in the midstream
of the Qingjiang River Basin; 3. the Qingjiang River Basin surface water area had significant
changes from the 1990s to the first decade of the 21st century, especially in the upstream and
downstream; and 4. the main reasons for the increase of the Qingjiang River Basin surface water
area were the hydropower cascade development and hydropower scheduling operation from
1987. The results indicate that the hydropower cascade exploitation in the Qingjiang River
Basin had a significant impact on the surface water spatiotemporal distribution. The results
also imply that NDWI and MNDWI can extract surface water area from Landsat data and
they can be used to monitor surface water dynamic changes and detect flood disaster. Especially
for estimating flood inundation area, the five-step general procedure developed in the present
paper can be used to estimate the surface water area before flood and monitor flood inundation
area during or after flood. The surface water area before flood and flood inundation area during
flood can be used to get the flood affected area. Then different times flood affected area can be
employed to conduct flood risk assessment and damage assessment with population data, crop
data, road data, and other data.
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