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SUMMARY

Almost 95% of the world population of Siberian crane (Grus leucogeranus) winter in
Poyang Lake, China. Here they forage on the tubers of the submerged aquatic
macrophyte Vallisneria spiralis L. The growth and production of V. spiralis are regulated
by the local hydrology, which might also be influenced by the changed hydrology of
the Yangtze River induced by engineering projects. This thesis investigated the impact
of dredging activities in the northern Poyang Lake and the Three Gorges Dam in the
Yangtze River on the water turbidity and water level of Poyang Lake, analyzed how
these hydrological changes influenced the underwater light climate of V. spiralis, and
discussed their potential impacts on the growth and productivity of V. spiralis and
further on the food habitat of Siberian crane in Poyang Lake. The principal results
obtained can be summarized as follows:

(1) Moderate resolution imaging spectroradiometer (MODIS) and Landsat thematic
mapper (TM) images were compared for mapping the tempo-spatial dynamics of
water clarity. Two multiple regression models including the blue and red bands
of Landsat TM and MODIS respectively explained 83% and 88% of the variation of
the natural logarithm of Secchi disk depth. On the basis of the comparison of
water clarity predicted from Landsat TM and MODIS data as well as the
advantages and contras of both sensors, it is concluded that MODIS offers the
possibility to monitor the dynamics of water clarity more regularly and cheaply in
relatively big and frequently cloud covered lakes like Poyang Lake.

(2) The performance of the various Landsat TM bands for detecting dredging ships
was explored in the turbid water of the northern Poyang Lake. The result revealed
that the TM bands 1 to 4 had limitation especially in turbid water, while bands 5
and 7 better discriminated vessels from surrounding waters. Therefore, it is
recommended using the mid-infrared bands of Landsat TM for operational ship
monitoring in turbid water.

(8) The possibility to strengthen inference of dredging impact while simultaneously
monitoring vessels and water turbidity with remote sensing techniques was
investigated in the northern Poyang Lake. Time-series MODIS images revealed a
significant increase in water turbidity from 2001 onwards, while Landsat TM
image analysis indicated a simultaneous increase in the number of vessels.
Regression analysis further showed a highly significant positive relation (R? =
0.92) between water turbidity and vessel number. On the basis of discussion of
ship-related resuspension, final destinations of vessels and coincidence of vessel
clusters with irregular dented patterns and turbid plume development, it is
confirmed that dredging caused the increase in water turbidity. Therefore, it is
concluded that simultaneously monitoring water turbidity and vessels enhanced
the strength of evidence in remotely sensed dredging impact assessments.

(4) Three extrapolation and interpolation methods were compared for predicting
daily photosynthetically active radiation reaching the earth surface over the
Poyang Lake national nature reserve. The result revealed that the triangulated
irregular network (TIN) and inverse distance weighted (IDW)-based interpolation
method produced more reliable result than the extrapolation methods.

(8) The photosynthetically active radiation reaching the top of V. spiralis (PAR,) in
Lake Dahuchi from 1998 to 2006 was modelled. The results revealed significant
between year differences in PAR,, which were determined primarily by
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fluctuation in water level. Six years of Secchi disk depth records revealed
seasonal switching of the lake from turbid at low water level in autumn, winter
and spring to clear at high water level in summer. The highest PAR,. occurred at
intermediate water levels, which were reached when the Yangtze River forces
Lake Dahuchi out of its turbid state in spring. The operation of the Three Gorges
Dam, which will increase water level of Yangtze River from May to June may force
Lake Dahuchi out of its turbid state earlier and increase the light intensity
reaching the canopy and the production of V. spiralis. It is concluded that the
operation of the Three Gorges Dam might at the short term increase the light
regime and productivity of V. spiralis and possibly affect the food habitat of
Siberian crane in Poyang Lake.

A conceptual framework to integrate a simulation model of plant biomass for V.
spiralis with remote sensing and a geographical information system was
introduced. It is expected that the system, once implemented, could contribute to
evaluate the impact of possible hydrological changes on the growth and
productivity of V. spiralis, and assess whether tuber feeding bird populations are
constrained by the regional availability of food resources in Lake Poyang.

It is anticipated that these results provide a basis for the future research and
necessary information for decision-making that need to be made by the responsible
authorities to decide how to rationally manage this unique lake ecosystem.



SAMENVATTING

Bijna 95% van de wereldpopulatie van de Siberische kraanvogel overwintert in het
Poyang meer in China, waar ze fourageren op de wortelknolletjes van de
ondergedoken waterplant Vallisneria spiralis L. De groei en productie van Vallisneria
wordt gereguleerd door de locale hydrologie, die beinvloed zou kunnen worden door
verschillende projecten op de hydrologie van de Yangtze. Deze thesis bestudeert de
invloed van baggeren in het noorden van Poyang meer en de drie kloven dam in de
Yangtze rivier op de troebelheid en het niveau van het water in het meer, analyseert
hoe deze hydrologische veranderingen het onderwater licht regime van Vallisneria
beinvloeden en bediscussieert de potentiéle invloed hiervan op de groei en
productie van Vallisneria en het voedselhabitat van Siberische kraanvogels in Poyang
meer. De belangrijkste resultaten kunnen als volgt worden samengevat:

(1) Moderate resolution imaging spectroradiometer (MODIS) en Landsat thematic
mapper (TM) beelden werden vergeleken voor het karteren van de temporeel
ruimtelijke dynamiek van de helderheid van water. Twee multipele regressie
modellen gebaseerd op de rode en blauwe band verklaarden respectievelijk
83% and 88% van de variatie van de natuurlijke logaritme van de Secchi schijf
diepte. Op basis van vergelijking van de voorspellingen met Landsat en MODIS
en de voordelen van beide sensoren werd geconcludeerd dat MODIS de betere
mogelijkheid biedt om de helderheid van water regelmatig en op goedkope
wijze te monitoren voor een relatief groot en frequent door wolken bedekt meer
zoals het Poyang meer.

(2) De prestatie van Landsat TM banden voor het detecteren van baggerschepen
werd bestudeerd in de troebele wateren van noordelijk Poyang meer. De
resultaten toonden aan dat TM band 1 tot 4 beperkingen hebben in troebel water,
terwijl band 5 en 7 de schepen veel beter wisten te onderscheiden. Aangeraden
wordt de middel infrarode banden te gebruiken voor het operationeel monitoren
van schepen in troebel water.

(8) In dit hoofdstuk wordt bestudeerd of het simultaan monitoren van schepen en
water troebelheid gevolgtrekkingen ten aanzien van bagger impact meer kracht
kan bijzetten. Tijdsseries van MODIS beelden toonden een significante toename
in water troebelheid vanaf 2001, terwijl Landsat TM een simultane toename van
het aantal schepen aantoonde. Regressie analyse toonde een hoogst significante
positieve relatie (R? = 0.92) tussen water troebelheid en het aantal schepen. De
aannemelijkheid dat baggeren de toename in water troebelheid veroorzaakte
werd verder versterkt op basis van argumenten gebaseerd op het ontbreken van
resuspensie van sediment door schepen, de uiteindelijke bestemming van de
schepen en het samenvallen van clusters van baggerschepen met troebelheids
pluimen en onregelmatig getande patronen in het sediment. Er werd daarom
geconcludeerd dat het simultaan met behulp van aardobservatie monitoren van
water troebelheid en schepen de kracht van bewijsvoering verstrekt in bagger
impact studies.

(4) Dit hoofdstuk wvergelijkt drie extra- en interpolatie methodes voor het
voorspellen van de dagelijkse fotosynthetisch actieve straling die het oppervlak
van Poyang meer bereikt. De resultaten tonen aan dat een onregelmatig
driehoeks netwerk (TIN) en een inverse afstand gewogen (IDW) interpolatie
methode betrouwbaarder resultaten leverden dan de extrapolatie methode.
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De fotosynthetisch actieve straling die de top van de bladeren van V. spiralis
bereikt (PAR,.) werd gemodelleerd voor het Dahuchi meer over de periode van
1998 tot 2006. De resultaten toonden significante verschillen in PAR,. tussen jaren,
hetgeen vooral werd veroorzaakt door fluctuerende waterhoogte. Zes jaar Secchi
schijf metingen toonden een seizoensgebonden omschakeling van het meer aan
van troebel tijdens lage waterstanden in de late herfst, winter en het voorjaar
naar transparant onder hogere waterstanden in de zomer. De hoogste PAR,.
waardes werden waargenomen bij gemiddelde waterstanden, die bereikt
werden op het moment dat de stijging van de Yangtze in het voorjaar het Dahuchi
meer uit haar troebele staat drukt. Het beheer van de drie kloven dam dat zal
leiden tot verhoging van de waterhoogte op de Yangtze in Mei en Juni zou het
Dahuchi meer daarom op een vroeger tijdstip uit haar troebele staat kunnen
forceren. Het beheer van de driekloven dam zou dus kunnen leiden tot een
toename van de lichtintensiteit en de productiviteit van V. spiralis en beinvloed
mogelijk daarmee het voedselhabitat van de Siberische kraanvogels in Poyang
meer.

Dit hoofdstuk introduceert een conceptueel raamwerk voor het integreren van
een biomassa simulatie model voor V. spiralis met aardobservatie en een
geografisch informatie systeem. Het geimplementeerde systeem zou het bij
kunnen dragen aan het evalueren van de invloed van hydrologische
veranderingen op de groei en productie van V. spiralis, en het inschatten of
populaties van wortelknolletjes etende vogels beperkt worden door het
regionale voedselaanbod in het Poyang meer.

De resultaten van deze thesis vormen een basis voor verder onderzoek en levert
noodzakelijke informatie voor besluitvorming door verantwoordelijke autoriteiten
hoe dit unieke meer ecosysteem op rationele wijze te beheren.
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CHAPTER 1

INTRODUCTION






1.1 Problem statement

Lakes are important for human development and preservation of ecosystems and
biodiversity (ILEC 2005), for they provide multiple goods and services in commerce,
aesthetics, tourism, recreation and biodiversity conservation (Jorgensen et al. 2005,
O'Sullivan and Reynolds 2005). Currently, however, many lakes are facing a number of
problems such as eutrophication, water-level change, increased erosion and sediment,
loss of biodiversity and habitat, human health risks, accumulation of litter and
garbage, and invasive species (ILEC&UNEP 2003). These problems may hamper the
sustainable developments of multiple lake functions.

Poyang Lake is the largest freshwater lake in China, and now it is suffering from a
series of problems, e.g., water and soil erosion, land desertification, land degradation
and environmental pollution (Huang 2006), which could influence the hydrological
conditions of Poyang Lake. Especially, recent reports (e.g. Zhong and Chen 2005, Fok
and Pang 2006) suggest that the sand dredging in the northern Poyang Lake, which
started around 2001 for construction purpose, reduces the water clarity and has a
negative impact on this ecosystem.

The hydrological conditions in Poyang Lake are not only influenced by the local
factors. They also could be modified by the changed hydrology of the Yangtze River
induced by ongoing and proposed engineering projects. For example, the Three
Gorges Dam in the Yangtze River, which is scheduled for completion by 2009 (Wang
2002), will change the discharge and water level of the Yangtze River (Liu and Xu 1994,
Jiang and Huang 1997, Kanai et al. 2002). Similarly, the South-to-North Water Transfer
Project will reduce the water level of the middle and lower Yangtze (Cai et al. 2002).
All these changes in water level in the Yangtze River will influence the water level of
Poyang Lake.

Poyang Lake is one of the biggest bird conservation areas in the world (Wu and Ji
2002). The lake is particularly important for the conservation of the endangered
Siberian crane (Li et al. 2005), as more than 95% of its world population winter here
(Wu and Ji 2002). During the wintering period, together with swans and the
endangered swan goose, Siberian crane forage on the tubers of Vallisneria spiralis L.
(Meine and Archibald 1996).

V. spiralis is a submerged aquatic macrophyte species widely distributed in Poyang
Lake (Wu and Ji 2002). It sprouts in April, flowers in June, reaches its maximum
aboveground biomass in mid-September and fills its tubers from mid-July until shoots
senesce in late October (Wu and Ji 2002). The production and biomass of the V spiralis
mostly depend on the local hydrological conditions such as light intensity, water level,
water clarity, chemical properties and water temperature (Wu and Ji 2002). Among
these, light availability is likely of primary importance due to the highly fluctuating
water depth and turbidity in Poyang Lake.

The changes of hydrological conditions induced by human activities in Poyang Lake
or the Yangtze River thus could influence the light intensity reaching the vegetation
canopy, and thus have impact on the growth and production of V. spiralis and further
on the food habitats of tuber-feeding bird species, including Siberian crane. The
relevant research was, however, rarely carried out. It thus remains interesting to
explore the potential impact of these human activities on the hydrological conditions,
the growth and productivity of V. spiralis and the Siberian crane in Poyang Lake.



1.2 Study objective and questions

This study aimed to explore how the dredging activities and the Three Gorges Dam
change the water turbidity and water level, to analyze how these hydrological
changes influence the underwater light climate, and to discuss its potential impacts on
the growth and productivity of V. spiralis and further on the Siberian crane in Poyang
Lake. The study questions are as follows:

(1) To compare moderate resolution imaging spectroradiometer (MODIS) and
Landsat thematic mapper (TM) images for mapping tempo-spatial dynamics of
water clarity;

(2) To analyze the performance of Landsat TM bands for dredging ship detection in
turbid water;

(8) To investigate the possibility of corroborating the impact of dredging on water
turbidity, while simultaneously monitoring the number and distribution of
vessels and water turbidity using time-series Landsat TM and MODIS images;

o compare extrapolation and interpolation methods for estimating daily
4) T lati d i lati hods f i i dail
photosynthetically active radiation (PAR);

(8) To explore if the Three Gorges Dam positively affect the underwater light climate
of V. spiralis and the food habitat of Siberian crane;

(6) To propose a conceptual framework for integrating a biomass simulation model
for V. spiralis with remote sensing techniques and a geographical information
system.

1.3 Study area

Considering the characteristic of individual research and the availability of material,
the study was implemented at various spatial scales, from whole Poyang Lake, to the
northern Poyang Lake, the Poyang Lake national nature reserve and Lake Dahuchi
within the nature reserve.

Poyang Lake (Figure 1.1) is located between 115°47°-116°45E, 28°22°-29°45°N at the
southern bank of the Yangtze River. Its size fluctuates from less than 1000 km? in the
dry season to approximately 4000 km? in the flood season. Its water level is
determined by five confluent rivers (Raohe, Xinjiang, Fuhe, Ganjiang and Xiushui) and
the Yangtze River together, with high water levels in summer and low in winter (Min
1995, Xu et al. 2001, Shankman et al. 2006). Poyang Lake plays significant roles in
ecological conservation, and economic and social development (Huang 2006). Poyang
Lake is an important international wetland, and has a rich biodiversity, with 102
species of aquatic plants and 122 species of fish (Chen et al. 2006b). It is one of the
biggest bird conservation areas in the world, hosting millions of birds from over 300
species (Wu and Ji 2002).

Poyang Lake national nature reserve (Figure 1.2) is located between 115°55" -
116°03’E, 29°05" - 29° 15°N in the northwest of Poyang Lake (Wu and Ji 2002), and it
was established in 1988 to conserve the endangered Siberian crane. The nature
reserve includes nine lakes which are connected to the Poyang Lake during high
water levels in summer but disconnect when water levels are low in spring, autumn
and winter. Lake Dahuchi with area of about 30 km? plays crucial role for providing
habitat for wintering Siberian crane.
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Figure 1.1. Location of Poyang Lake, northern Poyang Lake, Poyang Lake
national nature reserve (Nature Reserve) and Lake Dahuchi.

Figure 1.2. Landsat thematic
mapper (TM) image (15
December 2004 when water
level is low) of the nature
resexve showing the lakes: 1,
Changhuchi; 2, Zhonghuchi;
3, Xianghu; 4, Meixihu; 5,
Zhushihu; 6, Sixiahu; 17,
Dahuchi and 8, Shahu.




1.4 Thesis outline

Each chapter of this thesis, except for the introduction and the synthesis, has been
prepared as an individual paper. These papers have been published or submitted to
peer-reviewed journals or edited book. To maintain a consistent style through the
thesis, the used abbreviations, units, graphs, tables, citations and referencing styles
were unified, and they may be different from those of the original papers or book
chapter. The structure of this thesis is as follows:

Chapter 1 states the research background, defines the study objectives, describes the
study area and outlines the structure of the thesis.

In Chapter 2, two remote sensing data sources, MODIS and Landsat TM, are compared
for estimating water clarity in the nature reserve.

Chapter 3 analyzes the performance of Landsat TM bands for ship detection in turbid
water in northern Poyang Lake.

Chapter 4 explores the possibility to corroborate the strength of inferring dredging
impact on water turbidity through simultaneously monitoring the number and
distribution of vessels and water turbidity using time-series Landsat TM and MODIS
images in the northern Poyang Lake.

Chapter 5 compares three extrapolation and interpolation methods for predicting
daily photosynthetically active radiation within the nature reserve.

Chapter 6 presents a model simulating the photosynthetically active radiation
reaching the top of canopy of V. spiralis and discusses how this could be affected by
the change of water level in the Yangtze River induced by the Three Gorges Dam.

In Chapter 7, a conceptual framework for the integration of a simulation model of
plant biomass of V. spiralis with remote sensing and a geographical information
system is introduced.

Chapter 8 summarizes the results of Chapter 2 to 7, and discusses the interrelations of
these chapters and the works in the future.

The literature used in each chapter shows some overlap, and is therefore combined in
common literature list, which is placed after the last chapter.



CHAPTER 2

COMPARISON OF MODIS AND LANDSAT TM5 IMAGES FOR MAPPING
TEMPO-SPATIAL DYNAMICS OF SECCHI DISK DEPTHS



Abstract

Landsat has successfully been applied to map Secchi disk depth of inland water
bodies. Operational use for monitoring a dynamic variable like Secchi disk depth is
however limited by the 16-day overpass cycle of the Landsat system and cloud cover.
Low spatial resolution moderate resolution imaging spectroradiometer (MODIS)
image captured twice a day could potentially overcome these problems. However, its
potential for mapping Secchi disk depth of inland water bodies has so far rarely been
explored. This study compared two image sources, MODIS and Landsat thematic
mapper (TM), for mapping the tempo-spatial dynamics of Secchi disk depth in
Poyang Lake national nature reserve, China. Secchi disk depths recorded at weekly
intervals from April till October in 2004 and 2005 were related to 5 Landsat TM and 22
MODIS images respectively. Two multiple regression models including the blue and
red bands of Landsat TM and MODIS respectively explained 83% and 88% of the
variance of the natural logarithm of Secchi disk depth. The standard errors of the
predictions were 0.20 and 0.37 m for Landsat TM and MODIS-based models. A high
correlation (r = 0.94) between the predicted Secchi disk depth derived from the two
models was observed. A discussion of advantages and contras of both sensors leads
to the conclusion that MODIS offers the possibility to monitor water transparency
more regularly and cheaply in relatively big and frequently cloud covered lakes as is
with Poyang Lake.

Published as:

Guofeng Wu, Jan de Leeuw, Andrew K. Skidmore, Herbert H. T. Prins, and Yaolin Liu.
Comparison of MODIS and Landsat TM5 images for mapping tempo-spatial dynamics of
Secchi disk depths in Poyang Lake national nature reserve, China. International Journal
of Remote Sensing, 2008, in press.



2.1 Introduction

Lake ecosystems provide multiple goods and services to society in commerce,
aesthetics, tourism, recreation and biodiversity conservation (Jorgensen et al. 2005).
The provisions of these benefits are to a great extent influenced by water quality,
which is commonly monitored to assess the health of lake ecosystems.

Water clarity has often been used as an indicator of a lake's overall water quality for it
correlates well with water quality (Li and Li 2004, Shaw et al. 2004). The Secchi disk is
one of the most commonly used tools to measure water clarity (Duane Nellis et al.
1998, Kloiber et al. 2002a, Gan et al. 2004). However, this method may be costly for
intensive sampling within water bodies in which water clarity fluctuates highly in time
and space scale (Brezonik et al. 2002, Kloiber et al. 2002b, Hakanson and Boulion
2003).

Remote sensing offers possibility to infer water clarity from captured reflectance
(Harma et al. 2001, Liu et al. 2003b, Li and Li 2004). This is because lake clarity is
affected by algae, suspended sediment and dissolved organic matter within water
column (Liu et al. 2003b, Swift et al. 2006). These components interact with photons of
light and alter the spectral composition of down- and upwelling light which results in
a flux emerging from the water surface that contains information on the composition
of the water column (Li and Li 2004, Ma and Dai 2003, Pozdnyakov et al. 2005).

This potential of remote sensing was explored following the launch of the Landsat
satellites in the 1970s, and Landsat images have frequently been used to assess water
clarity, including Secchi disk depth. Lathrop and Lillesand (1986), for example, used
the Landsat thematic mapper (TM) green band to estimate Secchi disk depth in
southern Green Bay, WI, and central Lake Michigan, USA. Lathrop (1992) compared
Secchi disk depth derived from Landsat TM images in Green Bay, Lake Michigan,
Yellowstone Lake and Jackson Lake, WY. Giardino et al. (2001) used blue/green ratio
of Landsat TM image to estimate Secchi disk depth in Lake Iseo, Italy. Kloiber et al.
(2002a, 2002b) employed 13 Landsat Multispectral Scanner (MSS) and TM images over
the period 1973-1998 to assess spatial patterns and temporal trends of Secchi disk
depth in more than 500 lakes with surface areas >10 ha in Minneapolis and St. Paul,
MN, USA. Nelson et al. (2003) developed a regression model between Secchi disk
depth and Landsat TM blue/red ratio to estimate Secchi disk depth in 93 lakes in
Michigan, U.S.A. Hellweger et al. (2004) applied Landsat TM red band to predict
Secchi disk depth in New York Harbour. Zhang (2005) utilized a linear regression
model and neural network respectively to predict Secchi disk depth from Landsat TM
image in the Gulf and archipelago sea of Finland.

Landsat has thus successfully been applied to the mapping of Secchi disk depth, but
has its limitations in operational use for regular monitoring. This is because water
clarity is a highly dynamic variable, and its variability may not effectively be captured
by a satellite with an about biweekly overpass. In many parts of the world frequent
cloud cover further reduces the actual availability of cloud-free images to a level
which makes Landsat unsuitable for monitoring purposes of a highly dynamic
variable, like Secchi disk depth.

Moderate resolution imaging spectroradiometer (MODIS), with its medium spatial
resolution, daily coverage, high sensitivity and cost-free distribution (Li and Li 2004,
Miller and McKee 2004), would be more suitable to monitor such dynamics. However,
this potential has rarely been explored in inland water bodies. For example, Lillesand



and Chipman (2001) mentioned using MODIS data to estimate Secchi disk depth of
large lakes on a regional basis. The Secchi disk depths of Green Bay, Lake Michigan
and eleven other lakes were estimated weekly to biweekly using MODIS blue/red
spectral radiance ratio from July of 2001 (Lillesand 2004).

Although Landsat TM data has limitation of low temporal resolution and MODIS
images hold potential in assessing water clarity, so far no reference was found
comparing these two different data sources in detail. This study aims to develop
models regressing the Secchi disk depths measured in the field with MODIS and
Landsat TM5 images respectively, to compare the results from these two different
image sources and to explore the possibility of MODIS for mapping tempo-spatial
dynamics of Secchi disk depth as a substitute of Landsat TM in the Poyang Lake
national nature reserve, China.

2.2 Materials and methods

2.2.1 Study area
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Figure 2.1. Map showing the locations of Poyang Lake and Poyang Lake
national nature reserve (Nature Reserve).

Poyang Lake national nature reserve (Figure 2.1) is located between 115°55'-
116°03’E, 29°08°-29°15'N in the northwest of Poyang Lake (Wu and Ji 2002). The
reserve was established in 1988 to conserve the endangered Siberian crane which
winters almost uniquely in this area. The water level fluctuates seasonally from low in
winter to high in July and August. The extent of Poyang Lake varies accordingly from
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about 4000 km? in summer to less than 1000 km? in winter. The nature reserve
includes nine lakes which are connected to the Poyang Lake during high water levels
in summer but disconnect when water levels are low in spring, autumn and winter
(see Figure 2.2).
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Figure 2.2. Landsat thematic mapper (TM) image (15 December 2004 when
water level is low) of the nature reserve showing the lakes and locations of
Secchi disk depth recording. Lakes: 1: Changhuchi; 2: Zhonghuchi; 3: Xianghu;
4: Meixihu; 5: Zhushihu; 6: Sixiahu; 7: Dahuchi; 8: Shahu. A Boundary of the
nature reserve; @N: Buffer of 500 meters from lake shore. Secchi disk recording
location located >500 (E) and < 500 m (@) from the lakeshore.

2.2.2 Secchi disk depth

In 2004 and 2003, Secchi disk depth was recorded by the Bureau of Jiangxi Poyang
Lake National Nature Reserve and the International Crane Foundation in three lakes
(Dahuchi, Shahu and Meixihu) within and one (Sixiahu) adjacent to the nature reserve.
Sampling date, global positioning system (GPS) position and Secchi disk depth
measured using a standard 20 cm Secchi disk were recorded at five locations (Figure
2.2) in each lake with about weekly intervals from April till October.

2.2.3 MODIS data

At present, two MODIS instruments onboard the US National Aeronautics and Space
Administration (NASA) Terra and Aqua spacecraft platforms are operational for global
remote sensing of the land, ocean, and atmosphere. MOD09/MYDOS is a seven-band
surface reflectance product computed from MODIS-Terra/MODIS-Aqua level 1B
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bands 1 to 7, centred at 645, 858, 470, 555, 1240, 1640 and 2130 nm respectively. The
data have been corrected for the effect of atmospheric gases, aerosols and thin cirrus
clouds and thus provide an estimate of the spectral reflectance as it would be
measured at ground level in the absence of atmospheric scattering or absorption.
MODO09GQK/MYDO09GQK contains MODIS bands 1 and 2 at 250 m spatial resolution,
while MODO9GHK/MYDO9GHK stores MODIS bands 1 to 7 at 500 m spatial resolution
(http://modis-land.gsfc.nasa.gov/surfrad.htm, accessed 20 September 2006).

Each of the spectroradiometers on the Terra and Aqua spacecrafts captures the whole
earth twice a day. The potential number of daytime images between 1 April to 31
October (214 days) in 2004 and 2005 was 856. Most images were, however, of poor
quality due to cloud cover or atmospheric conditions. We adopted the following
procedure to select good quality images. First, we downloaded all the
MODO09A1/MYDO09A]1, an eight-day composite of the 250 m surface reflectance data,
of April till October during 2004-2005 from NASA’s Earth Observing System (EOS)
data gateway (http://edcimswww.cr.usgs.gov/pub/imswelcome, accessed 16th
February 2006) and visually inspected their quality. Next, the MODO9A1/MYDO09Als
represented by poor quality were discarded, assuming no better images were
available for that period, and 44 MODO0SA1 or MYDO09Als having moderate to good
quality were retained. Then, for each MODO09A1 or MYDO09A1, we consulted the online
MODIS L1B 250 m quick looks to check the qualities of daytime images over our study
area and selected the images with good quality. Finally, the corresponding
MODO09GQK or MYD09GQK and MODO9GHK or MYDO9GHK for the selected 22
images with good quality were downloaded from NASA’s EOS data gateway.

The following pre-processing was implemented successively to each image. First,
every image was projected into WGS 84/UTM zone 50N using nearest-neighbour
resampling to preserve the original reflectance values. Then, a sub-image of the study
area was clipped from the larger original image. Next, bands 3 and 4 were re-sampled
from 500 to 250 m using nearest-neighbour interpolation and bands 1 to 4 were
stacked into one image. Finally, land areas and small water bodies were removed
using a binary mask derived from the Normalized Difference Water Index (NDWI),
which effectively discriminates soil and vegetation from open water (McFeeters 1996).

2.2.4 Landsat TM images

From 1 April to 31 October in 2004 and 2005, in total 28 Landsat TMS5 images covering
the study area were captured, 19 of which were of moderate and good quality. Five
good quality Landsat TM images of 5 May, 22 June, 24 July, 9 August and 28 October
2004 were obtained from the Chinese Remote Sensing Satellite Ground Station. Each
image was pre-processed as follows: Atmospheric correction was carried out
according to the cosine approximation model (COST) described by Chavez (1988,
1996), Chen et al. (2004), Chander and Markham (2003) and Chander et al. (2004).
Topographic maps at scale 1:50,000 were used to register the atmospherically
corrected image to the Beijing 54/Gauss-Kruger projection using a first-order
polynomial and nearest-neighbour resampling. The root mean square error (RMSE)
for positional accuracy was within half a pixel. The projected image was re-projected
to WGS 84/UTM zone 50N also applied to the MODIS data. Land areas and small water
bodies were removed using a binary mask created through visual interpretation of an
unsupervised classification of the TM image.
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2.2.5 Selection of sampling points

These sampling and selection procedures resulted in a dataset of MODIS, Landsat TM
data and Secchi disk depth recordings schematically shown in Figure 2.3. Above it
was explained that Secchi disk depth was recorded at 20 locations. Figure 2.2 shows
that, during low water level, the four lakes were disconnected and several Secchi disk
depth locations came within a few hundred meters from the shore. Investigating the
relation between MODIS data and Secchi disk depth assumes that MODIS pixels
consist of open water only. Inclusion of upshore lands in a MODIS pixel would
contaminate the spectral signature. This is a realistic risk given that the spatial
resolutions of blue and green bands are 500 m. To reduce the risk of contamination,
we used the boundaries of lakes at low water level derived from the TM image of 15
December 2004 and removed all Secchi disk sampling locations within 500 m offshore
from further analysis. This reduced the number of sampling locations used in the
analysis of the MODIS data from 20 to five, two in Sixiahu and three in Dahuchi. For the
analysis of the relation between Secchi disk depth and Landsat TM we selected all ten
sampling locations in the same lakes.
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Figure 2.3. Summary of the quality of the available moderate resolution

the dates of the selected MODIS (#) and Landsat thematic mapper (TM) (&) data,
as well as the dates of Secchi disk depth records used (») and not used (o) in this
analysis.

Table 2.1. Statistics describing variability in Secchi disk depth (SDD, m)
measurements and reflectance values (%) of the blue, green and red bands of 22
moderate resolution imaging spectroradiometer (MODIS) and 5 Landsat
thematic mapper (TM) images.

MODIS (n=171) Landsat TM (n = 25)
SDD Blue Green Red SDD Blue Green Red
Maximum 2.84 0.1229 0.2091 0.2341 2.16 0.0598 0.0957 0.1525
Minimum 0.06 0.0074 0.0311 0.0090 0.32 0.0195 0.0292 0.0228
Average 0.97 0.0525 0.0964 0.0800 1.17 0.0362 0.0470 0.0547

We next related the Secchi disk depth records to the spectral information of MODIS
and Landsat TM images respectively. The measurements of Secchi disk depths did not
always concur with the overpasses of the available images and a difference of up to
six days was accepted. The MODIS and Landsat TM pixel values of these locations
could still be affected by floating aquatic vegetation. We used NDWI to identify
suspect pixels and retained only the data with NDWI values > 0, corresponding to
open water (Fraser 1998b). Table 2.1 shows the statistics of Secchi disk depth and
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visible bands of MODIS and Landsat TM images.

2.2.6 Statistical analysis

Graphical display of the relation between Secchi disk depth and the individual
MODIS and Landsat TM bands revealed non-linear relationships which could be
overcome through logarithmically transforming Secchi disk depth. We next searched
simple and multiple regression models best fitting the relation between the natural
logarithm of Secchi disk depth and the individual bands or band ratios while
exploring linear, logarithmic, inverse, quadratic, cubic, power, compound, S-curve,
growth and exponential regression models.

The selected best fitting regression models were inverted and applied to four pairs of
MODIS and Landsat TM images with concurrent or close to concurrent overpass dates
to create distribution maps of Secchi disk depth. We used the following process to
investigate as to how well the predictions from two satellite systems agreed for each
pair of images: First, we obtained Secchi disk depths and green and infrared (IR)
band values of 59 randomly selected sampling points from maps derived from MODIS
and Landsat TM images respectively. Then, we removed the sampling points with
NDWI < 0 from the following analysis. Finally, the correlation between Secchi disk
depths of the two maps for the remaining sampling points was calculated.

2.3 Results

Figure 2.4 depicts the fluctuations of field-measured Secchi disk depths at central
positions of Dahuchi and Sixiahu from 1 April (Julian day 92 respectively 91) to 31
October (Julian day 305 respectively 304) in 2004 and 2005. Generally, Secchi disk
depth was low (several centimetres) in winter and early spring, increased in late
spring, maintained higher values (up to 3 metres) in summer, and declined in autumn.
These seasonal trends appear to be regular, turbid water between October and May
of next year, and transparent water from June till September.
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Figure 2.4. Secchi disk depth (SDD) recorded in Dahuchi ( ) and Sixiahu
(= ) in 2004 (A) and 2005 (B).

Figure 2.5 shows the relation between individual visible bands of MODIS and Landsat
TM and the natural logarithm of Secchi disk depth (In(SDD)). All bands correlate
negatively with In(SDD). The red and green bands had better correlations with In(SDD)
than the blue band. The variance of In(SDD) was best explained by the red band for
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MODIS images and the green band in case of the Landsat TM images.

Table 2.2 lists the best fitting multiple regression models describing the relation
between the natural logarithm of Secchi disk depth and MODIS and Landsat TM bands.
The forward selection procedure included in both cases the red and blue bands in the
model. The red band had a negative sign for both MODIS and Landsat TM. The blue
band had a negative sign in case of Landsat TM but was positively related in case of
MODIS. The two models explained 88% and 83% of the variation of the natural
logarithm of Secchi disk depth with estimated standard error (s.e.) of 0.37 and 0.20 m
respectively. F-tests showed that the two regression models both were statistically
significant at P = 0.001. The multiple correlation coefficients derived from the two
models, Ryiopis = 0.94 and Rpy = 0.91, were not significantly different (z-test for two
correlation coefficients, z = 0.11, P = 0.91). A variance ratio test revealed that the
MODIS-based model had a significantly higher variance than the Landsat TM-based
model (F = 3.42; d.f. = 70, 24; P < 0.002). Figure 2.6 describes the relation of the
natural logarithm of measured Secchi disk depth against the predicted one from the
best fitting models.

Table 2.2. Selected best fitting regression models between the natural logarithm
of Secchi disk depth (In(SDD)) and the blue and red bands of moderate
resolution imaging spectroradiometer (MODIS) and Landsat thematic mapper
(TM) images (s.e.: standard error).

Image Regression model R? s.e. F P n
In(SDD) = 0.474 + 15.240
MODIS * blue — 21.130 * red 0.88 0.37 249.0 <0.001 71
In(SDD) = 1.133 - 10.533
* blue — 13.805 * red

Landsat TM 0.83 0.20 60.51 <0.001 25
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