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Abstract. Wetlands are important ecosystems on Earth. However, global wetland coverage is
being reduced due to both anthropogenic and natural effects. Thus, assessment of temporal
changes in vegetative coverage, as a measure of the wetland health, is critical to help implement
effective management plans and provide inputs for climate-related research. In this work, 596
moderate-resolution imaging spectroradiometer (MODIS) 250-m resolution images of the
Hongze Lake national wetland nature reserve from 2000 to 2009 were used to study the veg-
etative coverage (above the water surface) of the reserve. Three vegetation indices [normalized
difference vegetation index (NDVI), enhanced VI (EVI), and floating algae index (FAI)] were
compared to evaluate their effectiveness in assessing relative changes. FAI was less sensitive than
NDVI and EVI to aerosol effects and showed less statistical error than NDVI and EVI. Long-
term FAI data revealed clear seasonal cycles in vegetative coverage in the 113-km2 core area of
the reserve, with annual maximal coverage relatively stable after 2004. This suggests that the
national wetland nature reserve was well protected through the study period. However, vegeta-
tive coverage decreased due to the flooding event in 2003. Moreover, correlation analysis
showed that annual sunshine duration collectively played a significant role in affecting the wet-
land vegetative coverage. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JRS.7.073589]
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1 Introduction

Wetlands are one of the most important ecosystems on Earth. They usually contain thousands of
species in their aquatic and terrestrial environments, provide important habitat to animals, and
play a special function in hydrology.1 However, wetlands were once considered as having little
economic value.2 As a result, the drainage and alternative usage of wetlands (e.g., transforming
to croplands or pastureland) became common practice around the world and was even encour-
aged by specific governmental policies. Statistical results of Mitsch and Gosselink3 and Mitsch2

showed that wetlands, globally, were decreasing at a fairly rapid rate. Fifty percent of the world’s
original wetlands had disappeared since the 1790s. Moreover, climate change, as another major
threat to the survival of species and ecosystem integrity,4 will affect the hydrology of individual
wetland ecosystems, mainly through changes in precipitation and temperature. Usually, such
impacts will immediately post concerns for wetlands.5 With the decline of wetlands, other hab-
itats are also lost.6 These include biogeochemically active areas, frequency flood buffers, and
major natural sources of reduced gases (e.g., methane and sulfur compounds). Many govern-
ments have set up nature reserves to protect wetland areas;7–9 however, inherent conflicts exist
even today between the need for more croplands and for environmental protection. For example,
some wetland nature reserves in eastern China were not well protected and even lost due to
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agricultural activities.10 Thus, the effectiveness of establishing a wetland reserve for the protec-
tion of its vegetative coverage needs to be evaluated.

Remote-sensing techniques have been used as alternatives to complement traditional field
work on wetland research, for example, by using multispectral instruments onboard aircrafts
and satellites (e.g., Airborne Multispectral Scanner, Landsat MSS, and Thematic Mapper).
The moderate-resolution imaging spectroradiometer (MODIS) satellite instrument has provided
medium-resolution vegetation indices (VIs) since 1999.11 This makes monitoring of photosyn-
thetic vegetative activity in small areas a reality.12 VIs are sensitive to vegetation’s chlorophyll
content, nutrient levels, and water content as well as the underlying soil characteristics.13

Therefore, VIs serve as effective and simple indices to evaluate vegetative features on
Earth’s surface by using different band combinations.14 A recent study showed that time series
of VIs combined with water-level data could recognize >90% of wetland vegetation.15 It is not
easy, however, to choose the most appropriate VI for a particular study. Although normalized
difference VI (NDVI) has been widely used to monitor wetland vegetation,16,17 no evidence has
proved that NDVI is superior to other VIs. Thus, one of the objectives in this work is to find a
reliable VI for monitoring wetland vegetation in eastern China.

There are 380; 000 km2 of wetlands in China,18 and the area of most wetland nature reserves
in China appeared to be decreasing during the past 30 years.19 Some wetlands, such as the
Hongze Lake wetland, have been affected by agricultural activities. During the 1960s and
1970s, significant effort was placed into converting some of the Hongze Lake water area to
cropland. This action caused aquatic plants to disappear and wetland area to decrease.20 To pro-
tect the Hongze Lake wetland, local government established the Hongze Lake nature reserve in
1999. Although it became a national wetland nature reserve in 2006,21 no studies have shown
how effectively the reserve has been protected.

Based on the most recent advances in remote-sensing technology and algorithm develop-
ment, as well as the need for the assessment of the effectiveness of wetland protection, we ini-
tiated a study to assess the vegetative coverage of the Hongze Lake national wetland nature
reserve using MODIS medium-resolution data between 2000 and 2009. The study’s objectives
were:

1. to evaluate the effectiveness of three MODIS VIs in monitoring changes in wetland
vegetation;

2. to document changes in the vegetative coverage from 2000 to 2009 in this national
reserve; and

3. to understand the vegetative changes in relation to potential climatic forces and human
activity.

2 Study Area

Hongze Lake is the fourth-largest freshwater lake in China, with an area of 1597 km2 (Refs. 22
and 23) and an average water depth of 1.77 m. The Hongze Lake national wetland nature
reserve is located at 33°10’40″-33°20’27″N and 118°13’9″–118°28’42″E (Fig. 1), in a tran-
sition zone between temperate and subtropical climates. There are three monsoon-induced
rainy seasons: spring rain (April to May), plum rain (June to July), and autumn rain
(September). Average annual rainfall is 926.7 mm, with plum rain and autumn rain contrib-
uting 65.4% of the total rainfall.24 The global wetland classification system referred to as the
Ramsar Convention categorized wetland reserves into coastal wetland, river wetland, lake wet-
land, and marsh wetland.25 The Hongze Lake national wetland nature reserve near Hongze
Lake is one of the typical lake wetlands. The reserve has >80 freshwater plant species
such as Phragmites australis, Lepironia, and Nelumbo nucifera. The total area of the
Hongze Lake national wetland nature reserve is 493.65 km2 including its core, buffer, and
experimental areas.23 Unfortunately, a geographic information system (GIS)-based map show-
ing the exact locations of these areas is not available in either refereed or gray literature. Yang26

showed that the buffer and experimental areas were still affected by agricultural activities.
Landsat Thematic Mapper (TM) true-color image of Hongze Lake also illustrated this effect
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Fig. 1 Location of Hongze Lake, China. The entire area of the Hongze Lake national wetland
nature reserve is outlined in red, where our study area is outlined in green. (a) Location of
Huaihe River, which is the primary drain of Hongze Lake. (b) Photo taken in the core area of
the Hongze Lake national wetland nature reserve.

Table 1 Information of the agricultural activities detected by Landsat Thermal Mapper image.

Category: Cropland Location: E: 118.30° N: 33.32°

Landsat TM image, May 20, 2003 Introduction

The white cross highlights the
cropland that can be visualized
in the buffer area of the Hongze
wetland on this Landsat TM
true-color image. It shows that
agricultural activities still affect
the wetland.
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(Table 1). Although local environmental protection laws prohibit any human activities in the
core area of the reserve, it is unclear whether the core area has been well protected. Hence, our
study site of 113 km2 was chosen in the core area (Fig. 1), after visual interpretation of a 30-m-
resolution Landsat TM true-color image collected on May 20, 2003.

3 Data and Methods

MODIS is a key instrument onboard the polar orbiting Terra (1999 to present) and Aqua (2002 to
present) satellites with a swath width of 2330 km. Since February 2000, daily global data in 36
spectral bands between 400 nm and 14 μm are available, including two bands at 250-m reso-
lution and five bands at 500-m resolution. MODIS data provide a unique capability to explore
Earth’s resources and environments because of their frequent and global coverage.27–30 In this
work, we focused on the MODIS 250- and 500-m resolution data obtained from the U.S. NASA
Goddard Flight Space Center (GSFC). Of the >6000 level-0 data scenes from February 2000 to
2009 covering our study area, 596 were selected after excluding those contaminated by clouds or
sun glint. On average, there are four to six qualified data scenes per month except during the
rainy seasons (Table 2).

The data were corrected for gaseous absorption and Rayleigh scattering to derive the surface

reflectance: Rrc ¼ πL�
t

ðF0 cos θ0Þ − Rr, where L�
t is the calibrated sensor radiance after adjustment for

ozone and other gaseous absorption, F0 is the extraterrestrial solar irradiance, θ0 is the solar
zenith angle, and Rr is Rayleigh reflectance estimated with 6S (second simulation of a satellite
signal in the solar spectrum).31 The VIs were derived from MODIS Rrc as follows:

NDVI ¼ RrcðλNIRÞ − RrcðλREDÞ
RrcðλNIRÞ þ RrcðλREDÞ

; (1)

EVI ¼ G ·
RrcðλNIRÞ − RrcðλREDÞ

Lþ RrcðλNIRÞ þ C1RrcðλREDÞ − C2RrcðλBLUEÞ
; (2)

and

FAI ¼ RrcðλNIRÞ − RrcðλREDÞ − ½RrcðλSWIRÞ − RrcðλREDÞ� × K; (3)

Table 2 Number of selected MODIS level-0 data granules (scenes) from 2000 to 2009.

Year

Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2000 0 1 4 9 4 3 3 3 4 2 6 4

2001 3 4 4 6 8 2 0 0 2 4 5 4

2002 8 5 5 4 4 5 4 4 6 8 8 4

2003 6 4 8 10 3 4 1 1 8 8 7 10

2004 5 7 8 10 9 3 4 2 3 9 11 7

2005 7 8 11 8 11 4 0 2 4 4 6 12

2006 5 4 7 8 9 2 1 2 2 4 8 9

2007 7 6 6 9 8 2 4 2 3 4 6 5

2008 4 5 8 9 5 2 0 2 2 0 0 0

2009 0 4 5 9 7 5 3 3 4 9 4 8
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where NDVI is the normalized difference vegetation index,32 EVI is the enhanced vegetation
index,11 and FAI is the floating algae index; NIR is near infrared and SWIR is short-wave infra-
red.33 The EVI coefficients for MODIS were recommended as L ¼ 1, C1 ¼ 6, C2 ¼ 7.5, and
G ¼ 2.5.34 In the above equations for MODIS, λBLUE ¼ 469 nm, λRED ¼ 645 nm, λNIR ¼
859 nm, λSWIR ¼ 1240 nm, and K ¼ ðλNIR − λREDÞ∕ðλSWIR − λREDÞ.

Of the three VIs, NDVI has been used most often in the past. However, NDVI saturates at
high leaf-coverage area and is susceptible to variable environmental and observing condi-
tions.34–37 EVI was introduced to avoid those problems.11,37–39 FAI was designed to detect float-
ing algae in the open-ocean environments using medium-resolution (250- and 500-m) MODIS
data and was shown to be more effective to separate algae from water and less prone to influence
by aerosols than NDVI and EVI.33 However, it remains to be evaluated which index is more
suitable for assessing temporal changes in wetland vegetative coverage.

The study focuses only on the upland vegetation, and water pixels need to be excluded from
the research site. The 859- and 1240-nm bands used in the FAI create a sharp gradient along the
land–water interface, from which land and water pixels were defined.40 This is ideal for creating
a water mask, and one was generated from a composite FAI image made from the 596 FAI
images. A histogram of the highest FAI values from the 596 images over a small area mixed
with nonsubmerged vegetation and water (about 3 km from our research area) was generated,
and the mode of the histogram (FAI ∼ −0.0025) was chosen as the threshold. The static water
mask was then applied to all images (NDVI, EVI, and FAI) to have a fixed study area for
long-term assessment.

Monthly meteorological data from 2000 to 2008 (the 2009 data were not available) including
air temperature, precipitation, and sunshine duration were obtained from the National Meteoro-
logical Information Center of China. These data were collected by the nearest meteorological
station to the Hongze Lake national wetland nature reserve (about 26 km). Comparison with
data from two other stations farther from our study area showed temporal consistency among
all stations, suggesting that these data could represent the meteorological conditions of our
study area.

4 Results

4.1 VI Evaluation and Selection

To evaluate each VI’s effectiveness in removing noise (thought to be due to changing aerosols
and solar/viewing geometry) while covering sufficient dynamic range, data from the study area
were first averaged from the individual image, and 596 average VI values were obtained to form
a time series. Then, a smoothed time series was obtained using a three-point running mean. The
difference between the original and smoothed time series is believed to result primarily from
temporal noise. Note that this method was used only to compare the three VIs and was not
applied to study temporal changes of the vegetative coverage. This is because vegetative cover-
age should remain relatively stable over short-term scales (days to weeks). The root mean square
(RMS) noise was normalized against the dynamic range of the VI. This served as a proxy for
relative errors within the full dynamic range of the VI. Mathematically, the error term was
estimated as

ΔVI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

ðVIi 0 − VIiÞ2
vuut ∕½maxðVI 0Þ −minðVI 0Þ� × 100%; (4)

where VI is the original time series, VI′ is the smoothed time series, and N ¼ 596. Results show
thatΔNDVI ¼ 5.54%,ΔEVI ¼ 5.13%, andΔFAI ¼ 4.02%. All three VIs clearly show the seasonal
patterns (Fig. 2), with FAI showing the least temporal noise (i.e., the most stable over time).
Figure 3 further illustrates that under different aerosol conditions, FAI is more stable than
NDVI and EVI. This finding is consistent with that found by Hu.33 Therefore, FAI was chosen
to study wetland changes in this study.
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4.2 Wetland Vegetation Assessment

To evaluate whether our study area in its surface vegetative coverage (the core of the Hongze
Lake national wetland nature reserve) was affected by human agricultural activity, an FAI time
series from nearby cropland was generated and examined. Figure 4 shows sharp changes in the
cropland FAI time series around the beginning of June in each year. This is apparently due to
wheat harvest. Similar changes are minimal or absent in the wetland FAI time series. This sug-
gests that there is no large-scale human activity in the core of the Hongze Lake national wetland
nature reserve.

Fig. 2 Time series of average normalized difference vegetation index (NDVI), enhanced VI (EVI),
and floating algae index (FAI) for the study area. The blue lines represent the 3× smoothed data.
FAI time series data show less noise (smoother in time) than those of NDVI and EVI (see statistics
in the text) because FAI is more tolerant to changes in observing and environmental conditions
(solar/viewing geometry, aerosols).

Fig. 3 MODIS RGB true-color images (a) and (b) showing the effects of aerosols. Because land
vegetation of the two adjacent days is not expected to change and the MODIS data are already
corrected for gaseous absorption and Rayleigh scattering, the color change is primarily due to
changes in aerosols (thickness and type). (c) The sensitivity of each VI (mean value of the
core area) to aerosol changes is shown as the relative change between the two images. FAI
is relatively more stable (smallest slope in the graph) than NDVI and EVI.
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The vegetative coverage in each image was estimated by summing pixels with
FAI > −0.0025, where its temporal change is presented in Fig. 5. Two indices were then defined
to describe the temporal changes in vegetative coverage. The total annual coverage was defined
as the temporal integration of daily coverage over a year with units of km2 d, named accumulated
vegetative coverage areas (AVCAs). Because of a lack of data in the first two months of 2000,
average data from other years for the first two months were used for 2000. Following statistical
conventions, a value of 95% of the total wetland core area, corresponding to 108 km2, was
chosen to represent significant vegetative coverage. The days where vegetative coverage is
>108 km2 are marked with blue in Fig. 5 and defined as significant vegetative coverage
days (SVCDs). AVCAs for the first three years increased from 3.62 × 104 to 4.09 × 104 km2

d. However, a sharp decrease occurred in 2003, resulting in a 27% loss in AVCA
(2.99 × 104 km2 d). From 2004 to 2008, AVCAs remained stable between 3.03 × 104 and 3.18 ×
104 km2 d. In 2009, AVCAs recovered to 3.5 × 104 km2 d, close to that in 2000 when MODIS
time-series data begin.

Although AVCAs were relatively stable except the −27% change during 2003, significant
interannual variability was found in the SVCDs. SVCDs for 2000, 2001, and 2002 are 78, 216,
and 233 d, respectively. In 2003, SVCDs dropped to 63 d and remained low, between 23 and 59
d, during the following five years. In 2009, SVCDs recovered to 96 d.

4.3 Meteorology Effects

Meteorological data showed six precipitation events between June 20, 2003, and July 21, 2003,
due to El Niño southern oscillation (ENSO).41 Although the annual precipitations of 2003 and
2007 are nearly the same (Fig. 6), the precipitation events occurred in different seasons. In 2003,
precipitation in the summer was 177.2 mm higher than in the 2007 summer, leading to the

Fig. 4 FAI time series for the study area (wetland in red) and a nearby cropland (in blue). The black
circles highlight the sharp changes for the cropland around the beginning of June in each year due
to wheat harvest. Similar sharp changes are minimal or absent in the wetland FAI data, which were
generated over the upland vegetation.

Fig. 5 Area coverage within the study area with FAI > −0.0025. Blue shades highlight the days
where the area is >108 km2 (95% of the study area). Note that these temporal patterns would
not change if a different FAI threshold were used.
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second largest flood since 1949 in the Hongze Lake watershed. The maximum flood discharge
reached 14; 500 m3s−1 and the water level reached 14.37 m, which were the third-highest values
during the past 100 years.42 The significant drop in the vegetative coverage (e.g., 64 km2 on
September 11, 2003) was apparently caused by this flooding event. This decreasing trend con-
tinued to the end of 2003, since most plants are not flood tolerant. The impact of the 2003 flood
continued in the following years, as both FAI values (Fig. 2) and AVCAs (Fig. 5) never returned
to the highest levels in year 2002. However, FAI, AVCAs, and SVCDs appeared to have recov-
ered in 2009.

The effects of the flooding event on the vegetative coverage demonstrate one example of the
climate/weather influence on the wetland. To further obtain statistics between meteorological
conditions and vegetative coverage, annual average of air temperature, total annual precipitation,
and sunshine duration were examined. These data were generated from the monthly data.
Because precipitation of the three rainy seasons from April to September contributes 76% of
the total annual precipitation, the annual precipitation actually represents mostly the precipitation
conditions during the rainy seasons. Correlation coefficients were determined between the veg-
etative coverage (represented by both AVCAs and SVCDs) and the meteorological parameters,
with results shown in Table 3 and Fig. 6. Air temperature and precipitation were found to insig-
nificantly correlate to AVCAs and SVCDs, indicating that temperature and precipitation (on an
annual scale) play minor roles in affecting vegetative coverage in this area. In contrast, sunshine
duration showed significant correlations with AVCAs and SVCDs.

Fig. 6 Accumulated vegetative coverage areas (AVCAs) and significant vegetative coverage
days (SVCDs) in the study area versus annual precipitation (a) and annual sunshine duration
(b) during 2000 to 2009. The 2003 flooding event is highlighted with vertical bars.

Table 3 Coefficients of linear correlation between vegetative coverage [accumulated vege-
tative coverage areas (AVCAs) and significant vegetative coverage days (SVCDs)] and annual
meteorological conditions for the selected core area of the Hongze Lake national wetland nature
reserve.

AVCAs versus SVCDs versus

Temperature Precipitation
Sunshine
duration Temperature Precipitation

Sunshine
duration

Correlation
coefficient

0.09 −0.41 0.63 0.08 −0.35 0.70

Critical ρ value 0.582 0.582 0.582 0.582 0.582 0.582

Relationship Weak
positive

Moderate
negative

Moderate
positive

Weak
positive

Moderate
negative

Strong
positive

Significance
test

Insignificant Insignificant Significant Insignificant Insignificant Significant

Note: Significance test was performed at the 90% level.
Note: Coefficients of 0–0.3 (0 to −0.3) indicate a weak positive (negative) linear relationship; 0.3–0.7 (−0.3
to −0.7) for a moderate positive (negative) linear relationship; 0.7–1.0 (−0.7 to −1.0) for a strong positive
(negative) linear relationship via a firm linear rule.43
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5 Discussion and Conclusions

Although FAI was designed to separate floating algae from water in the ocean environment,33 the
baseline subtraction method in the FAI design served as a simple but effective atmospheric cor-
rection to remove aerosol effects even for land vegetative coverage. Thus, the FAI time series
showed less noise than those of NDVI and EVI. This result is consistent with the model sim-
ulation results for the floating algae in the oceans.33 However, the same time-series analysis
applied to the noisier EVI data resulted in similar results in AVCAs and SVCDs, and thus similar
conclusions in the evaluation of the wetland nature reserve, suggesting the effectiveness of the
EVI method (results not shown here). We believe that this is primarily attributable to the suffi-
cient data frequency of MODIS in our study (on average, >1 cloud-free image per week when
MODIS/Terra and MODIS/Aqua are combined) where short-term data noise similar to those
shown in Fig. 2 would not cause a significant difference in long-term assessment. When
less-frequent observations are the only data source, for example, Landsat measurements (16-
day revisit frequency), noise due to changing aerosols or observing geometry in some images
would cause higher uncertainty than observed here. Hence, the conclusion that FAI is preferred
for MODIS data might be extended to Landsat observations when vegetative coverage is evalu-
ated, although a targeted Landsat-based study is still required.

The FAI threshold to remove water pixels was carefully chosen from statistical analysis of
long-term MODIS data, yet some uncertainties may still exist. A sensitivity analysis showed that
using FAIthresh ¼ −0.0025 and FAIthresh ¼ 0.0 resulted in nearly identical temporal patterns,
although the former led to an average increase of 3.17% in vegetative coverage area. We there-
fore believe that FAIthresh ¼ −0.0025 was a reasonable choice for our study. For other areas
where aerosol types (which determine the spectral shapes of aerosol reflectance) may be sig-
nificantly different from our study reason, the FAIthresh may be different but can be determined in
a similar manner.

Except for the sharp drop in vegetative coverage due to the 2003 flooding event, the 113 km2

core area of the Hongze Lake national wetland nature reserve appears to be well protected during
the past decade for two reasons: (1) the average FAI appeared to be stabilized with clear seasonal
cycles (winter lows and summer highs, Fig. 2), indicating minimal influence from human activ-
ities and (2) FAI time-series lacked sharp changes as observed from the nearby cropland.
Anthropogenic influence was therefore believed to be minimal compared to natural forcing.
Indeed, the 2003 ENSO-related flooding event caused the greatest decrease in vegetative cover-
age during the past decade. Inundation and long hydroperiods will reduce the cover of flood-
intolerant woody and upland species. Because poor gas exchange under water disrupts plant
energy and carbohydrate economies, plants suffer severe growth reduction or even death
when their root systems are surrounded by excess water.44–46 Even after six years, annual
AVACs and SVCDs still did not reach the preflooding levels as in 2002, although they both
recovered gradually to the 2000 levels. Some of these findings are consistent with those reported
by Zheng et al.19

On an annual basis, sunshine duration plays a more important role than temperature and
precipitation in affecting AVCAs and SVCDs. However, precipitation and sunshine duration
are not completely independent, because during the rainy days sunshine hours are also
reduced. Therefore, the two factors should not be viewed separately but used collectively
when evaluating vegetative coverage. Ideally, threshold values for precipitation should be
derived to predict future trends of vegetative coverage in response to climate change.
However, it is currently difficult to determine such threshold values for three reasons:
(1) the precipitation data used in this study were from a meteorological station 26 km
from the wetland reserve, and there are insufficient stations to estimate precipitation for
the entire watershed of the reserve; (2) the adverse impact would be more severe if precipi-
tation were concentrated in a certain period rather than spread evenly in different seasons, but
this effect is difficult to assess due to lack of complete precipitation data; and (3) plants can
tolerate flooding events, depending on plant species and flooding duration,47 but the exact
flooding duration was not available owing to limited data. Despite these limitations, this
study presents a preliminary, but to our knowledge the first, assessment of the Hongze
Lake national wetland nature research using frequent MODIS observations.
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There are two types of natural wetlands: coastal wetlands and inland wetlands.48 Located
between temperate and subtropical zones in eastern China near a freshwater lake, our study
area belongs to the latter type. There are many other wetlands and wetland reserves in China
under similar climate influence (e.g., Gaoyou Lake wetland, Taihu Lake wetland, and Chaohu
Lake wetland). The method demonstrated here may be extended to other wetland areas for long-
term evaluations. This is particularly useful in providing baseline information, given the con-
tinuous measurements of MODIS and similar satellite instruments in the future.
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