Remote Sensing of Environment 192 (2017) 98–113

Contents lists available at ScienceDirect

Remote Sensing of Environment
journal homepage: www.elsevier.com/locate/rse

Climate- and human-induced changes in suspended particulate matter
over Lake Hongze on short and long timescales
Zhigang Cao a,b, Hongtao Duan a,⁎, Lian Feng c, Ronghua Ma a, Kun Xue a
a
b
c

Key Laboratory of Watershed Geographic Sciences, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing 210008, China
University of Chinese Academy of Sciences, Beijing 100049, China
State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, Wuhan 430079, China

a r t i c l e

i n f o

Article history:
Received 10 October 2016
Received in revised form 22 January 2017
Accepted 11 February 2017
Available online xxxx
Keywords:
SPM pattern
Dredging
Climate change
Huai River
Remote sensing

a b s t r a c t
Changes in global climate drivers have multiple impacts on lake ecosystems, as rain and wind conditions control
catchment surface runoff and lake mixing regimes. However, human activities in lakes and their watersheds may
have direct and indirect impacts on aquatic optical properties. Therefore, identifying key drivers that can be controlled (human) from those that cannot (climate) represents an important objective. In the present study, we develop an algorithm to estimate the concentrations of suspended particulate matter (SPM) in Lake Hongze (the
fourth largest freshwater lake in China) using MODIS/Aqua images with concurrent data collected from six cruise
surveys. The algorithm resulted in root mean square errors (RMSEs) of 7.64–7.86 mg/L for SPM ranging from 10
to 80 mg/L. The algorithm was applied to 1602 cloud-free MODIS/Aqua images from 2002 to 2015. Our results
show: (1) inter-annual and seasonal variations of SPM concentrations in Lake Hongze are divided into two distinct periods between 2002 and 2011 and 2012–2015, with the transition associated to intensive dredging activities that were initiated in 2012. (2) SPM concentrations exhibit four typical patterns of spatial distribution which
depend on local meteorological (wind speed and wind direction) and hydrological conditions (catchment rainfall
and Huai River ﬂowrate). Based on these results, a new spatial zoning of the lake is derived to support government and agency monitoring. The study shows additive and synergistic effects of climate change and human activities on SPM concentrations over short and long timescales and the possibility to monitor these changes by
remote sensing in shallow optically complex lakes.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
Lakes are extensively distributed on Earth's surface and constitute a
large network of ecological systems (Downing et al., 2006). Lakes not
only provide fresh water and food for humans but can also act as sentinels of climate change (Adrian et al., 2009). One of the main manifestations of global climate change on a regional lake-basin scale is a
signiﬁcant increase or decrease in rainfall (Arnell and Reynard, 1996;
Onyutha et al., 2016). Under the inﬂuence of strong rainfall levels, a
basin transfers large volumes of suspended particles into a lake through
runoff, resulting in a rapid increase in the suspended particulate matter
(SPM) concentrations at the corresponding inlet and causing a turbid
plume region that expands signiﬁcantly (Saldías et al., 2012; Zhang et
al., 2016). The increase in SPM concentrations reduces light propagation
and limits the growth of plankton and submerged vegetation in lakes,
thereby affecting primary production (Moore et al., 1997; Ondrusek et
al., 2012).
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Lakes are also signiﬁcantly affected by human activities in both direct and indirect ways (Pham et al., 2008; Williamson et al., 2008). For
example, humans can directly change lake shapes, water levels, and
SPM concentrations by reclaiming farmland from lakes, by constructing
water locks and dams, or through heavy dredging activities (Feng et al.,
2012b; Hamm et al., 2002). Further, human-induced land use changes
associated with soil erosion and exogenous input materials can modulate the water turbidity of inland waters (Fraterrigo and Downing,
2008; Jones et al., 2005). In fact, human activities and global climate
change often change the concentrations and compositions of substances
in lake water. Therefore, it is critical to understand the SPM variations in
lakes that result from global climate change and human activities.
The SPM concentrations of coastal and inland waters are often inhomogeneous at both space and time scales, which makes it extremely difﬁcult for traditional ﬁeld sampling methods to fully capture their
changing characteristics. Through frequent and synoptic observations,
satellite remote sensing has been widely used to estimate SPM concentrations since 1970 (Holyer, 1978; Ritchie et al., 1976). In recent decades, satellite remote sensing data such as SeaWiFS, MODIS, MERIS,
Landsat, and VIIRS data have been extensively used to estimate SPM
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concentrations in various water bodies around the world (Loisel et al.,
2014; Miller and McKee, 2004; Volpe et al., 2011). Remote sensing algorithms for SPM concentrations can be generally classiﬁed into two
types. The ﬁrst type is composed of empirical algorithms established
based on the relationship between either a single band or combinations
of several bands and SPM concentrations (Ondrusek et al., 2012; Shi et
al., 2015). The general principle of this method is that the signals of certain spectral bands can increase signiﬁcantly due to the strong backscattering (bb) effect of suspended materials in water (Doxaran et al., 2002;
He et al., 2013). The second type involves semi-analytical algorithms
based on radiative transfer theory (Neil et al., 2011; Volpe et al., 2011)
in which the SPM concentrations are estimated from satellite-retrieved
Inherent Optical Properties (IOPs) such as absorption (a) and bb coefﬁcients. Unfortunately, the optical properties in inland waters are often
complex, which makes it rather challenging for semi-analytical algorithms to derive a and bb directly from the remote sensing reﬂectance
(Rrs). Therefore, various localized empirical algorithms have been developed to determine the SPM concentrations in optically complex waters.
Lake Hongze is the main water supply source and passage route of
the eastern line of China's South-North Water Transfer Project (Yin et
al., 2013; Zuo et al., 2012). It is the fourth largest freshwater lake in
China and the largest in the Huai River Basin (Wang and Dou, 1998).
The Huai River (one of the seven major rivers in China) ﬂows directly
into the middle reaches of Lake Hongze, making the lake important for
regulating incoming water from the upper and middle reaches. Situated
in a climatic transition zone between northern and southern China,
rainfall occurs primarily during the ﬂood season, and alternating ﬂoods
and droughts occur frequently (Zuo et al., 2012). Uneven spatial and
temporal distribution of water resources and deteriorating water quality due to a loss of sediments ﬂowing into the lake have considerably affected both people's lives and industrial and agricultural production in
the region (Gao et al., 2008). However, the understanding of how
weather and hydrological conditions may affect SPM patterns in this
lake remains limited. Additionally, sand dredging activities have triggered rapid water turbidity increases due to the large number of dredge
vessels used since 2012, which damage bottom structures and threaten
wildlife habitats. Unfortunately, the relationships between sand dredging activities and turbidity dynamics and their associated effects on regional ecological environments remain generally unknown (Yan, 2015).
In this paper, we used MODIS/Aqua data for 2002–2015 to study the
spatio-temporal distribution of SPM concentrations in Lake Hongze to
determine the effects of climate change and human activities. The
main objectives were: (1) to develop a practical algorithm to estimate
SPM concentrations using satellite data that is suitable in Lake Hongze;
(2) to retrieve the spatio-temporal variation patterns of SPM concentrations in Lake Hongze; (3) to analyze the effects of hydrological and climatic factors (runoff, rainfall, and wind) on the formation and
transformation of SPM spatial patterns in Lake Hongze; and (4) to explore the inﬂuence of human dredging activities on inter-annual changes in SPM concentrations in Lake Hongze. To our knowledge, this is the
ﬁrst study to employ an extended time series of MODIS data to study the
driving mechanisms of the spatial and temporal variations in SPM concentrations in Lake Hongze, China.
2. Materials and methods
2.1. Study area
Lake Hongze (33°06′-33°40′N, 118°10′-118°52′N, Fig. 1) is a shallow
lake. The area covered by Lake Hongze varies with water levels. At the
water level of 12.5 m, the lake's area is 1597 km2, and its volume is
3.04 billion m3. The lake's average water depth is 1.9 m, and its maximum water depth is 4.5 m (Cai et al., 2016; Cao et al., 2016; Zhu and
Dou, 1993). Lake Hongze is located in a warm temperate zone that belongs to the semi-humid monsoon climate region (Zuo et al., 2012). In
the winter and spring, the Huai River Basin experiences drought with
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minimal rainfall; in the summer and fall, the area is hot and rainy. Beyond atmospheric precipitation, lake replenishment is primarily dependent on incoming river water, and its water body is relatively turbid. The
rivers that ﬂow into Lake Hongze are concentrated west of the lake, including the Huai, Sui, Bian, Xinbian and An Rivers. Runoff from the Huai
River accounts for N70% of all river water runoff into the lake. The San
River and Subei General Irrigation Canal are the primary outlets through
which Lake Hongze ﬂows into the Yangtze River and into the sea, respectively. Approximately 60–70% of the lake water ﬂows into the
Yangtze River through the San River Sluice.
The bottom of the lake is higher than the eastern North Jiangsu Plain
by 4 to 8 m. A man-made dam (67.25 km) on the eastern coast was built
in the Eastern Han Dynasty (CE 200) to protect the North Jiangsu Plain,
rendering Lake Hongze a “suspended lake” on the plain. However, since
2012, dredging activities have signiﬁcantly threatened the security of
the eastern dam of Lake Hongze. Note that Lake Hongze is divided
into three segments (Z1, Z2 and Z3) in this study for the reasons
discussed below.
2.2. Field and satellite data
2.2.1. Field data
Six ﬁeld trips to Lake Hongze were completed, and 157 datasets
were collected from 30 stations between April 2014 and February
2016 (Fig. 1 and Table 1). Surface water (depth ~30 cm) were collected
using a standard two-liter polyethylene water-sampling instrument.
Environmental parameters such as surface wind speed were measured
using a handheld anemometer, and the cloud conditions were recorded
simultaneously. Samples were stored in the dark and kept cool with ice
bags before the SPM concentrations were measured in a laboratory.
The SPM concentrations were gravimetrically determined from
samples collected on pre-combusted and pre-weighed GF/F ﬁlters
with a diameter of 47 mm that were dried at 105 °C overnight. SPM
was differentiated into suspended particular inorganic matter (SPIM)
and suspended particular organic matter (SPOM) by burning the organic matter from the ﬁlters at 450 °C for 4 h and then re-weighing the ﬁlters. The correlation between the SPM concentrations and SPIM was
0.95 (p b 0.001), whereas the correlation with SPOM was only 0.48
(p b 0.001). We can thus state that SPM in Lake Hongze primarily consists of inorganic matter (Table 1).
2.2.2. Satellite data and preprocessing
We primarily used MODIS data at 250 m and 500 m resolutions to
study the SPM variability. Less frequent Landsat TM, ETM + and OLI
data at a resolution of 30 m were used to identify and monitor dredging
vessels.
2.2.2.1. MODIS data. The MODIS/Aqua Level-1A data for Lake Hongze between July 2002 and December 2015 were downloaded from NASA's archive (https://oceandata.sci.gsfc.nasa.gov/). Level-1A data were ﬁrst
processed using SeaDAS 7.3 to generate Level-1B. Then, a partial atmospheric correction was applied to the Level-1B data to correct for the
gaseous absorption (mainly by ozone) and Rayleigh scattering (molecular) effects, because a full atmospheric correction (such as the Management Unit of the North Sea Mathematical Models (MUMM) and
shortwave infrared (SWIR) algorithm through SeaDAS) often resulted
in data loss due to incorrect data masking and high uncertainties in
the retrieved remote sensing reﬂectance (Rrs, sr−1). Such failures generally resulted from: (1) the ﬁxed thresholds used for mask-building in
SeaDAS for land, clouds, high light levels and stray light are subject to
signiﬁcant errors in highly turbid waters (Aurin et al., 2013; Wang and
Shi, 2006), which can easily be mistakenly identiﬁed as clouds or land;
(2) the NIR black-pixel assumption in the MUMM algorithm is ineffective in inland waters due to their high turbidity (Zhang et al., 2014);
(3) the signal to noise ratio (SNR) of shortwave-bands is very low,
which leads to large uncertainties in the SWIR algorithm (Aurin et al.,
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Fig. 1. Location and distribution map of Lake Hongze, China. The green arrow indicates the ﬂow direction of the rivers to the lake. Six major rivers ﬂow into the lake, of which the most
important is the Huai River, one of the seven major rivers in China. Lake water ﬂows to the Yellow Sea though the Subei General Irrigation Canal and into the Yangtze River through
the San River. Lake Hongze is divided into three segments: Z1, Z2 and Z3. The region Z1 is located at the inlet of the Huai River. Z2 is the largest region of which is directly affected by
the suspended sediments in the Huai River according to statistics gathered from historical images. The red square in the inset at the lower right shows the location of Lake Hongze in
China (red arrow); the gray region indicates the range of the Huai River Basin. The P1–P3 areas circled by dashed lines represent the three primary dredging areas. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

2013); (4) the MODIS ocean bands, which were originally designed for
ocean applications, are highly sensitive but have a narrow dynamic
range and are consistently saturated in highly turbid waters (Hu et al.,
2012). Because the precise Rrs values were not retrieved for the longterm MODIS data, Rayleigh-corrected reﬂectance (dimensionless), Rrc,
was derived after correction for Rayleigh scattering and gaseous absorption effects following (Hu et al., 2004):

Rrc;λ ¼ πLt;λ  = F 0;λ  cosθ0 −Rr;λ

ð1Þ

where λ is the wavelength of the MODIS spectral band, L⁎t is the calibrated at-sensor radiance after correcting for gaseous absorption, F0 is the

Table 1
Water quality properties of Lake Hongze, China. SPM: suspended particle matter; SPIM:
suspended particulate inorganic matter; SPOM: suspended particulate organic matter.
Date

Statistics

SPM (mg/L)

SPIM (mg/L)

SPOM (mg/L)

201404
(N = 31)
201410
(N = 29)
201412
(N = 20)
201505
(N = 27)
201509
(N = 30)
201602
(N = 20)

Range
Mean
Range
Mean
Range
Mean
Range
Mean
Range
Mean
Range
Mean

13.33–78.67
39.46 ± 13.90
29.33–58.67
44.98 ± 8.94
14.00–100.00
52.35 ± 23.55
19.00–110.00
49.25 ± 25.55
33.00–125.00
66.00 ± 18.00
6.00–69.00
38.90 ± 18.28

4.67–64.67
28.77 ± 13.47
5.00–52.00
32.83 ± 9.63
7.00–74.00
32.35 ± 17.97
5.00–80.00
32.22 ± 20.38
22.00–111.00
52.00 ± 17.00
4.00–61.00
32.56 ± 17.69

6.00–14.67
10.09 ± 2.22
1.00–37.00
12.15 ± 8.27
6.00–50.00
20.00 ± 10.85
5.00–30.00
13.04 ± 6.02
6.00–25.00
14.00 ± 4.00
2.00–16.00
7.05 ± 3.31

extraterrestrial solar irradiance, θ0 is the solar zenith angle, and Rr is
the reﬂectance due to Rayleigh (molecular) scattering, which was estimated using the 6S radiative transfer code. The Rrc data were geo-referenced into a cylindrical equidistance (rectangular) projection.
The Rrc data at three MODIS bands (645, 555, and 469 nm) were simultaneously used to generate red-green-blue (RGB) “true-color” composite images at a resolution of 250 m. Note that the 500 m resolution
data (469 and 555 nm) were re-sampled to a 250 m resolution using a
“sharpening” scheme (Pohl and Van Genderen, 1998). A sophisticated
cloud screening algorithm (Ackerman et al., 1998) was employed to select cloud-free data, but some cloud-free pixels were incorrectly identiﬁed as clouds due to the presence of thick aerosols over turbid waters
and/or fog (Feng et al., 2012a). Thus, the RGB “true-color” images
were also visually examined to select cloud-free data. Of the N5000
granules of data obtained for the study area, 1602 scenes were selected.
Images containing sun glinting were excluded from the study data
through visual checks. Table 2 lists the temporal distribution of MODIS
scenes examined in this study. At least ﬁve scenes exist for 90% of the
studied months, indicating that the monthly changes in SPM can be captured convincingly.
A concurrent dataset of MODIS/Aqua Rrc data and in situ SPM measurements was constructed using a time window of ± 3 h between
the MODIS/Aqua data and the in situ measurements. To avoid the potential effects of patchiness on the optical properties of the measurements, a homogeneity test of the 3 × 3-pixel box centered at the in
situ station was performed (note that each MODIS pixel is
250 m × 250 m). When the coefﬁcient of variation (CV) of the 3 × 3
box was N0.1, the corresponding matching pair was discarded (Feng
et al., 2012b). Using this strict quality control criterion, 111 matching
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Table 2
Temporal distributions of the MODIS/Aqua scenes examined in this study

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
Tot.

Jan

Feb Mar Apr

May Jun Jul Aug Sep

Oct

Nov Dec Tot.

/
11
13
10
10
12
7
16
11
13
8
13
16
11
151

/
6
11
8
6
6
14
5
6
6
3
4
7
7
89

/
7
9
10
11
12
14
12
4
10
10
11
13
7
130

15
10
13
11
12
13
6
13
13
10
16
14
15
19
180

17
9
19
12
9
10
10
6
13
6
10
14
8
7
150

/
11
11
13
15
9
12
9
7
16
4
11
14
8
140

/
9
8
17
11
13
11
12
6
16
6
18
12
8
147

/
6
9
9
11
3
2
7
12
3
3
7
8
3
83

8
5
11
6
8
9
0
5
5
7
9
9
7
10
99

12
7
7
5
13
6
8
4
14
4
8
12
5
12
117

12
15
14
10
12
7
9
6
10
9
9
10
7
12
142

11
13
8
18
14
7
14
8
17
13
10
9
19
13
174

75
109
133
129
132
107
107
103
118
113
96
132
131
117
1,602

101

stations in the middle reaches) were obtained from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/). Monthly
river discharge data collected from the Bengbu station (the hydrological
station closest to the Huai River in Lake Hongze) were obtained from
Chinese Sediment Bulletins (http://www.mwr.gov.cn/zwzc/hygb/
zghlnsgb/). Note that only 12 years of monthly hydrological data
(2002–2013) were available. A signiﬁcant correlation between the
monthly mean precipitation levels recorded at the seven stations and
river discharge levels was observed (Bengbu station) (N = 144, r =
0.72, p b 0.001). This was conﬁrmed by another study, which showed
that rainfall in the Huai River Basin has a considerable effect on water
resource quantities at the Bengbu station (Zuo et al., 2012). Thus, we
used monthly mean precipitation data from the seven stations rather
than the river discharge data to determine the SPM variability. Wind
speed and wind direction data from the Xuyi station (the station closest
to Lake Hongze) were also used to analyze the SPM variations.
2.3. Dredge boat detection

pairs were selected. Seventy samples (2/3) from this dataset were selected for training, and the remaining 41 samples were used for algorithm validation.
2.2.2.2. Landsat data. Overall, 121 scenes of cloud-free Landsat TM,
ETM+ and OLI data from 2002 to 2015 (calibrated at-sensor radiance
at a 30-m resolution) were downloaded from the U.S. Geological Survey
(USGS). These data were processed using the same method to remove
ozone absorption and Rayleigh scattering effects as was used for the
MODIS data. Then, the data were used to identify and quantify ships in
the lake.
2.2.3. Meteorological and hydrological data
Daily precipitation levels measured at seven meteorological stations
in the Huai River Basin (two stations in the upper reaches and ﬁve

The reﬂectance of dredged areas is quite high in the Landsat shortwave infrared (SWIR) band, as indicated by a distinct contrast with
the black water body (Fig. 2). Therefore, we used band 7 (SWIR band)
of the Landsat TM, ETM +, and OLI (there was a slight difference
among central bands of the three sensors) to identify the dredged
areas. First, using the ENVI 5.3 software, we formulated a false-color
composite of Landsat images (bands 5, 4, and 3) to determine the
range of the turbid regions that are likely to result from dredging activity. Next, we used band 7 to identify high-brightness targets in the turbid regions (the dredge is shown as a bright point in band 7; refer to
Zoom 1 and Zoom 2 in Fig. 2). Finally, we used ROI Tools to outline
these “bright dots” and saved them as shape ﬁles. From the extracted
boats, we needed to exclude only boats on the main shipping courses
(the lane in Fig. 2) because these boats consisted primarily of boats for

Fig. 2. Dredging vessels in Zoom 1 and Zoom 2 (represented by the highlighted spots against the water) as observed from the Landsat-8 OLI shortwave infrared band (Band 7) on April 8,
2014. The white dashed line represents the shipping lane.
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Table 3
Temporal distributions of dredging vessels observed from Landsat ETM+ & OLI data
(2012–2015). In this table, “/” denotes months for which no Landsat data were available.
Note that no dredging vessels were observed in the satellite images prior to 2012.

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

2012

2013

2014

2015

109
/
118
102
104
115
120
/
/
/
114
/
112

/
/
/
294
229
/
/
290
/
338
/
345
299

388
344
/
649
571
590
691
/
/
64
171
159
403

/
/
399
761
342
/
/
753
/
539
/
585
563

transportation rather than dredges. We plotted the extracted results on
a spatial distribution diagram and calculated the number (Table 3). No
dredges were observed in Landsat images before 2012, which is consistent with the timelines from media reports and onsite surveys indicating that the yellow sand on the bottom of Lake Hongze can be used as
construction material. Although boat detection from Landsat images is
a challenge due to the relatively low spatial resolution (30 m) and
long revisiting time (16 days), and boats are easily concealed by clouds,
many studies indicate that this method is efﬁcient, economic, and effective at extracting boats on water bodies (Feng et al., 2012b; Li et al.,
2014; Wu et al., 2009). Because the Landsat images generally have a return period of 16 days; they are subject to relatively strong effects from
cloudy and rainy weather. The Landsat images thus do not completely
reﬂect the dredging state in Lake Hongze, but they can be used to analyze trends.
2.4. Algorithm development
MODIS remote sensing algorithms for detecting SPM are established
based primarily on the remote sensing reﬂectance (Rrs) in the red and
near-infrared bands (Feng et al., 2014; Shi et al., 2015; Volpe et al.,
2011). Lake Hongze is located in inland China, where the water is turbid
and aerosol variations are complex. MODIS ocean color bands are easily

saturated, and common atmospheric correction algorithms do not effectively eliminate aerosol signals, thus hindering Rrs determination. When
we used SeaDAS 7.2 to process the MODIS image of Lake Hongze, most
of the data for the ocean color bands were found to be invalid (the results are negative or NaN). Increasing the threshold of the cloud mask
to 0.1 (Feng et al., 2014) did not greatly improve the results. We thus
used Rrc data from the MODIS land band after applying a correction
for Rayleigh scattering to create an algorithm to estimate SPM concentrations in Lake Hongze.
We selected 2/3 of the concurrent dataset between MODIS/Aqua and
in situ measured SPM (N = 70) to construct the algorithm. The results
of direct ﬁtting between Rrc.λ and the measured SPM concentration
were relatively poor (R2 b 0.16), indicating that the contribution of aerosols was not negligible. Generally, the Rrs in the shortwave infrared band
has an approximate value of 0 (Wang, 2007); therefore, Rrc,1240 may be
affected by aerosols (Duan et al., 2014; Feng et al., 2012b). We used
Rrc.λ − Rrc,1240 to subtract the aerosol contributions and then ﬁtted
this result to the SPM concentration (linear, exponential, logarithmic,
and power functions). The results revealed a linear ﬁtting relationship
between Rrc.645 − Rrc,1240 and the logarithmic function of SPM
(ln(SPM)) yielded the best ﬁt (R2 = 0.64, p b 0.0001) and the smallest
error (RMSE = 7.86 mg/L, RMS = 39.4%) (Fig. 3a). These results indicate
that the red band can differentiate the backscattering feature of SPM
particles (Neil et al., 2011). Many existing algorithms for estimating
SPM from MODIS also use the 645 nm waveband (Miller and McKee,
2004; Ondrusek et al., 2012; Shi et al., 2015). We used the remaining
1/3 of the data (N = 41) to validate the algorithm (Fig. 3b) and observed
a relatively satisfactory correlation between the ﬁeld-measured and
MODIS-estimated SPM concentrations (R2 = 0.55). The concentrations
are uniformly distributed on the two sides of the 1:1 line (RMSE =
7.64 mg/L, RMS = 46.9%), indicating that the algorithm exhibits a relatively satisfactory degree of estimation accuracy for the high and low
ranges and that it achieves a relatively satisfactory level of consistency.
Therefore, the equation to estimate the SPM concentration (SPM between 10 and 80 mg/L) in Lake Hongze is as follows:
½SPM ¼ expð15:4  ½Rrc ð645Þ−Rrc ð1240ÞÞ þ 1:994

ð2Þ

When the SPM concentration increases (SPM N 100 mg/L), reﬂectance generally shows logarithmic increase and the 645 nm band
tends to plateau in highly turbid lakes (Shen et al., 2010;

Fig. 3. (a) The relationship between the in situ measured SPM and the difference between MODIS Rrc at 645 nm and 1240 nm. (b) The validation of MODIS-estimated SPM with in situmeasured SPM based on an independent dataset.
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Vanhellemont and Ruddick, 2015). This saturation effect has also been
observed in other researches (Bowers et al., 1998; Nechad et al.,
2010). When the SPM concentration is excessively high, the signal at
1240 nm no longer refers solely to aerosol contributions; consequently,
the algorithm is subject to underestimation. The SPM concentrations in
much of Lake Hongze lay below 100 mg/L; in the 156-measurement
dataset, only six samples were N 100 mg/L (Table 1). This algorithm is
thus suitable for MODIS estimations of SPM concentrations in Lake
Hongze.
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3. Results
3.1. SPM inter-annual variability
From 2002 to 2015, the SPM concentrations in Lake Hongze exhibit a
distinct difference in spatial and inter-annual distributions (Fig. 4). The
SPM concentrations in the lake's central area, Z2, are usually higher than
those in the other areas (Z1 and Z3) and are relatively low in region Z1
(near the Huai River inlet into the lake). From 2002 to 2015, the annual

Fig. 4. Annual mean SPM distributions derived from MODIS/Aqua data (2002–2015) for Lake Hongze, China. Note that the last panel shows the annual SPM mean for the 14-year study
period.
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average SPM concentrations in Lake Hongze (Fig. 5a) were highest in region Z2 (27.58 ± 2.5 mg/L), lower in region Z3 (22.63 ± 3.10 mg/L), and
lowest in Z1 (15.67 ± 0.82 mg/L). Regarding the inter-annual distributions, after 2012, the SPM concentrations in Lake Hongze increased signiﬁcantly. This increase can be divided into two stages (Figs. 4 and 5a):
(1) from 2002 to 2011, the SPM concentrations in the entire lake were
relatively low, the variations were relatively minor, and the three regions showed the same degrees of variation; and (2) from 2012 to
2015, the SPM concentration in regions Z2 and Z3 increased signiﬁcantly, whereas region Z1 exhibited a downward trend that was indicative
of a “clear river and turbid lake” phenomenon (Fig. 5a). Changes in natural factors (e.g., rainfall and wind speed) that potentially affected SPM
variations before 2012, were not found to be signiﬁcant after 2012 (Fig.
5b); thus, this distinct point of inﬂection is the result of human dredging
activities that were ﬁrst observed in 2012 from the Landsat images
(Table 3 and Fig. 4).

3.2. SPM intra-annual variability
Because the SPM concentrations in Lake Hongze have increased signiﬁcantly since 2012, we analyzed the seasonal variations in SPM concentrations for two separate time segments: 2002–2011 and 2012–
2015. The monthly average SPM concentration results for Lake Hongze
for 2002–2011 indicated that (Figs. 6 and 7a) the SPM concentrations
in the three lake areas of Lake Hongze exhibited the same variation
trends and were highest in the summer (June–August), lower in the
fall and winter, and lowest in the spring. The average concentration
was highest in June (24.05 ± 1.56 mg/L) and lowest in April (19.63 ±
1.84 mg/L). For the different lake areas, the average concentration in
Z1 and Z3 was highest in June (21.33 ± 0.77 mg/L, 24.24 ±
1.62 mg/L), while the peak SPM concentration in Z2 appeared in July
(30.44 ± 2.17 mg/L). Note that the seasonal variations in SPM concentrations from 2002 to 2011 (Fig. 7a) reﬂected seasonal variations in
rainfall (Fig. 7c). From June–August, high rainfall levels corresponded
to the highest SPM concentrations; from March–May, the reduced rainfall levels corresponded to the lowest SPM concentrations.

Fig. 6. Monthly mean SPM distributions derived from MODIS data (2002−2011) for Lake
Hongze, China.

However, the SPM concentrations from the 2012–2015 period and
the SPM concentrations from 2002 to 2011 showed radically different
seasonal variations (Fig. 7b), although no signiﬁcant differences in

Fig. 5. (a) Annual mean of SPM derived from MODIS/Aqua for the three lake segments; (b) Annual mean of precipitation and wind speed.
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Fig. 7. Monthly mean SPM derived from MODIS/Aqua data for the three lake segments for (a) 2002–2011 and (b) 2012–2015. Monthly mean precipitation and wind speed for (c) 2002–
2011 and (d) 2012–2015. Note that the average rainfall level for July from 2012 to 2015 is less than that for July from 2002 to 2011 by nearly 150 mm; the difference for other months is not
substantial.

rainfall or wind speed were observed for the two periods (Fig. 7c and d).
From 2012 to 2015, the SPM concentrations for the entire lake were
high in the fall and winter (September–December and January–February of the following year) and low in the spring and summer (March–
August). The concentrations were highest in November (32.14 ±
8.30 mg/L) and lowest in May (19.05 ± 4.67 mg/L). The statistical results for different lake areas indicate that the variations in SPM concentration in Z2 and Z3 reﬂect the variations for the entire lake; the highest
values appear in November (42.11 ± 6.57 mg/L and 30.47 ± 8.49 mg/L,
respectively), and the lowest appear in May (24.16 ± 3.06 mg/L and
18.34 ± 4.79 mg/L, respectively).

3.3. Classiﬁcation and distribution of SPM patterns
We separately observed and analyzed each of the 1602 scenes of
MODIS RGB images and the corresponding SPM concentrations for
Lake Hongze for 2002–2015. The Lake Hongze SPM concentrations exhibit four typical spatial distribution patterns (Fig. 8). In Pattern I, the
water in the inlet estuary of the Huai River (typically regions Z1 and
Z2) is turbid, whereas the Lake Hongze water is clear (region Z3)
(termed “turbid river and clear lake”) (Figs. 8a1–d2). Pattern II involves
a clear river and turbid lake (Figs. 8e1–h2). For Pattern III, both the river
and lake are clear (Fig. 8i1–l2), and for Pattern IV, both the river and lake
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Fig. 8. Four typical SPM patterns of spatial distribution in Lake Hongze: (a1–d2), Pattern I; (e1–h2), Pattern II; (i1–l2), Pattern III; and (m1–p2), Pattern IV. Pattern I indicates that the Huai
River Estuary is turbid but the lake is clear. Pattern II indicates that the estuary is clear but the lake is turbid. Pattern III indicates that both the estuary and lake are clear, and Pattern IV
indicates that both the estuary and lake are turbid. For each pattern, Line 1 shows the MODIS RGB images, and Line 2 shows the corresponding SPM concentration distributions.

are turbid (Figs. 8m1–p2). The differences in distribution over the
14 years from 2002 to 2015 were distinct for these four distribution patterns. Pattern IV was found to be the most dominant (789 scenes), accounting for 49.19% of the total number of satellite images. Lake
Hongze exhibits a state of turbidity in approximately half the images;

the proportions of Patterns I, II, and III are 17.77% (283 scenes), 22.44%
(360 scenes), and 10.60% (170 scenes), respectively.
Fig. 9a shows the distribution of the annual proportions of the four
patterns. Generally, the proportion of Pattern IV (i.e., both the river
and lake are turbid) was relatively high each year. In particular, after
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Fig. 9. Four typical SPM spatial patterns: (a) Annual distribution, (b) Monthly distribution, (c) Quarterly distribution, and (d) Pattern distribution between wet and dry seasons.

2010, the proportion of Pattern IV exceeded 60%, while in 2013, it
accounted for nearly 90%. The proportion of Pattern III (i.e., both the
river and lake are clear) was the smallest; its maximum never exceeded
20% (which occurred in 2009). The distribution proportions for Patterns
I and II fell between those of Patterns IV and III. Because of climatic factors (clouds and rainfall), the number of MODIS images obtained during
the rainy season was relatively small, which caused an imbalance when
using the number of satellite images for statistical analysis. By replacing
the number of images with the proportion accounted for by the distribution of each model, we were able to analyze the spatio-temporal variations in the distribution model of the SPM concentrations.

Fig. 9b shows the distribution of the monthly proportions for the
four patterns. Pattern I is primarily concentrated during the rainfall season (July September), and its proportion exceeds 50%. In contrast, no
Pattern I distribution can be observed in the dry winter and spring seasons. Pattern II exhibits the opposite trend; it is primarily found in the
winter and spring (November–March), and its proportion exceeds
40%. Pattern III is found in various months; however, its proportion is
low (b20%). Pattern IV is similar to Pattern III and is found throughout
the year; however, its proportion is quite high (N 30%).
The twelve months of one year were divided into four equal quarters, namely, January–March is Q1, and the remaining months were
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sequentially classiﬁed into Q2, Q3, and Q4. The results are as follows
(Fig. 9c): in Q3, the SPM patterns in N70% of the images follow Pattern
I, whereas in Q1, Q2, and Q4, the SPM patterns are dominated by Patterns II and IV, with proportions exceeding 40%. According to the statistics of the dry and wet seasons (Fig. 9d), Pattern I primarily appears in
the rainy wet season (June–September), indicating that rainfall is the
main factor driving Pattern I; the remaining patterns primarily occur
during the dry season.

alluvial region (with the inlet estuary of the Huai River as the center
(Fig. 8a1–d1)) creating a sharp contrast with the relatively clear water
in the other sections of the lake body. In region Z3, with the exception
of the summer effects from Huai River runoff, strong winds also play a
key role in the dry season. Therefore, dividing Lake Hongze into regions
based on these driving factors and their effects allows a better examination of the spatio-temporal variations in SPM concentrations in Lake
Hongze.

4. Discussion

4.2. Why do the four typical SPM spatial patterns exist?

4.1. Why this partition in Lake Hongze?

4.2.1. How do these four patterns form?
Huai River runoff into the lake and wind jointly determine the
spatio-temporal distribution of SPM in Lake Hongze; their variations
at different temporal and spatial scales form four typical distribution
patterns (Fig. 8). Pattern I (Fig. 8(a1–d2)) is primarily found during
the summer rainy season (June–October) (Figs. 9b–d and 10a–b), with
the highest wind speeds typically being b 3.0 m/s and with no sediment
resuspension found on the lake bottom. Relatively more rainfall occurs
in the Huai River Basin during the summer, thereby increasing soil erosion and causing turbid enhancement in the Huai River. Where the river
water enters the lake body, a fan-shaped high-turbidity region (Z2)
forms around the Huai River Estuary and extends into the lake. Pattern
II (Fig. 8(e1–h2)) primarily appears in the winter and spring (Fig. 9b–d)
when the rainfall levels are relatively low in the Huai River Basin (Fig.
10b). During this period, Huai River water is relatively clear, but heavy
winds occur (Fig. 10c), subjecting sediments on the bottom of the
river to resuspension. When forming relatively turbid lake conditions,
the relatively clear Huai River enters Lake Hongze and dilutes
suspended sediments in region Z2, which is prone to the Pattern II phenomenon. Pattern III (Fig. 8(i1–l2)) is an extension of Pattern II and primarily appears in the winter and spring (Figs. 9b–d and 10a). Under
conditions with no or limited rainfall in the basin, a long period of exchange between the clear Huai River water and lake water occurs, eventually rendering the entire lake relatively clear. In Pattern IV (Fig. 8(m1–
p2)), the entire lake occupies a turbid state under the sustained inﬂuence of strong winds (maximum wind speed of N4.5 m/s, Fig. 10a, c),
and this turbid state can appear in the presence of absence of rainfall.
With the exception of the relatively low distribution frequency of the
summer rainy season (dominated by Pattern I), the distribution frequency of Pattern IV for the other seasons ranges from 40%–60% (Fig.
9c). The Huai River and Lake Hongze Basin are located in a subtropical
monsoon climate zone, where temperatures are high and where rainfall
levels during the summer are substantial (Zuo et al., 2012). At the end of
June and in early July, the area enters a period of “plum rain”, during
which continuous and strong rainfall occurs. In the winter, however,
drought occurs, and there is limited rain and windy weather. These climatic features determine the seasonal distribution of different distribution patterns for suspended sediments in Lake Hongze.
Generally, rainfall controls the clear and turbid states of the Huai
River, whereas strong winds resuspend bottom sediments in the river
and lake and change the lake turbidity levels. In years with signiﬁcant
rainfall, the proportion of Pattern I increased. For example, the proportion was relatively high in 2003, 2005, 2006, and 2007, whereas it was
relatively low in 2004 and 2009 when the rainfall levels were minimal.
From 2003 to 2009, the proportions of Patterns II and III were relatively
high compared to those of other years, and the proportion of Pattern IV
was relatively low compared to those of other years. This can be attributed to less windy weather occurring in the other years.

Studying lakes divided into different zones can help to obtain a comprehensive understanding of lake characteristics to investigate variations in lake water quality and the factors that inﬂuencing the water
quality of a lake. Lake divisions are traditionally based on a lake's geometric features (Hu et al., 2010; Zhang et al., 2015; Zheng et al., 2015).
When the distribution of hydrological, terrain and geometric features
is consistent, such zoning methods can help identify the regional characteristics of a lake and capture the characteristics of distributions and
changes in a given water body. However, when investigating the SPM
levels in Lake Hongze, we discovered that the sediment distributions
follow a distinct pattern that surrounds the Huai River Estuary and expands toward the center of the lake (Fig. 8). The traditional zoning
methods reveal no distinct factors that affect the spatio-temporal variations in the Lake Hongze SPM concentrations, and the data show no distinct patterns and cannot be reasonably interpreted. Therefore, we
needed to repartition Lake Hongze according to the variations in SPM
concentrations.
The SPM spatial-temporal distribution time series for 2002–2015
shows that a large volume of sediments ﬂows into Lake Hongze with
water from the Huai River during the rainy season, forming a diffuse distribution centered at the Huai River Estuary. According to the observations of SPM patterns, we divided Lake Hongze into regions Z1, Z2,
and Z3 (Fig. 1). The border between regions Z1 and Z2 stems from the
boundary between the Huai River and Lake Hongze, and the border between regions Z2 and Z3 is positioned approximately 8 km from the
Huai River estuary, which is the largest plume region based on the statistics of MODIS images during 2002–2015 (Fig. 8a1–d2). The furthest
boundary of Z2 covers an area of approximately 250 km2. We used a
pixel-wise correlation analysis method and extended time series data
(Feng et al., 2014; Salisbury et al., 2004); the results show that the correlation between the SPM concentrations in the Huai River and those in
Lake Hongze is statistically signiﬁcant. This correlation weakens as the
distance from the inlet estuary of the Huai River increases. The average
correlation coefﬁcients (r) for the regions Z1, Z2, and Z3 are 0.58, 0.17,
and 0.07, respectively, and exhibit a gradually declining trend, indicating that our zoning approach adequately identiﬁed the inﬂuence of
Huai River runoff on Lake Hongze. We analyzed the temporal variations
in SPM concentrations for these three regions (Figs. 6 and 7a) and found
that SPM concentrations in regions Z1 and Z2 are usually highest in the
rainy season (June–September) but relatively low in the dry season, indicating that runoff from the Huai River is the main factor that controls
the temporal variations in SPM concentrations in these two regions. In
region Z3, the SPM concentrations are also highest in the rainy season
but remain relatively high in the dry season. Our analysis shows that
the SPM concentrations and wind speeds in region Z3 exhibit a statistically important correlation (p b 0.05); thus, wind is a key driving factor
of the SPM concentrations in region Z3 during the dry season.
Lake Hongze and the Huai River are closely intertwined and are not
separated by a dam. The lake formed at the intersection and joint points
of the middle and lower reaches of the Huai River, and the distribution
of SPM concentrations in the lake is substantially affected by Huai River
runoff. Due to the substantial levels of summer rainfall, the Huai River
delivers large volumes of sediment into Lake Hongze, forming an

4.2.2. Transition thresholds for the four patterns
Rainfall and strong winds control the SPM patterns and the spatial
distribution in Lake Hongze and cause transition to different patterns.
We analyzed all conditions involving pattern transitions over several
two consecutive day periods during 2002–2015 statistically and identiﬁed seven main transition patterns (Table 4). Transitions occurred 28
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Fig. 10. Time series of (a) daily SPM spatial patterns, (b) monthly mean precipitation, (c) monthly mean wind speed, and (d) monthly wind direction for 2002–2015.

times from Pattern I to Pattern IV; 5 times from Pattern II to Pattern III;
47 times from Pattern II to Pattern IV; 35 times from Pattern III to Pattern IV; and 21, 61, and 32 times from Pattern IV to Patterns I, II, and
III, respectively. The interactive transition between Pattern II and Pattern IV accounts for 48.45% of the total transitions, followed by the interactive transition between Pattern III and Pattern IV, which accounts for
29.78%. The interactive transition between Pattern I and Pattern IV accounts for 19.01%. Pattern IV is a reference point for the transition between different states of SPM concentration in Lake Hongze, and it is
distributed across different seasons and months of the year (Fig. 9b,
c)—97.33% of the state conversions occur between Pattern IV and one
of the other patterns. In addition, the interactive transition between

Patterns I and IV occurs primarily in the rainy season (June–September),
and other pattern transitions occur in the dry season.
In combining the meteorological and hydrological data on rainfall,
wind speed, and wind direction for the transition period, we analyzed
the factors that affect the transitions of Patterns I, II, and III to Pattern
IV (Table 4). Our statistical analysis shows that of the 28 transitions
from Pattern I (turbid river and clear lake) to Pattern IV (turbid river
and lake), 22 occurred during the rainy season and 25 occurred in
windy weather, when the average maximum wind speed was 4.61 ±
1.04 m/s. In addition, three sustained periods of heavy rainfall caused
a substantial amount of turbid Huai River water to quickly enter Lake
Hongze, which also caused pattern transitions. During the time period
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Table 4
Statistics on SPM pattern transitions and related meteorological data for two successive days in which one pattern is apparent on the ﬁrst day but a different pattern on the second day.
Frequency represents the number (N) and proportion (percent) of the transitions between the different patterns, max wind indicates the highest wind speeds during pattern transitions,
range indicates the range of wind speed magnitudes, and STD represents the standard error. Wind direction provides statistics for the number of different wind directions that occur during
pattern transitions and Q1–Q4 represent four wind directions: northeast, southeast, southwest, and northwest, respectively. The rainy season occurs from June–September, and the remaining months fall within the dry season. Note that this table only lists statistics for available satellite images. Heavy precipitation also drives transition patterns; however, because
no effective images of heavy precipitation are available, this phenomenon is rarely observed.
Pattern

1–N4
2–N3
2–N4
3–N4
4–N1
4–N2
4–N3

Frequency

Max wind (m/s)

Wind direction (N)

Season (N)

Number (N)

Percent (%)

Range

Mean ± STD

Q1

Q2

Q3

Q4

Wet

Dry

28
5
47
35
21
61
32

9.78
2.67
20.89
15.56
9.33
27.56
14.22

2.80–7.60
3.30–8.60
3.00–12.5
2.30–9.00
2.50–5.90
2.10–6.70
1.90–8.90

4.61
5.64
5.52
5.83
4.13
4.47
4.16

4
0
9
5
6
1
4

14
1
20
17
4
3
11

3
4
3
1
2
31
4

1
0
15
6
9
26
13

22
0
7
8
21
0
0

6
5
40
27
0
61
32

required to transition from Pattern II to Pattern IV, no distinct rainfall
patterns were observed. However, the wind speeds were relatively
high, with an average maximum wind speed of 5.59 ± 1.98 m/s. Similarly, when the completely clear Pattern III transitioned to the completely turbid pattern IV, no distinct rainfall was observed, but the average
maximum wind speed was 5.83 ± 1.66 m/s. Except when relatively signiﬁcant rainfall events occurred during the transition periods from Pattern I to Pattern IV, the wind speeds were relatively high during the
transition periods from Patterns I, II, and III to Pattern IV, causing the
state changes. The average water depth of Lake Hongze is only 1.9 m
(Zhu and Dou, 1993), and the shallow lake currents are primarily
wind drift currents. Under strong winds, bottom sediments easily resuspend, causing the lake water to quickly become turbid. This phenomenon has also been observed in other large inland shallow lakes such as
Lake Poyang, Lake Dongting, and Lake Taihu (Feng et al., 2012b; Zhang
et al., 2016; Zheng et al., 2015). Heavy rainfall levels can also alter pattern transitions. However, due to a lack of effective images available
after signiﬁcant rainfall events, this phenomenon is rarely observed.
The transition to Pattern IV occurs from Patterns I, II, and III. Similarly, Pattern IV transitions into all three of the other patterns (Table 4).
The transition of Pattern IV into Pattern I occurs in the rainy season
(June–September), during which wind speeds are usually relatively
low (the average maximum wind speed is 4.13 ± 1.06 m/s) and
suspended particles are rapidly deposited in the lake. The water in the
Huai River is relatively turbid compared to the lake water, which is alluvial in the estuary region entering the lake; this converts the lake from
Pattern IV to Pattern I. During the dry season with no or minimal rainfall,
Pattern IV transitions into Pattern II. This process occurred 61 times in
the study period, during which the highest average wind speed was
4.47 ± 1.09 m/s and the wind directions were primarily southwest
(31 times; the highest average wind speed was 4.66 ± 0.96 m/s) and
northwest (26 times; the highest average wind speed was 4.35 ±
1.23 m/s). As the wind speed decreases, the role of particulate matter resuspension in Lake Hongze weakens. However, clear water from the
Huai River continues to dilute the estuary region of Lake Hongze; therefore, Pattern II emerges. Another form of Pattern IV transition occurs
during the dry season, namely, Pattern IV to Pattern III, when the entire
lake is clear. Detailed studies have revealed that this transition pattern is
related not only to wind speed but also to wind direction. The average
maximum wind speed for this transition pattern was 4.16 ± 1.67 m/s
and was typically low (for 28 of the 32 transitions, the maximum
wind speed was b4.0 m/s). Under these conditions, SPM quickly precipitates and the water body becomes clear; however, when strong southwest winds appear (this occurs only four times; the average maximum
wind speed was 5.40 ± 1.66 m/s), Lake Hongze does not become turbid
due to resuspension. Instead, the water body becomes clear. This effect
occurs because strong southwesterly winds, to some extent, accelerate
the rates of exchange between the Huai River and lake water, partially
counteracting the resuspension effects of bottom sediments and causing

±
±
±
±
±
±
±

1.04
2.01
1.98
1.66
0.96
1.09
1.67

the river and lake to convert to a relatively clear state. Several transitions from Pattern II to Pattern III can also be attributed to this process
and are more evident.
Generally, rainfall is the main factor that inﬂuences SPM concentrations and their spatial distributions in the Huai River. When the rainfall
levels are high (primarily heavy rainfall), large volumes of debris (e.g.,
soil and sediments) in the basin are carried by surface runoff and
enter the Huai River. The Huai River water becomes turbid, further affecting distributions of SPM in Lake Hongze (Patterns I and IV). In contrast, when no signiﬁcant rainfall events occur, the Huai River is
relatively clear, and Patterns II and III typically appear. When the wind
speed exceeds 4.5 m/s, sediments on the bottom of the river and lake
are resuspended, and the water becomes relatively turbid (Pattern IV)
(Fig. 10a, c). However, southwest winds accelerate the rate of exchange
between relatively clear river water in the Huai River and lake water of
Lake Hongze, causing Lake Hongze to become relatively clear (Pattern
III). Consequently, we can conclude that the Huai River runoff, which
is controlled by rainfall, establishes the basic spatial features of the
SPM distribution in Lake Hongze, whereas winds (dependent on both
wind speed and wind direction) constitute the main driving force behind changes in SPM distribution patterns in Lake Hongze.
4.3. Why a signiﬁcant increase in SPM since 2012?
From 2002 to 2011, variations in SPM concentrations remained stable, and their ﬂuctuations were relatively minor. Since 2012, however,
the SPM concentrations have suddenly increased and fallen within a relatively small concentration range. Given that no distinct changes in climatic patterns (e.g., rainfall) have occurred, what explains this sudden
increase in Lake Hongze SPM concentrations? In early 2007, ﬁshermen
discovered a yellow sand resource on both sides of the Huai River estuary in Lake Hongze. Subsequently, more than ten dredges (with relatively small boat bodies and sand pumps) were imported from Suqian
City to mine the sand (Zuo et al., 2010). However, because dredging
proﬁts are relatively high, the number of dredges gradually increased,
and they migrated toward the center of Lake Hongze. In 2011, sand
sources were discovered in other areas of the lake, and soon thereafter
the number of active sand dredges in Lake Hongze increased rapidly.
In addition, the dredges changed from concrete ships to steel ships,
and their average size increased due to a desire to increase yields. Moreover, dredging depths increased from 20 to 30 m to 40–50 m, and the
sand pump diameters grew from b 4 cm to 4–6 cm (Yan, 2015), thereby
increasing the dredging intensity levels.
From the Landsat satellite image observation results (Table 3 and
Fig. 11), numerous dredges (approximately 112 boats) ﬁrst started to
appear in Lake Hongze in 2012. Initially, they were primarily found in
the northeastern lake area (P2) and in the southern estuary of the
Huai River (P4). The number of dredges increased each year (Table 3).
By April 2015, one Landsat image revealed 761 dredges, and the
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Fig. 11. The temporal variability of dredging vessels observed from Landsat ETM+ & OLI imagery from 2012 to 2015. Note that P1–P3 represent the three main dredging areas in Fig. 1.

dredging area had expanded to the entire lake area (Fig. 11). By 2012,
only a few dredges were located near P2 and P4. However, by 2014–
2015, dredges covered the entire lake but were primarily found in
Chengzi Lake Bay (P1, P2) and the central lake area (P3), with a small

number found in the western lake bay (P5). The dredge distributions
ﬂuctuate seasonally, with more dredges found in the winter and spring
because the low rainfall levels and resulting low water levels are more
conducive to sand mining. Unfortunately, due to the limited number

Fig. 12. Time series of SPM concentrations in regions (a) P1, (b) P2, (c) P3, (d) Z2, and (e) Z3 for 2002–2015.
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of Landsat images available, the number of dredges found in this study
does not fully represent the true spatio-temporal distribution or the
true number of dredges.
Large dredges are able to collect a sand layer from a circle with a diameter of approximately 100 m. Dredging activity causes the surrounding water to quickly become turbid and increases SPM concentrations.
We studied regions P1, P2, and P3, which have exhibited relatively
high dredge distribution frequencies, in an extended time-series analysis (Fig. 12a–c). The results show that the average number of dredges in
region P1 increased rapidly after 2012. In particular, this increasing
trend has been more distinct in the winter (December, January, and February). The distribution frequency of Pattern IV has also signiﬁcantly increased (Fig. 10a) because dredging activity is more intense in the
winter when water levels are low. This is also why signiﬁcant seasonal
variations with the highest SPM concentrations have occurred in the
winter since 2012 (Fig. 7b). From 2002 to 2011, the average SPM concentration for region P1 was only 25.49 ± 9.57 mg/L; however, from
2012 to 2015, the average SPM concentration in region P1 increased
to 33.10 ± 13.10 mg/L. Thus, the SPM concentration increased by approximately 29.85%. The average SPM concentration in region P2 was
30.04 ± 8.33 mg/L from 2002 to 2011 but increased to 43.87 ±
18.35 mg/L from 2012 to 2015—an increase of approximately 46.04%.
In region P3, the SPM concentration increased from 29.04 ± 6.47 mg/L
in 2002–2011 to 43.06 ± 4.89 mg/L in 2012–2015—an increase of approximately 48.27%. Therefore, dredging activity has considerably increased the SPM concentrations in this water body, especially in
regions P2 and P3, where SPM concentrations have increased by nearly
half.
Under the inﬂuence of lake currents, sediments on the lake bottom
produced through dredging activity spread to other regions of the
lake, thus increasing the SPM concentrations in those regions as well
(Fig. 12d–e). The average SPM concentration in region Z2 in 2002–
2011 was 25.47 ± 6.70 mg/L, but it increased to 32.87 ± 12.35 mg/L
in 2012–2015. The SPM concentration increased by approximately
29% because region Z2 is located in the open-water region located at
the center of the lake. The effects of the watercourse into the river and
the main irrigation channel of the Huai River plays signiﬁcant roles in
causing sediments mined in the lake area to spread across region Z2.
In region Z3, the SPM concentrations increased from 21.75 ±
5.60 mg/L in 2002–2011 to 24.82 ± 8.48 mg/L in 2012–2115—an increase of approximately 14%, which is signiﬁcantly below the increases
observed in regions P2 and P3. Numerous aquatic plants grow along the
western and northern coasts of region Z3. These plants help purify the
water, thus weakening the inﬂuence of dredging activities on region Z3.
Generally, dredging activity signiﬁcantly affects the spatial and temporal distribution patterns of SPM concentrations in Lake Hongze and
increases sediment content in the lake body. Since 2012, the average
SPM concentration (28.44 ± 11.05 mg/L) for Lake Hongze has increased
by approximately 4.95 mg/L relative to the average SPM concentration
(23.49 ± 6.89 mg/L) over the ten-year period from 2002 to 2011. This
increase is equivalent to a 21.07% increase in total SPM concentration.
At its normal water level of 12.5 m, the water storage volume of Lake
Hongze is approximately 3.04 billion m3 (Zhu and Dou, 1993), which
must accommodate the 15.048 billion tons of sediment that dredges
add to Lake Hongze each year. Dredges cause signiﬁcant increases in
SPM, which reduces water body transparency, affects lake algae and
aquatic plant growth, affects ﬁshery production, and adversely affects
the health of the ecological environment in the lake. Because dredging
activities also signiﬁcantly threaten the safety of the Lake Hongze
Dam, we must effectively manage this activity to restore balanced ecological conditions in Hongze.
5. Conclusions
In this study, an empirical remote sensing approach was developed
to estimate the SPM concentrations in Lake Hongze based on

atmospherically Rayleigh-corrected reﬂectance levels (Rrc) at 645 nm
and 1240 nm. In analyzing the long-term MODIS-derived SPM patterns
for 2002–2015, inter-annual, intra-annual and diurnal variations were
quantiﬁed. Lake Hongze SPM variations have historically been driven
by discharge from the Huai River and local winds. Our most signiﬁcant
ﬁnding is that four SPM patterns exist and can be converted in Lake
Hongze. The meteorological data examined reveal that Huai River discharge (which correlates well with precipitation data from seven stations in the Huai River Watershed) determines SPM patterns while
wind speeds and directions facilitate transitions between patterns.
SPM concentrations show that a signiﬁcant increase has occurred
since 2012 and that SPM seasonal variability between 2002 and 2011
and 2012–2015 was out of phase. This change is mainly attributed to
the illegal dredging activities that have occurred in Lake Hongze since
2012.
The ﬁndings and the approach demonstrated here have signiﬁcant
implications for long-term monitoring of lake environments. These outcomes reﬂect intuitive ideas about the ecological environment in Lake
Hongze. Not only will such monitoring provide accurate data for ecological management but they can also be used to evaluate the effectiveness
of ecological restoration initiatives. Our results clearly show that the
dredging activities cause signiﬁcant damage to the ecological environment and threaten the safety of the dam in Lake Hongze. In fact, the
local government adopted a dredging-ban policy in 2016; long-term
SPM data can serve to monitor the effectiveness of this policy and ensure that the ban on dredging in Lake Hongze is working. Generally,
this study shows additive and synergistic effects of climate change and
human activities on SPM concentrations on short and long timescales,
and provides a reference for similar lakes management using remote
sensing in the world.
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