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The Middle and Lower Yangtze River (MLY) basin holds the most freshwater in East Asia; however, the condi-
tions of basin-scale water turbidity remain unknown. In this work, a remote sensing algorithm was developed
to estimate the concentrations of the total suspended sediments (TSS) in large lakes and reservoirs over the
MLY basin and was based on a band ratio between 555 nm and 645 nm of the atmospherically corrected surface
reflectance of theModerate Resolution Imaging Spectroradiometer (MODIS). In situ samples used to calibrate the
algorithmwere collected from58 lakes and reservoirswith a TSS range of 1 to 300mg L−1, and the uncertainty of
this algorithmwas 30–40%. The algorithmwas subsequently applied to a total of 102 lakes and reservoirs located
in theMLY basin to derive TSSmaps from2000 to 2014 at a 250m spatial resolution, and thefirst comprehensive
document of the TSS distributions and dynamics of large inlandwaters of theMLY basinwas created. The season-
al patterns among the selected water bodies were similar, with the largest TSS concentrations occurring in the
first and fourth quarters in a year and the lowest values occurring in the third quarter. In contrast, spatial hetero-
geneitieswere revealed by the 15-year long-termmeanTSS climatology information. Althoughmost lakes down-
stream of Poyang Lake were turbid with 15-year TSS climatology values of 45–100 mg L−1, waters between
Poyang and Doting Lake were relatively clearer with TSS climatology values of 15–45 mg L−1, and the clearest
waters (b15 mg L−1) were found in reservoirs. The turbidity of 64.5% (e.g., 49/76) for lakes in Class II exhibited
a decreasing trend over the 15-year period, and the Three Gorges Reservoir (TGR) and Dongting Lake in Class I
also showed significant TSS declines. Analysis with meteorological data shows that the intra-annual variations
appear to be significantly correlated with local precipitation, with a time lag of two months for TSS. The promi-
nent TSS decreasing trend of the lakes in Class II was probably linked to the significant NDVI increase in the MLY
basin, whereas the TSS decrease in the TGR and Dongting Lake is likely to be attributed to the impoundment of
the Three Gorges Dam. The TSS environmental data record (EDR) of large inland waters presented in this
study serves as an important reference for future water quality monitoring and evaluation in the MLY and in
China.
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1. Introduction

Lakes not only supply a large amount of surface freshwater accessi-
ble for human consumption but also play an important role inmaintain-
ing regional ecological and environmental functions, such as the
hydrological cycle, agricultural irrigation, flood control, and fishery,
among others (Street-Perrott and Harrison, 2013; Wang et al., 2014;
Zhong andChen, 2005;Wu et al., 2005). However, due to anthropogenic
activities and climate change, numerous lakes throughout the world
have shrunk or disappeared in recent decades (Schindler, 2009;
Larsen, 2005; Ravilious, 2016), and others have also faced severe
water quality problems such as large-scale algal blooms (Nakamura,
1997; Donald et al., 2002; Lewitus et al., 2003; Matthews et al., 2010).
Inland lakes in China are not immune to these changes. For example,
Ma et al. (2010) showed that 243 large lakes with N1 km2 surface area
in China have vanished since the 1960s. A net decline in the inundation
areas was also observed in the middle and lower basin of the Yangtze
River Basin (hereafter referred to as the MLY basin) using 12-year re-
mote sensing observations from 2000 to 2011 (Wang et al., 2014). Seri-
ous eutrophication has been observed in the waters of Taihu Lake and
Chaohu Lake (Duan et al., 2009; Xu et al., 2005), which are the third
and fifth largest freshwater lakes in China, respectively.
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The total suspended sediment (TSS) concentration (or water turbid-
ity) is one of the key water quality parameters that play a critical role in
shaping the physical landscape and regulating ecological systems
(Knighton, 1998).Water turbidity can influence underwater light trans-
mission, thus altering the productivity of water-column phytoplankton
and the living conditions of both aquatic animals and vegetation (Moore
et al., 1997; Havens, 2003).Moreover, suspended sediments are consid-
ered important carriers for pollutants and heavy metals of terrestrial
origin and impact the health of underwater environments (Erftemeijer
and Robin Lewis, 2006; Moore et al., 1997; Novotny and Chesters,
1989; Tabata et al., 2009). Therefore, knowledge of spatial and temporal
TSS patterns is essential for evaluation of water quality and associated
environmental functions.

In practice, it is often technically challenging to monitor the TSS dis-
tributions of a large water surface, let alone numerous freshwater sys-
tems across the entire Middle and Lower Yangtze River (MLY) basin.
The transitional ship-based sampling method is insufficient on both
the spatial and temporal scales and prohibits statistically meaningful
measurement because TSS concentrations are significantly heteroge-
neous in terms of space and time. For example, episodic events (such
as heavy rain or high wind) could trigger mass sediment resuspension,
leading to a high TSS of the surfacewater for a short time period (Gavin,
2007). Thus, overcoming the challenge of documenting TSS concentra-
tions in a comprehensive manner appears to be the first step in reveal-
ing turbidity changes.

With synoptic and frequent observations, remote sensing has been
used to monitor water turbidity since the 1970s (Ritchie et al., 1976;
Holyer, 1978). The fundamental theory is that the visible spectrum (es-
pecially red and Near-Infrared) is significantly elevated with increasing
sediment due to the associated back-scattering (Feng et al., 2012; Petus
et al., 2010;Miller andMcKee, 2004). Over the past several decades, var-
ious satellite remote sensing data have been used to quantify the TSS
concentrations on large and regional scales, such as the ocean colour
sensors of the Sea-ViewingWide Field-of-View Sensor (SeaWiFS),Mod-
erate Resolution Imaging Spectroradiometer (MODIS) andMediumRes-
olution Imaging Spectrometer (MERIS) (John et al., 1998; Tassan, 1994;
Feng et al., 2012; Zhang et al., 2010b; Duan et al., 2014; Sokoletsky et al.,
2014; Shen et al., 2010). Additionally, high spatial resolutions and large
dynamic ranges allow land-based instruments to be used in water
turbidity applications, including the Satellite Pour l'Observation de la
Terre (SPOT), the Landsat series and many others (Doxaran et al.,
2002; Zheng et al., 2015).

Lakes, ponds, and reservoirs are intensively distributed in the MLY
basin area (5900 in number or ~15,000 km2 in area) (Wang et al.,
2014), serving as critical roles in supporting the water resources for ag-
ricultural production and socioeconomic development in this region.
Previous studies have examined the TSS concentrations and dynamics
of several lakes in this region, such as Poyang Lake (Feng et al., 2012),
Taihu Lake (Shi et al., 2015), and Donting Lake (Zheng et al., 2015),
etc. However, no systematic efforts have been conducted to establish a
decadal environmental data record (EDR) of the water turbidity for
the lakes or reservoirs in the entire region or to understand the changes
and their potential driving forces. Given the urgent need for accurate in-
formation on the TSS distributions and dynamics in the MLY basin, we
used long-term MODIS surface reflectance products from 2000 to
2014, in situ measurements, and other auxiliary data to fill the knowl-
edge gap with the following specific objectives:

1. Development of a robust TSS algorithmusing in situ data from58dif-
ferent lakes and reservoirs with which reliable TSS concentrations of
large water bodies in the MLY basin can be obtained using MODIS
surface reflectance data;

2. Documentation of the temporal and spatial dynamics of the TSS for
the studied lakes and reservoirs using long-termMODIS observations
and determination of the potential driving forces of the short- and
long-term TSS variations;
3. Establishment of a TSS EDR for the large inland water bodies in the
MLY basin areas to serve as important information for evaluating
the inland water quality for this region or even all of China.

2. Study area and datasets

With a coverage area of ~785,000 km2, the MLY basin contains
approximately 5900 freshwater lakes, reservoirs and ponds, and the
areal sizes of these water bodies range from under 0.01 km2 to over
2000 km2 (Wang et al., 2014). These freshwater lakes supply the local
population with essential water resources and promote local economic
development, and certain river-connected lakes even play an important
role in regulating the water level of the Yangtze River. However, under
the influence of human activities, many lakes in this region have experi-
enced dramatic degradation over the past decades, and the lakes still cur-
rently connected with the Yangtze River are Poyang Lake, Dongting Lake
and Shijiu Lake (Wang et al., 2014). Certain lakes have even suffered from
serious water quality problems (Duan et al., 2009; Xu et al., 2005; Feng et
al., 2012). Water quality issues can lead to a series of problems such as
drinking water shortages (Guo, 2007), decreasing fish population
(Zhong andChen, 2005), and reducingproductivity ofwetlandvegetation
(Wu et al., 2005), etc. However, to date, no reports are available on the
long-term water turbidity conditions for this region, which appears to
be critical information for water monitoring and restoration efforts.

The long-term remote sensing data used to derive the TSS distribu-
tions were the MODIS 8-day surface reflectance data composites, and
the spatial resolutions are 250 m (MOD09Q1 and MYD09Q1) and
500 m (MOD09A1 and MYD09A1). Terra data from 2000 to 2014 and
Aqua data from 2002 to 2014 were obtained from the NASA Land Pro-
cesses Distribution Active Archive Center (https://ladsweb.nascom.
nasa.gov/), and a total of 2516 composites were downloaded. The
500 m data were re-sampled to 250 m using the sharpen method
(Pohl and Genderen, 1998). Additionally, MODIS daily surface reflec-
tance data (MOD09GQ and MYD09GQ) concurrent with the field sam-
pling dates were also downloaded. In general, each pixel of the 8-day
composites represents the best possible observation during an 8-day
period (e.g., high observation coverage, low viewing angle, absence of
clouds or cloud shadows and aerosol loading). A Quality Control (QC)
flag is associated with the quality of each pixel, with which data with
potential artifacts (such as atmospheric correction failure) can be
excluded for TSS estimations.

Water field measurements were performed in 58 lakes and reser-
voirs from 13 July of 2009 to 10 October of 2013 by cruise surveys
with a total of 363 sampled stations. The 58 sampled water bodies
were distributed along the Yangtze River (see locations in Fig. 1), and
the sampling stations (see Table 1) ranged from turbid to clear waters
(TSS of 1–300mg L−1), suggesting that thesewaters could satisfactorily
represent the turbidity conditions of the lakes and reservoirs of theMLY
region. For each station, water samples were collected and filtered im-
mediately on a pre-weightedWhatman filter (GF/F or Cellulose Acetate
Membranes) with a diameter of 47mm. The filter was stored in a desic-
cator, burned at 550 °C for 3 h, andweighed again in the laboratory. The
TSS concentration was determined according to the weight difference
normalized by the filtered water volume. The filter was weighed on
an analytical balance with a precision of 0.01 mg. At each station, the
longitude and latitude coordinates were obtained using a global posi-
tion system receiver (Garmin eTrex Legend HCx).

Lakes with a surface area of N8 km2 and reservoirs with a capacity of
N0.1 km3 in theMLY region were selected in this study, considering the
relatively low spatial resolution of MODIS data. The values of 8 km2 in
inundation area for lakes and 0.1 km3 in capacity for reservoirs are the
thresholds to classify large lakes and reservoirs in China (Yang and Lu,
2013). The area and capacity information was obtained from the
China Lake Scientific Database (http://www.lakesci.csdb.cn/), Chinese
lake catalogs (Wang and Dou, 1998) and the Water Conversancy
Information System (http://218.249.40.251/tpi/WebSearch/Search_

https://ladsweb.nascom.nasa.gov
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Fig. 1.Hydrologicalmapof theMiddle and Lower Yangtze River (MLY) basin and locations of the 102 studied lakes and reservoirs. The 58 sampledwater bodies along theYangtze River are
annotated using green stars. The inlandwater bodieswere categorized into three classes: lakes that remain freely connected to the Yangtze River are categorized as Class I, other lakes are
categorized as Class II, and man-made reservoirs are categorized as Class III. The inset figure shows the location of the MLY. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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DataInit.aspx?dbid=46) from the Development and Research Center of
theMinistry ofWater Resources. The ID numbers, names, locations (lat-
itude and longitude), and areas of all 102 selected lakes (79) and reser-
voirs (23) are listed in Table 2. Note that the IDnumbers of these studied
water bodies were assigned based on their longitude, with increasing
IDs from west to east of the MLY basin.

MODIS monthly normalized difference vegetation index (NDVI)
products with the same time period of the MODIS surface reflectance
compositeswere also obtained and used to understand the TSS changes.
The data were composited at a spatial resolution of 0.05° × 0.05°
(latitude × longitude) and were also downloaded from the NASA Land
Processes Distribution Active Archive Center (https://ladsweb.nascom.
nasa.gov/). Considering that the NDVI grid cell might contain soil,
cloud, water or other non-plant features, the grids with frequencies of
the annual mean NDVI b 0.1 that were less than 7 of the 15 years
Table 1
Names, locations, number of stations of the 58 sampled lakes and reservoirs in this study.

Lake Lon. Lat. Num. Lake Lon.

Dianshan 120.96 31.12 2 Poyang 116.32
Bailian 120.92 31.2 3 Yasi 116.91
Baidang 120.89 31.14 4 Xinmiao 116.16
Yuandang 120.88 31.07 4 Qili 115.92
Chenghu 120.82 31.21 3 Bali 115.93
Nanxing 120.74 31.13 4 Saihu 115.85
Kuncheng 120.74 31.59 3 Changgang 115.78
Jiuli 120.72 31.18 4 Taibai 115.81
Taihu 120.19 31.2 57 Chihu 115.69
Xuanwu 118.79 32.07 4 Wushan 115.59
Gucheng 118.92 31.28 3 Shupo 115.39
Dalongwo 118.28 31.25 4 Makou 115.42
Chaohu 117.53 31.57 32 Wanghu 115.33
Zhusi 117.65 31.01 3 Beihu 115.18
Fengsha 117.63 30.93 2 Nantan 115.08
Chenyao 117.67 30.9 3 Chidong 115.42

Liancheng 117.21 30.74 4 Cehu 115.16
Shengjin 117.07 30.38 3 Wangtian 115.05
Huangni 116.92 30.13 3 Huanggangdong 114.91
Taibo 116.73 30.01 3 Baitan 114.94
were excluded (Piao et al., 2003). The monthly NDVI data of each grid
was calculated into the seasonal mean and annual mean data.

Daily wind speed data from 2000 to 2014 were sourced from the
National Meteorological Administration of China (http://data.cma.gov.
cn/), and the data from the nearest meteorological station were used
to represent the conditions for a certain lake or reservoir. The wind
speed data for each water body were used to calculate the correspond-
ing seasonal mean, annual mean and monthly climatological data.

Precipitation values used in this study were monthly data from the
Tropical Rainfall Measuring Mission Satellite measurements (TRMM
3B43) collected between 2000 and 2014 and were obtained from
the NASA Goddard Distributed Active Archive Center (DAAC) (http://
trmm.gsfc.nasa.gov/). Similar to the wind data, the data from the
nearest TRMM pixel 0.25° × 0.25° (~25 km at the equator) were used
to represent the precipitation conditions for a lake or reservoir. The
Lat. Num. Lake Lon. Lat. Num.

29.08 79 Sanshan 114.77 30.31 3
30.74 3 Baoan 114.71 30.25 3
29.35 4 Baoxie 114.58 30.38 3
29.65 2 Zhangdu 114.7 30.65 3
29.68 4 Donghu 114.4 30.56 3
29.69 4 Tangxun 114.36 30.42 3
29.69 4 Huangjia 114.27 30.44 3
29.97 3 Qingling 114.24 30.44 3
29.78 3 Wuhu 114.49 30.81 3
29.91 3 Tongjia 114.17 30.79 3
29.82 3 Sanjiao 114.16 30.52 3
29.95 3 Yezhu 114.07 30.86 3
29.87 3 Xiaozha 113.98 30.42 3
29.84 3 Luhu 114.2 30.22 3
29.84 3 Shangshe 114.23 30.13 3
30.11 3 Three Gorges

Reservoir
111.28 30.751 25

30.26 3 Guanlian 114.04 30.38 3
30.43 3 Wangmu 114 30.86 3
30.43 3
30.46 3

http://218.249.40.251/tpi/WebSearch/Search_DataInit.aspx?dbid
https://ladsweb.nascom.nasa.gov
https://ladsweb.nascom.nasa.gov
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Table 2
ID number, name, location, 15-year annual mean TSS and associated standard deviation, wind, precipitation and surface areas for each studied lake or reservoir. The definition of different
classes (e.g., Class I, II and III) refers to Section 3.3.

ID num. Name Lon. Lat. TSS Wind Precipitation Area

Ave. Std. Ave. (m/s) Std. Ave. (mm) Std. Ave. (km2) Std.

Class I
S085 Shijiu 118.88 31.47 37.95 5.65 2.28 3.57 1293.71 0.07 178.04 17.51
S068 Poyang 116.32 29.08 49.88 6.36 2.00 1.98 1621.93 0.1 1989.63 325.56
S020 Dongting 113.12 29.34 67.94 8.07 2.61 3.29 1429.37 0.08 1049.71 155.52
S001 Three Gorges Reservoir 111.28 30.75 55.64 33.44 1.74 2.63 1273.76 0.1 61.99 11.77

Class II
S102 Dianshan 120.96 31.12 48.01 5.43 2.95 2.96 1275.89 0.06 63.71 1.89
S101 Yuandang 120.88 31.07 44.59 7.28 2.95 2.96 1275.89 0.06 11.73 0.38
S100 Chenghu 120.82 31.21 50.55 7 2.95 2.96 1275.89 0.06 37.11 4.49
S099 Baixianjiang 120.82 31.13 48.3 5.24 2.95 2.96 1275.89 0.06 8.39 0.65
S098 Yangcheng 120.77 31.43 37.01 3.81 2.95 2.96 1187.48 0.06 123.6 4.23
S097 Kuncheng 120.74 31.59 49.03 4.86 2.95 2.96 1198.67 0.06 15.41 1.84
S096 Dushu 120.7 31.27 40.86 4.71 2.95 2.96 1284.47 0.06 14.23 1.79
S095 Caohu 120.57 31.48 54.56 6.04 2.95 2.96 1284.47 0.06 7.71 1.37
S094 Beimadang 120.55 30.93 40.52 3.16 2.95 2.96 1242.67 0.06 8.97 0.49
S093 Taihu 120.19 31.2 53.04 3.11 2.95 2.96 1382.9 0.07 2369.54 29.72
S092 Gehu 119.81 31.6 44.23 6.74 2.73 5.01 1182.74 0.06 174.22 13.16
S090 Tuanjiu 119.8 31.37 64.94 7.43 2.73 5.01 1213.27 0.06 11.18 0.84
S089 Changdang 119.55 31.62 46.13 5.18 1.93 2.34 1216.31 0.06 83.2 9.35
S087 Nanyi 118.96 31.11 56.77 8.98 1.76 2.02 1351.79 0.07 152.66 9.8
S086 Gucheng 118.92 31.28 22.86 3.96 2.28 3.57 1293.71 0.07 27.9 1.06
S082 Shuangfengwei 117.77 30.79 42.57 8.57 2.77 3.62 1483.57 0.08 26.96 3.54
S081 Chenyao 117.67 30.9 70.07 8.52 2.77 3.62 1450.53 0.08 13.53 2.49
S080 Fengsha 117.63 30.93 58.8 12.11 2.77 3.62 1450.53 0.08 15.26 0.77
S078 Chaohu 117.53 31.57 42.62 4.88 2.35 2.64 1199.44 0.07 785.68 4.42
S079 Dongnan 117.53 30.66 37.28 14.38 2.77 3.62 1616.89 0.09 7.26 0.94
S077 Baidang 117.38 30.81 52.15 4.98 2.77 3.62 1480.89 0.08 37.44 3.82
S075 Pogang 117.14 30.64 45.91 9.7 2.77 3.62 1586.2 0.09 41.64 2.51
S073 Caizi 117.07 30.8 52.32 4.64 2.77 3.62 1509.33 0.08 130.71 11.44
S074 Shengjin 117.07 30.38 48.04 5.38 2.72 4.29 1613.61 0.09 75.83 5.69
S071 Taibo 116.73 30.01 56.26 7.43 2.72 4.29 1495.12 0.08 23.54 1.06
S069 Qingcao 116.69 30.28 46.85 9.14 2.72 4.29 1471.79 0.08 58.14 5.21
S067 Bohu 116.44 30.17 52.09 10.15 2.72 4.29 1487.24 0.08 120.88 7.19
S066 Huangda 116.38 30.02 68.8 7.95 2.72 4.29 1487.24 0.08 218.5 24.03
S064 Longgan 116.15 29.95 64.46 9.91 2.72 4.29 1622.15 0.09 232.02 21.47
S063 Yaohu 116.06 28.69 45.64 7.65 1.83 2.55 1844.29 0.12 16.1 0.62
S062 Dayuan 116.03 30.01 34.55 5.57 1.17 2.07 1461.55 0.08 12.14 1.25
S061 Bali 115.93 29.68 41.68 4.47 3.59 4.2 1615.62 0.09 13.53 0.95
S060 Saihu 115.85 29.69 35.38 4.07 3.59 4.2 1615.62 0.09 44.9 3.01
S059 Taibai 115.81 29.97 44.7 9.41 1.17 2.07 1632.21 0.09 25.81 1.31
S058 Chihu 115.69 29.78 32.28 4.15 3.59 4.2 1612.08 0.09 35.9 3.36
S057 Wushan 115.59 29.91 44.92 7.05 1.17 2.07 1612.08 0.09 15.11 0.87
S056 Chidong 115.42 30.11 30.1 2.68 1.17 2.07 1547.27 0.08 22.4 3.05
S055 Shupo 115.39 29.82 26.6 3.85 1.73 4.15 1639.92 0.09 16.78 0.79
S054 Wanghu 115.33 29.87 26.76 5.57 1.73 4.15 1639.92 0.09 66.4 5.22
S052 Cehu 115.16 30.26 40.78 6.26 1.17 2.07 1445.56 0.08 8.58 1.27
S051 Daye 115.1 30.1 38.53 2.79 1.57 2.42 1567.27 0.09 55.19 4.93
S050 Huama 114.99 30.27 43.42 5.88 1.57 2.42 1390.61 0.08 13.58 1.44
S046 Sanshan 114.77 30.31 32.85 3.21 1.57 2.42 1390.61 0.08 17.83 2.06
S045 Yaer 114.72 30.46 41.34 3.46 1.48 3.99 1379.13 0.08 12.64 0.86
S044 Baoan 114.71 30.25 26.67 2.87 1.57 2.42 1379.13 0.08 38.71 1.41
S043 Zhangdu 114.7 30.65 42.42 5.97 1.48 3.99 1363.62 0.08 32.22 2.43
S042 Yangchun 114.64 30.41 27.48 4.61 1.48 3.99 1379.13 0.08 7.39 0.54
S041 Baoxie 114.58 30.38 28.47 1.8 1.48 3.99 1379.13 0.08 17.75 1.18
S040 Liangzi 114.51 30.23 20.99 3.37 1.48 3.99 1407.11 0.08 268.84 13.26
S039 Wuhu 114.49 30.81 38.11 6.24 1.48 3.99 1203.79 0.07 26.75 1.87
S038 Donghu 114.4 30.56 33.53 2.93 1.48 3.99 1334.63 0.08 26.91 1.44
S036 Tangxun 114.36 30.42 34.11 2.57 1.48 3.99 1371.46 0.08 37.22 0.98
S037 Nanhu 114.36 30.49 41.97 3.7 1.48 3.99 1371.46 0.08 8.01 0.86
S035 Houhu 114.28 30.74 36.06 3.03 1.48 3.99 1334.63 0.08 12.61 0.85
S034 Futou 114.23 30.02 37.74 3.17 1.73 4.15 1381.63 0.08 101.61 7.39
S033 Luhu 114.2 30.22 38.59 4.58 1.48 3.99 1381.63 0.08 38.3 2.39
S032 Xiliang 114.08 29.95 28.58 3.2 1.73 4.15 1522.59 0.09 63.33 4.4
S031 Yezhu 114.07 30.86 42.48 3.88 1.48 3.99 1158.25 0.07 20.94 1.19
S028 Miquan 113.88 29.9 30.64 2.01 1.73 4.15 1432.4 0.08 8.85 0.59
S027 Chenhu 113.84 30.32 53.39 9.32 1.48 3.99 1214.04 0.07 14.13 3.3
S026 Dongxicha 113.67 30.82 40.52 4.04 1.61 3.05 1143.98 0.07 19.14 0.97
S025 Huanggai 113.55 29.7 33.51 3.08 1.73 4.15 1451.1 0.08 59.47 4.4
S024 Longsai 113.51 30.84 35.24 4.57 1.61 3.05 1143.98 0.07 9.34 0.36
S023 Honghu 113.34 29.86 38.98 4.66 1.73 4.15 1509.65 0.08 257.27 26.72
S021 Bajiao 113.19 29.44 40.99 6.45 2.61 3.29 1429.37 0.08 8.2 0.61
S018 Dajing 112.86 29.67 42.76 3.16 2.61 3.29 1318.11 0.07 6.36 0.81
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Table 2 (continued)

ID num. Name Lon. Lat. TSS Wind Precipitation Area

Ave. Std. Ave. (m/s) Std. Ave. (mm) Std. Ave. (km2) Std.

S016 Donghu 112.64 29.37 27.79 2.09 1.86 2.16 1379.37 0.07 21.14 1.13
S014 Nanhu 112.62 31.14 47.96 4.18 2.41 2.81 990.36 0.07 10.76 1.23
S013 Jieliang 112.54 30.45 32.39 5.83 1.96 2.85 1049.59 0.06 6.31 0.82
S012 Datong 112.51 29.21 45.91 4.09 1.86 2.16 1422.71 0.07 80.3 1.56
S011 Changhu 112.4 30.44 27.51 2.49 1.96 2.85 1151.69 0.06 114.03 5.55
S010 Shanpo 112.03 29.43 32.33 2.94 1.80 2.38 1317.99 0.07 17.85 0.51
S007 Maoli 111.93 29.43 23.68 4.3 1.80 2.38 1353.52 0.08 19.47 1.28
S005 Beimin 111.87 29.71 26.85 4.28 1.80 2.38 1283.53 0.07 19.16 1.76
S004 Xiaonanhai 111.81 30.11 37.76 4.05 1.96 2.85 1138.37 0.07 8.21 0.66
S003 Liuye 111.74 29.08 30.35 5.58 1.80 6.3 1389.98 0.08 14.17 0.94

Class III
S091 Qingshan 119.8 30.25 43.3 7.04 2.08 2.14 1523.16 0.07 6.75 0.93
S088 Daxi 119.38 31.37 20.53 3.48 1.93 2.34 1149.89 0.06 7.74 0.83
S084 Huanglishu 118.1 32.19 33.24 8.7 1.98 2.77 1132.6 0.08 9.62 1.03
S083 Chencun 118.07 30.37 13.29 1.08 5.23 5.64 1796.9 0.1 46.69 3.06
S076 Dongpu 117.21 31.88 24.38 5.72 2.38 4.23 1083.2 0.07 12.76 0.94
S072 Longhekou 116.75 31.3 25.3 1.96 1.32 2.19 1275.93 0.08 28.25 2.19
S070 Hongmen 116.72 27.49 22.63 2.74 2.55 2.15 1930.69 0.13 32.3 4.58
S065 Hualiangting 116.25 30.47 19.9 1.48 2.72 4.29 1423.18 0.08 28.84 1.37
S053 Tuolin 115.32 29.3 14.26 1.29 1.05 1.58 1721.78 0.1 192.45 13.57
S049 Wangying 114.85 29.78 33.37 4.12 1.73 4.15 1583.96 0.09 22.89 0.84
S048 Jiangkou 114.83 27.73 36.04 3.01 1.83 1.85 1742.63 0.1 27.13 2.31
S047 Fushui 114.77 29.67 22.66 2.91 1.73 4.15 1654.12 0.09 43.62 3.42
S030 Sanhulianjiang 113.91 29.94 21.54 4 1.73 4.15 1432.4 0.08 8.78 0.65
S029 Lushui 113.89 29.69 19.96 2.09 1.73 4.15 1481.38 0.08 23.63 1.49
S022 Dongjiang 113.31 25.87 10.44 0.41 1.14 2.77 1501.7 0.09 88.18 4.48
S019 Huiting 113.08 31.02 23.87 2.83 1.61 3.05 1080.13 0.07 12.38 2.14
S017 Wenxiakou 112.76 31.39 21.62 5.4 2.41 2.81 1037.1 0.08 13.52 1.93
S015 Yahekou 112.62 33.3 27.14 4.4 1.89 3.46 862.98 0.08 46.2 7.61
S009 Zhanghe 112.01 31.01 14.75 1.74 2.41 2.81 1035.25 0.08 43.37 4.95
S008 Xipaizi 111.95 32.37 25.64 6.09 1.70 2.08 827.83 0.07 15.05 2.91
S006 Hongshuihe 111.87 32.28 27.81 4.29 1.70 2.08 827.83 0.07 8.2 1.46
S002 Danjiangkou 111.54 32.75 14.58 1.41 1.70 2.08 810.68 0.07 557.59 59.56
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monthly precipitation data were integrated to obtain the seasonal
mean, annual mean and monthly climatology.

3. Methods

3.1. Water area extraction

Both the MODIS daily images and 8-day composites were first geo-
referenced into a rectangular projection using the MODIS Reprojection
Tool (https://lpdaac.usgs.gov/tools/data_manipulation). The region of
interest (ROI) for each lake and reservoir was delineated based on a
wet season MODIS image, and the size of each ROI was designed to be
larger than the maximum water surface on the image.

The NIR band is largely reflected by land and vegetation and strongly
absorbed by water, resulting in a stark contrast between the land and
water reflectance (Jensen, 2006). Theoretically, the gray-value histo-
gram of the NIR band should demonstrate a two-peak distribution,
and the threshold used to extract the water area could be picked from
the point of the valley between the two peaks. Additionally, band com-
binations (such as NDVI (Normalized Difference Vegetation Index,
NDVI= (Rnir − Rred) / (Rnir + Rred)) and NDWI (Normalized Difference
Water Index, NDWI= (Rgreen− Rnir) / (Rgreen+Rnir)) can aid in enlarg-
ing the signal contrast and have been widely used to delineate water
and land interfaces (Mcfeeters, 1996; Bhandari et al., 2015).

However, if a lake is shallow, turbid, or contains floating algae, the
extraction can be considerably underestimated (Wang et al., 2014). Un-
fortunately, these conditions are typical for the studied lakes. Further-
more, many lakes in the MLY basin exhibit great spatial and temporal
changes in inundation area, such as Poyang and Dongting Lake, and it
is impractical to use supervised classification methods supported by
local training samples in constant water bodies to map the inundation
area of all lakes, not to mention the use of a constant threshold to auto-
matically extract all water areas. Thus, an interactive graphical user in-
terface (GUI) was developed in this study to classify water and land
using human intervention, and the NDWI data were used due to their
insensitivity to turbidity changes. The working steps are described as
follows.

1. Each 8-day reflectance composite was loaded into the GUI, and the
corresponding RGB true colour and NDWI image were generated
and demonstrated in the GUI. The NDWI histogram was obtained,
and the valley of the two peaks was selected and considered as the
initial threshold (Ti) to extract the water area.

2. The water/land boundary vector was obtained with Ti, which was
subsequently overlaid on both the RGB and NDWI images. If the
boundary agreed well with the pixels of large contrast in the RGB
and NDWI images, Ti was saved for the corresponding ROI of that
lake. Otherwise, Ti is manually changed until it reaches the best
performance.

Using this method, the best thresholds for each of ROI of every
water body from 2000 to 2014 can be determined and can be applied
to separate water and land areas. At the same time, when using the
GUI to determine the thresholds, images with cloud contaminations
or sun glintwere excluded to ensure accurate TSS concentrations and sta-
tistics. A total of 128,316 ROIs (Terra: 102 water bodies × (13 years × 46
composites + 1 year × 40 composites + 1 year × 45 composites) =
69,666; Aqua: 102 water bodies × (12 years × 46
composites + 1 year × 23 composites) = 58,650) were visualized
using the GUI to choose thresholds and discard potential cloudy data.
Generally, at least one image (both Terra and Aqua) per month was
selected for every lake or reservoir, suggesting that the TSS short-term
changes can be documented using the selected data.

https://lpdaac.usgs.gov/tools/data_manipulation


Table 3
TSS quantitative retrievalmodels. The coefficientswere adjusted using in situ andMODISmatch-ups of this study. In this table, Rred, Rnir, and Rgreen are theMODIS surface reflectance values
at 645, 859, and 555 nm, respectively.

Original model Statistical technique Band/ratio Adjusted model RMSE (%) R2

Doxaran et al. (2003) NLR x = Rnir / Rgreen TSS = 21.676 *exp(1.1694x) 49.43 0.40
Doxaran et al. (2009) NLR x = Rnir / Rred TSS = 22.848 ∗ exp(0.9909x) 53.87 0.17
Feng et al. (2012) NLR x = Rred TSS = 13.787 ∗ exp(11.429x) 48.67 0.33
Han et al. (2006) LR x = (Rred + Rgreen) / (Rgreen / Rred)

lgTSS = 2.4662x + 1.1617 46.66 0.46
Miller and McKee (2004) LR x = Rred TSS = 704.21x − 11.057 47.80 0.30
Petus et al. (2010) Poly(2d) x = Rred TSS = −6125.1x2 + 2024x − 72.192 46.66 0.33
Petus et al. (2010) Poly(2d) x = Rnir TSS = −1380.3x2 + 925.85x + 7.661 44.73 0.42
Our Poly(2d) x = Rred / Rgreen TSS = 132.83x2 − 52.681x 34.20 0.88
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3.2. TSS estimation

3.2.1. Algorithm development
Match-ups between the MODIS daily reflectance data and in situ

data on the same day were used to develop a TSS remote-sensing re-
trieval model. To avoid land or cloud contaminations, sample points
within three pixels away from the land-water boundaries or clouds
were excluded, resulting in a total of 92 match-ups.

Various TSS algorithms have been developed for water quality mon-
itoring using remote sensing data, including empirical algorithms
(Tassan, 1994; Zhao et al., 2001; Doxaran et al., 2002; Han et al., 2006;
Feng et al., 2012; Feng et al., 2014; Nechad et al., 2010; Chen et al.,
2007), physical algorithms (Doerffer and Fischer, 1994), and semi-ana-
lytic algorithms (Dekker et al., 2001; Carder et al., 2004; Morel et al.,
2007; Sun et al., 2013). However, the particle size, density and other op-
tical factors might vary significantly among different regions, thus
prohibiting a global standard retrieval model for TSS (Bowers et al.,
2009). To determine the best band or band combinations in the study
region, several models were tested based on our in situ and MODIS
match-ups (Table 3). The determination coefficient (R2) and root
mean square error (RMSE) were used to examine the performances of
these models. As shown in Table 3, none of the previous proposed
models were satisfactory, as indicated by their low RMSE (N40%) and
small R2 (b0.5). As such, a new TSS algorithm should be established to
obtain the TSS concentrations of large lakes and reservoirs in the MLY
basin.

Because the TSS concentrations of the lakes in theMLY basin ranged
between 1 mg L−1 and 300 mg L−1, the green and red bands were able
towell characterize the scattering properties of these sediment particles
Fig. 2. (a) Relationship between the in situ TSS and the ratio of concurrentMODIS daily surface r
using the regression model developed in (a).
(Doxaran et al., 2002). Thus, an algorithm based on MODIS green
(555 nm) and red (645 nm) bands was developed as shown

TSS mg L−1
� �

¼ 132:83� X2−52:618� X
X ¼ R645=R555:

ð1Þ

This model produced the best precisionwith the highest determina-
tion coefficient (R2= 0.88, p b 0.05) and the lowest RMSE (34.2%) com-
pared with other methods (Fig. 2a). The exclusion of a constant term in
the equation is designed to force the TSS to equal zero when the red/
green ratio is zero. In comparing the in situ TSS and the estimated TSS
from MODIS measurements using the newly proposed algorithm, al-
most all points fell into the 95% confidence interval (Fig. 2b). Most in
situ and estimated TSS points were distributed along the 1:1 line, thus
confirming the satisfactory performance. Considering theMODIS spatial
resolution (250 m) and the potential disturbance of the boat when
collecting water samples, these small differences between the in situ
and estimated TSS should be acceptable.

3.2.2. Land adjacency effects
The satellite signals ofwater pixels near land are always contaminat-

ed by nearby land surface reflectance (Santer and Schmechtig, 2000). To
estimate the potential impacts of land adjacency effects on the proposed
TSS algorithm, land-water transects for MODIS surface reflectance
bands at 555 and 645 nmwere examined. These transects were picked
from lakes that are relatively vast, clear and have gentle land-water
boundaries. Similar to the method used in Feng et al. (2012, 2016),
the relative differences between the current pixel and the next pixel
eflectances at 645 and 555 nm. (b) Comparison between in situ andMODIS-estimated TSS



Fig. 3. Relative difference between the current pixel and the next pixel along the land-
water transect based on four MODIS bands at 469, 555, 645 and 859 nm. The 0 pixel
represents the land-water border, the two pixels at 859 nm and one pixel at 645 nm
generally suffered from land contamination, and the 555 nm and 469 nm bands are
insensitive to the land adjacency effect.
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along these transects were calculated. The differences between nearby
water pixels should be quite small because the reflectance of water
changes slowly, whereas large differences could be considered as a re-
sult of land adjacency effects. In general, one pixel at 645 nm suffered
from land contaminations, and the 555 nm band appeared to be im-
mune to land adjacency effects (see Fig. 3). Therefore, before applying
the red/green band ratio-based TSS model to MODIS images, one pixel
near the land-water boundary should be removed to exclude the influ-
ence of land signal contamination.
Fig. 4. (a) Annualmean TSS for all selectedwater bodies, where each row represents a lake or re
are consistent with those in Table 2, which were assigned from west to east according to their
significant increasing or decreasing trend over 15 years, respectively. (b) TSS quarterlymeans of
in this figure legend, the reader is referred to the web version of this article.)
3.3. Trend analysis and geographical classification

The TSS model in Eq. (1) was applied to the entire selected series of
high quality MODIS 8-day surface reflectance composites (e.g., cloud-
free, sun-glint-free, adjacency-effect-free and without any QC flags)
for each lake and reservoir in the MLY basin to obtain their TSS concen-
trations. Themonthly mean, quarterly mean, annual mean, and 15-year
mean TSS values (e.g., 15-year TSS climatology) for all water bodies
were subsequently estimated. Linear regression was conducted over
the 15 annualmean TSS concentrations for eachwater body, and the as-
sociated slope was considered as the long-term TSS changing rate.

To better understand the TSS dynamics in different geographical
conditions, the 102 lakes and reservoirs were categorized into three
classes based on their discriminant relationships with the Yangtze
River and their formation: lakes that remain freely connected to Yangtze
River, including Poyang, Shijiu, Dongting, and the Three Gorges Reser-
voir (TGR), are categorized as Class I; other natural lakes are categorized
as Class II, with a total number of 76 lakes; and the remaining man-
made reservoirs are categorized as Class III (Table 2), with a number
of 22 reservoirs.

To further evaluate the long-term changes of the TSS concentrations
within different classes, 15 annual mean TSS values from 2000 to 2014
were averaged for each water body for every 3-year period, and histo-
grams of the number of lakes or reservoirs arranged into five TSS levels
(e.g., b15, 15– 30, 30– 45, 45– 60 and N60mg L−1) were generated.We
note that TSS aggregation for periods of every 3 years was used to avoid
the potential influence of extreme events (such as floods) in certain
years on the overall TSS inter-annual trends.
servoir, and each cell represents an annualmean TSS value. The IDnumbers (such as S001)
longitudes. The red and blue arrows indicate that the TSS of the water body experienced a
all selected lakes and reservoirs of this study. (For interpretation of the references to colour
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4. Results

4.1. Overall temporal and spatial distributions of the TSS concentrations

Each cell in Fig. 4a represents the annual mean TSS for a lake or res-
ervoir, and the inter-annual variability for a certain water body is re-
vealed from the top to the bottom. Statistical analysis reveals that TSS
concentrations of 33.3% (34 in number) of all selected lakes and reser-
voirs experienced a significant decreasing trend over the 15-year obser-
vation period (blue arrow), whereas 17.6% (18 in number) showed a
significant increasing trend (red arrow) (Fig. 4a). To demonstrate the
TSS seasonality for each lake and reservoir, the quarterly mean values
in Fig. 4b were colour coded, and prominent seasonal changes can be
observed for almost all lakes and reservoirs, especially for the turbid
water bodies. The TSS values of the first and the fourth quarters were
generally higher than those of the second and the third quarters.
Superimposed on the inter‐/intra-annual variations for each water
body are the significant spatial heterogeneities over the entire region,
and the TSS values were evidently higher in the eastern region than
those in the west, except for several western water bodies.

The 15-year TSS climatology results for all 102 selected lakes and
reservoirs are shown in Fig. 5, and the spatial patterns of the TSS distri-
butions can be clearly observed. Similar to the results in Fig. 4, the wa-
ters (35 in number) located in the downstream Poyang Lake (S068)
were turbid, and 51.4% (18/35) have TSS concentrations of
N45 mg L−1. In contrast, many clearer waters (67 in number) were
found in the upstream Poyang Lake, where 50.7% (34/67) of the water
bodies have long-term mean TSS concentrations of between 30 and
45 mg L−1, and 35.8% (24/67) were b30 mg L−1. Overall, of the 102
studied lakes and reservoirs, 4.9% have TSS climatology values of
Fig. 5. (a)MODIS-derived climatological TSS from2000 to 2014 for all selected lakes and reservo
30mg L−1, 30–45mg L−1, 45–60mg L−1, N60mg L−1), and the details of themiddle portion of t
TSS levels in each class.
N60 mg L−1, 21.57% were between 45 and 60 mg L−1, 44.12% ranged
from 30 to 45 mg L−1, 24.51% ranged from 15 to 30 mg L−1, and 4.9%
were b15 mg L−1, highlighting the significant TSS spatial dynamics of
the lakes and reservoirs in the studied region.

Fig. 6 demonstrates the TSS changing rate for all lakes and reservoirs,
and those with statistically significant (e.g., p b 0.05) increasing (“↑”) or
decreasing (“↓”) trends are also annotated (also see Fig. 4). The TSS
changing rates were classified into four levels of b−3 mg L−1 yr−1,
−3 to −1.5 mg L−1 yr−1, −1.5 to 0 mg L−1 yr−1, and 0 to
1.5 mg L−1 yr−1, accounting for 0.98%, 3.92%, 56.86%, and 38.24% of
the observed water bodies, respectively. Obviously, a higher number
of lakes and reservoirs showed TSS decreasing trends (purple and
blue) than increasing trends (red), and the most pronounced turbidity
decrease was observed in the TGR (b−3 mg L−1 yr−1).

4.2. TSS dynamics of different geographical classes

The percentage of lakes or reservoirs in each season during which
maximal and minimal TSS occurred were calculated and are presented
in Table 4. The seasonal fluctuation patterns were similar between dif-
ferent geographical classes. Specifically, the most turbid waters were
observed in the dry seasons of quarters 1 and 4, accounting for 75%
(3/4), 98.7% (75/76) and 100% (22/22) of the total water bodies in
Class I, II and III, respectively. In contrast, the clearest conditions gener-
ally occurred in quarter 3, representing 50% (2/4), 94.7% (72/76) and
81.8% (18/22) of the lakes or reservoirs in Class I, II and III, respectively.
However, the inter-annual trends and long-term TSS climatology values
significantly differed among the three classes.

The 15-year TSS climatology values of all three lakes (Poyang,
Dongting and Shijiu) and the TGR in Class I were N30 mg L−1 (Fig. 4a,
irs in theMLY basin, where the TSS are classified into fivedifferent levels (b15mg L−1, 15–
heMLYbasin are enlarged in (c). (b)Histogramof the number ofwater bodies for different
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Fig. 7a). Dongting was the most turbid lake compared with the other
three lakes/reservoir, with a long-term mean TSS of 67.9 mg L−1, and
the mean conditions for Poyang and the TGR were between 45 and
60 mg L−1. Shijiu Lake was relatively clearer in this class (long-term
mean TSS= 37.9mg L−1). Indeed, Dongting and TGR exhibited statisti-
cally significant TSS decreasing trends over the past 15 years, with an-
nual changing rates of −1.3 mg L−1 yr−1 and −6.3 mg L−1 yr−1,
respectively. In contrast, the TSS of both Poyang and Shijiu displayed
moderate increasing trends, with changing rates of 0.66 mg L−1 yr−1

and 0.71 mg L−1 yr−1, respectively (Fig. 6a).
Similar to the conditions in Class I, the lakes in Class IIwere generally

turbid. More than half (52.6%) of the 76 lakes in Class II demonstrated a
15-year mean TSS in the range of 30–45 mg L−1, with 31.6% even over
45 mg L−1. Spatially, almost all lakes with 15-year TSS climatology of
N45 mg L−1 belonged to Class II, which were distributed along the
Yangtze River of downstream Poyang Lake, and a few exceptions were
observed in the upstream Dongting Lake area (Fig. 5a & c). In contrast,
lakes located between Poyang and Dongting Lake primarily shared TSS
climatology values of 30–45 mg L−1 (Fig. 5c). More importantly, 64.5%
(e.g., 49) of the lakes in Class II showed a negative TSS changing rate
in the past 15 years, and the decreasing trends were statistically signif-
icant (p b 0.05) for 38.2% (e.g., 29) of the lakes. In contrast, only 27 lakes
demonstrated a TSS increasing trend in this period, and 12 lakes of them
were statistically significant (p b 0.05).

Comparedwith thewaters in Class I and II, theman-made reservoirs
in Class III were much clearer, with TSS climatology of 81.8% (e.g., 18 in
number) in the reservoirs b30 mg L−1. Furthermore, waters with 15-
year mean TSS values of b15 mg L−1 were only observed in Class III,
Fig. 6. (a) Spatial distributions of the TSS changing rate for the studied lakes and reservoirs. The
over the 15-year period from 2000 to 2014, and “↓” indicates significantly decreasing trends. T
different changing rates. The details of the middle component of the MLY basin are enlarged
significant decreasing/increasing trends for three geographical classes.
including Danjiangkou, Chencun, Dongjiang, Tuolin, and Zhanghe, cer-
tain of which serve as important human drinking water sources (Li
and Zhang, 2010; Chen, 2011; Chen, 1998). The number of reservoirs
with negative TSS changing rates was comparable to the number with
positive rates, most of which were statistically insignificant (e.g.,
p b 0.05).

Fig. 7 a, b & c compare the histogram distributions of different TSS
levels among five periods for different classes. Changes in the TSS distri-
bution in Class I occurred in the first and second three periods, after
which the histograms remained the same (Fig. 7a). For Class III, the
count of water bodies with TSS values of 15–30 mg L−1 decreased
from16 to 12 between 2000–2002 and 2012–2014, whereas a slight de-
crease was found for the levels of b15 mg L−1 and 30–45 mg L−1 (Fig.
7c). Overall, the TSS patterns in Class I and III were relatively stable
over the five periods.

The most noticeable changes in the histogram distributions were
found in Class II. Specifically, the number of lakes with TSS of 45–
60 mg L−1 decreased from 26 to 10 between the first (2000−2002)
and last period (2012–2014). In contrast, the count of lakes in the mid-
dle TSS level (e.g., 30–45mg L−1) increased steadily throughout thefive
periods, peaking at 44 in the latest period of 2012–2014. A small in-
crease was also found in the number of lakes with the level of 15–
30 mg L−1. The “from” to “to” transition map (Fig. 7d) between the
first and last period further revealed the change patterns of different
TSS levels in Class II. Of the 26 lakes with TSS levels of 45–60 mg L−1

during the first period, 17 transitioned to clearer levels, with 16moving
into the 30–45mg L−1 level and 1 into the b15mg L−1 level. Generally,
more lakes changed to clearer TSS levels (blue numbers in Fig. 7d) than
annotation “↑” denotes that the TSS experienced statistically significantly increasing trends
he numbers in the parentheses of the legend are the percentages of water bodies for the
in (c). b) Number of lakes or reservoirs with TSS decreasing/increasing and statistically



Table 4
Percentage of lakes or reservoirs of each class in each season during which the maximal
and minimal TSS occurred.

Class I Class II Class III

Max Min Max Min Max Min

Quarter 1 75.0 25.0 47.4 1.3 50.0 4.6
Quarter 2 0.0 25.0 1.3 4.0 0.0 13.6
Quarter 3 25.0 50.0 0.0 94.7 0.0 81.8
Quarter 4 0.0 0.0 51.3 0.0 50.0 0.0
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into turbid levels (red numbers in Fig. 7d), suggesting that the turbidity
of the lakes in Class II has generally decreased in the past 15 years.
5. Discussion

5.1. Driving forces

To understand the potential factors that lead to similar intra-annual
TSS variability, the correlations between monthly climatological TSS
and corresponding local wind and precipitation for each lake or reser-
voir were examined because wind and precipitation are considered im-
portant factors that regulate the turbidity of inland or coastal waters
(Shi et al., 2015; Zheng et al., 2015). The typical example of Taibo Lake
(S071) in Fig. 8a shows that the seasonality of TSS and precipitation
were out of phase, and the correlation coefficient reached themaximum
(R=−0.96) when TSS lagged precipitation by two months. Converse-
ly, the relationship between TSS and wind speed (Fig. 8b) was insignif-
icant (R= 0.27, p N 0.05). The histograms of correlation coefficients for
all 102 lakes and reservoirs are shown in Fig. 8c & d. Themonthly clima-
tological TSS values of most large water bodies in the MLY demonstrat-
ed negative correlations (e.g., p b 0.05) with local precipitation with a
time lag of twomonths for TSS, highlighting the potential role of precip-
itation and its settling time in impacting the water turbidity of the MLY
region. In contrast, both negative and positive correlations were found
between monthly climatological wind speed and TSS, and most of the
relationships were statistically insignificant (e.g., p N 0.05). Therefore,
although high wind speed might trigger sediment resuspension over a
short period, such effects appear to be smeared by monthly mean
statistics.
Fig. 7.Histogramdistributions of the number of lakes or reservoirswith different TSS levels duri
lakes with different TSS levels that transitioned into other TSS levels in Class II from the first th
In addition to significant seasonality, themost strikingfinding of this
study is the prominent TSS inter-annual variability, such as the evident
TSS decrease of the lakes in Class II and that of the TGR and Dongting
Lake in Class I. Thus, the relationships between the annual mean TSS
concentrations and their corresponding wind speed and precipitation
were also analyzed. Histograms of the correlation coefficients for all
102 water bodies and the 49 TSS-decreased lakes in Class II were com-
puted and are illustrated in Fig. 9. Unfortunately, neither of these two
factors can explain the TSS inter-annual trends, as indicated by the gen-
erally insignificant relationships. However, the question arises as to the
cause of the rapid turbidity decline in recent years.

Changes in the land cover in the MLY region might serve as an indi-
rect factor that leads to the TSS decrease. The annualmeanNDVI of the 6
sub-basins (see boundaries in Fig. 1) in the MLY basin were estimated
and plotted in Fig. 10, where the histogram distribution of the NDVI
changing rate within each sub-basin were also plotted. Clearly, other
than the NDVI decrease in the Taihu Lake drainage basin, which was
due to local and extensive urbanization (Zhang et al., 2010a), the
other five sub-basins exhibited significant NDVI increasing trends. The
elevated NDVI in the MLY region appears consistent with the findings
of Peng et al. (2011), which resulted from an increased temperature
that boosted vegetation growth. Soil erosion could be rapidly reduced
as well due to the bloomed vegetation (Wang et al., 2015), which is
likely to be an important reason for the decreased water turbidity.
However, the exact reasonmust be further investigated once additional
geophysical data are available.

Additionally, the construction of the Three Gorges Dam (TGD) could
be the main reason leading to TSS decrease in the TGR and Dongting
Lake of Class I. The TGD was impoundment in 2003, leading to sharply
decreasedwater flowand thus decreasing the bottom sediment suspen-
sion and water surface sediment concentration (Fig. 11), and thus re-
ducing the TSS of the TGR since then (Yang et al., 2006). However, the
diversion channel of the TGD was finished in 2002 (Feng et al., 2014),
which trapped a huge amount of sediment that would otherwise flow
into the downstream Yangtze River. Consequently, the sediment of
the closest river connected lake of Dongting experienced an evident
TSS decrease since 2002 (Fig. 11).

Note that the above analyses were used to explain the primary
factors that lead to the seasonality or inter-annual variability of most
water bodies, and the exact driving forces for a certain water body
might differ. For example, the seasonal TSS change of the Yangtze-
ng each 3-year period for Class I (a), Class II (b) and Class III (c), respectively. (d) Number of
ree-year period to the latest three-year period.



Fig. 8. (a) Relationship betweenmonthly climatological precipitation and TSSwith a time lag of 2 months for Taibo Lake, where the seasonality of TSS and precipitationwas out-of-phase.
(b) Relationship between monthly climatological wind speed and TSS for Taibo Lake. Histograms of the correlation coefficients between the monthly climatological TSS and local
precipitation (c), and wind speed (d) for the 102 studied lakes and reservoirs. The red dashed lines indicate the critical values for which the relationships are statistically significant if
the coefficient is above the positive value or below the negative value (e.g., p b 0.05). Most lakes and reservoirs showed significant negative correlations between precipitation and TSS
at the monthly scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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connected Poyang Lake was a result of seasonality of the dominant lake
current, and its long-term increasing trend was caused by sand dredg-
ing activities in recent years (Feng et al., 2012). Thus, the reasoning be-
hind the TSS dynamics for a specific lake or reservoir requires more
localized efforts.

5.2. Uncertainties

Although discriminating between water and land for a few remote
sensing images appears to be an easy task, it was challenging for 102
different water bodies with varied optical properties, let alone a long
term dataset that covered 15 years. Various automatic water/land
Fig. 9.Histograms of the correlation coefficients between the annualmean TSS and local precipi
decreasing trend (c–d). The red dashed lines indicate the critical values for which the relation
negative value (e.g., p b 0.05). (For interpretation of the references to colour in this figure lege
classification methods were attempted first, including a fixed threshold
for certain bands or bands combinations (such as NDVI and NDWI) and
automatic threshold selections based on gray values or gradients, etc.
However, none of these methods resulted in satisfactory time series
land masks for a single lake or reservoir. Indeed, any misclassification
of water and land could result in large uncertainties in the TSS estimate
and thus smear the long-term trends. Thus, a human-intervention GUI
was developed, which could be used to optimize the NDWI threshold
for each ROI to assure a reasonable land/water boundary, as gauged by
the tight fit between the delineated boundaries and the pixels of large
contrast on both the RGB and NDWI images. To the best of our knowl-
edge, this is the most accurate approach that can be used to determine
tation andwind speed for the 102water bodies (a–b) and the 49 lakes in Class II with a TSS
ships are statistically significant if the coefficient is above the positive value or below the
nd, the reader is referred to the web version of this article.)
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the landmasks for the entire selected dataset for thewater bodies in the
MLY basin. Meanwhile, the RGB composite for each ROI can be visual-
ized using the GUI, and thus, data with low quality can be discarded.

MODIS 8-day surface reflectance data composites were used in this
study to retrieve the TSS concentrations, for which the data were gener-
ated with a land-based atmospheric correction method (Vermote and
Vermeulen, 1999). Ideally, the standard ocean colour atmospheric cor-
rection algorithm embedded in SeaDAS should be used to obtain the
water surface reflectance (Gordon andWang, 1994), while the two crit-
ical MODIS NIR bands (748 and 869 nm) of this method often saturate
on turbid inland waters due to their limited dynamic ranges (Hu et al.,
2012) in addition to the problematic assumption of zero water reflec-
tance in highly reflective lakes. Although the short-wave infrared
(SWIR)-based method might solve these problems because MODIS
SWIR bands (e.g., 1240, 1640 and 2130 nm) have a larger dynamic
range and zero water leaving radiance even over turbid waters (Wang
and Shi, 2007), severe land adjacency effects on these bands could
lead to underestimated surface reflectance, thus causing uncertainties
in the TSS estimates in relatively small inland waters (Feng and Hu,
2016).

The MODIS surface reflectance products obtained from NASA have
several effects been corrected already, including gaseous absorption,
molecular and aerosol scattering, coupling between atmospheric and
Fig. 10. (a–f) Histograms of NDVI changing rate for six sub-basins of the MLY basin, where the
increasing trends over the 15-year period in other sub-basins. Meanwhile, the number of lakes
surface bi-directional reflectance functions and the adjacency effect
(Su, 2000; Zhao et al., 2007; Liu et al., 2015). The aerosol contribution
is estimated based on a dark target assumption on the visible bands,
and empirical relationships have been established between the visible
and longer wavelengths (Kaufman et al., 1997). However, the unique
skylight reflection at the air-water interface (e.g., Fresnel reflection)
was not corrected, causing relatively low accuracy in clear waters
(such as the openocean). However, the influence of this effectwasdem-
onstrated as limited in highly reflective turbid waters in either single
band reflectance or band ratios (Doxaran et al., 2004, 2009), such as
the lakes and reservoirs of this study. Indeed, the uncertainties induced
by the land based atmospheric correction method are implicitly com-
pensated by the empirical regression coefficients in Fig. 2 and can be
further reduced through seasonal and annual mean TSS computations.
However, a water-based atmospheric correction that accounts for the
Fresnel reflection and other effects still remains to be developed in the
future.

The size distributions of various sediment types across the entire
MLY basin might be another source of uncertainty in the universal TSS
algorithm. Theoretically, the surface reflectance used to derive TSS is a
direct function of backscattering coefficients (bb), whose mass-specific
efficiency differs with sediment size and density. Indeed, the mass-spe-
cific bb increases with decreasing sediment size and decreases with
annual mean NDVI values are also plotted. Except for the Taihu Lake basin, NDVI showed
with TSS decreasing trends appeared more numerous than those with increasing trends.



Fig. 11. Long-term annualmean TSS of Dongting and the Three Gorges Reservoir (TGR) from2000 to 2014. The red dashed line indicateswhen the Three Gorges Damwas impounded. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increasing density (Binding et al., 2005), i.e., the same TSS concentration
might lead to different bb and hence different surface reflectance for dif-
ferent types of sediment. In practice, it appears notably difficult to un-
derstand the variations in particle scattering properties for all 102
observed inland waters. Fortunately, as proven by previous studies,
such a problem can be solved using band ratio algorithms because bb
is spectrally flat, and the associated effects can be canceled using a
ratio between two bands (Doxaran et al., 2002). Additionally, the geo-
graphical and hydrological conditions of the lakes in MLY basin region
are quite similar, especially in the Yangtze plainwheremostwater bod-
ies are located, yielding small differences in sediment types between
different water bodies (Qin, 2002; Xue et al., 2007; Wang et al., 2008).
Therefore, the red/green-based ratio regression algorithm is applicable
to the selected large lakes and reservoirs, and the uncertainties induced
by particle properties should be limited.

A switching (or piece-wised) TSS algorithm depending on different
levels of reflectance ratios or TSS concentrations may help to improve
the performance when the TSS range is relatively large (Han et al.,
2016; Feng et al., 2014). However, the match-ups of low TSS (e.g.,
TSS b 50mgL−1) in this study alonewas not be able to establish a robust
Fig. 12.Comparisonsbetween the estimatedTSS usingMODIS Terra andAquadata from2000 to
TSS patterns can be observed using the two independent MODIS instruments.
retrieval model, making it difficult to merge the two different models
developed for high and low TSS concentrations, respectively. Thus, as
the relationship between the red/green reflectance ratio and the in
situ TSS is rather significant across a large TSS range (1–300 mg L−1)
(see Fig. 2), the single equation algorithm in Eq. (1) was used in this
study.

The bottom reflectance of shallow waters might also contribute to
the satellite signal, leading to artifacts in the TSS retrievals. However,
when the first pixels surrounding the land/water boundaries (e.g., the
shallowest waters) are removed to exclude land adjacency effects, the
remaining water should be deeper and thus much less contaminated
by bottom effects. Indeed, most of the lakes and reservoirs are turbid,
resulting in large diffuse attenuation coefficients (Kd). Thus, the amount
of light that penetrates to the bottom and reflects back to the air (if any)
should be negligible.

Due to radiometric degradation and calibration errors, observations
ofMODIS Terra are often considered inaccurate in the ocean colour com-
munity (Franz et al., 2007). However, unlike the conditions in open
oceans where the water signal only accounts for b10% of the top-of-at-
mosphere (TOA) satellite signal, turbid waters might contribute N70%
2014 for a large lake (Poyang Lake (a)) and a small reservoir (Lushui Reservoir (b)). Similar
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of the TOA radiance (Zhou et al., 2009; Doxaran et al., 2004, 2009). As
such, sophisticated calibration is not required in turbid inland water
monitoring, and this is also the reasonwhyaccurate atmospheric correc-
tion is not crucial in this application. As shown in Fig. 12, long-term pat-
terns of the seasonal TSS are highly similar between MODIS Terra and
Aqua for two typicalwater bodies,withmean ratios between the two in-
dependent observations of 1.2 ± 0.2 for a large lake (Poyang Lake
(S068), with a surface area of 1989.6 ± 325.6 km2) and 1.2 ± 0.3 for a
small reservoir (Lushui Reservoir (S029), with a surface area of
23.6 ± 1.5 km2), respectively. The differences between the two sensors
might be due to the varied overpassing times (location time of
~10:30 am for Terra and ~1:30 pm for Aqua). Therefore, MODIS Terra
data were used in this study to complement the observations of
MODIS Aqua. More importantly, the pre- and post-TGD TSS variabilities
(such as the TGR and Dongting Lake) can only be revealed through com-
bined observations with both Terra and Aqua because the data for the
latter instrument are not available until June 2002.

6. Conclusions

The TSS distributions and dynamics of large lakes and reservoirs in
the Yangtze downstream were constructed for the first time using 15-
yearMODIS time series in which themean TSS conditions and inter-an-
nual changes were quantified. This information is notably difficult to
characterize using traditional field sampling methods. We attribute
the success of this effort to three factors: (1) various in situ data from
58 lakes and reservoirs in the study region, which led to a robust TSS
algorithm (uncertainty of 30–40%) for a large dynamic range (1–
300 mg L−1); (2) frequent observations from MODIS instruments at
moderate spatial resolution and selected high quality 8-day composites
of the atmospherically corrected reflectance; and (3) a semiautomatic
land/water classification method that was used to generate the long-
term land masks for the 102 selected water bodies.

The approach was implemented on MODIS data from 2000 to 2014
to establish a 15-year TSS EDR, from which several important findings
were obtained. First, the TSS of all examined lakes and reservoirs shared
similar seasonality, with the highest turbidity occurring in the first and
fourth quarter of the year and the clearest waters occurring in the third
quarter. Second, significant spatial heterogeneities of the TSS across the
MLY region were revealed through the 15-year TSS climatology values.
High TSS concentrations (45–60mg L−1) were observed for many lakes
downstream of Poyang Lake, less turbid lakes (TSS of 15–45 mg L−1)
were located between Poyang and Dongting Lake, and the clearest wa-
ters were found in the reservoirs. Third, 49 lakes in Class II showed TSS
decreasing trends in the 15-year period, and 59.1% (29 in number) of
them were statistically significant. Additional significant TSS declines
were also found in the TGR and Dongting Lake in Class I.

Analysiswithmeteorological data showed that themonthly climato-
logical TSS values were highly correlated with local precipitation with a
TSS time lag of two months. In contrast, the NDVI increase of the MLY
might serve to reduce the TSS of the lakes in Class II in recent years. At
the same time, the TSS decreases of the Yangtze-connected TGR and
Dongting Lakewere likely due to the impoundment of the TGD. Howev-
er, further investigation is still required to explore a more detailed
driving mechanism.

This study demonstrated the importance of remote sensing in mon-
itoring, quantifying and understanding water turbidity changes in large
water bodies across a large area. The EDR in this work offers a critical
reference for future monitoring and restoration efforts to improve
water quality.
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