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Knowledge of stormwater river plume dynamics is important for themanagement of lake water quality because
river discharge associated with rainstorms can be a major source of pollutants for lake waters. Total suspended
matter (TSM) derived from the discharge of sediment-laden rivers is highly variable over a wide range of time
and space scales. In the present study, the first use of remote sensing to monitor the river TSM plume was con-
ducted to investigate the effects of heavy rainfall events on Lake Taihu by the largest inflowing river (Tiaoxi
River) based on a calibrated and validated model using daily 250 m MODIS imagery in band 1 (620–670 nm).
From 2004 to 2013, 48 MODIS images of 20 heavy rainfall events were obtained, showing that the area of the
TSM plume significantly increased in the waters adjacent to the inflowing river, reflecting runoff input. The
TSM concentration of the river plume after heavy rainfall was significantly higher than that before rainfall
(ANOVA, p ˂ 0.001). A significantly positive correlation between the TSM plume area and the rainfall amount
in heavy rainfall events (p ˂ 0.01) was also observed. The heaviest rainfall event, in October 2013, caused a
river plume with an area of 302.8 km2, which lasted for more than 10 days. The significant increase in the fre-
quency and rainfall amount of rainstorms and large rain in the past 50 years (1965–2014) in Lake Taihu under
global warming indicated an important role of remote sensing in monitoring the river plume resulting from
heavy precipitation. The present study demonstrates that remote sensing tools can be valuable instruments in
the detection and tracking of the effect of heavy rainfall events on the distribution and diffusion of the TSM con-
centration in the lake. The results obtained from the present study are valuable for further hydrological research
on the Tiaoxi River, particularly for the immediate assessment of flood impacts on soil erosion of the catchment.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

River plumes are the major route through which nutrients, sedi-
ments and other land-based pollutants, such as heavy metals and or-
ganic contaminants, are transported into lake waters (Qin, Xu, Wu,
Luo, & Zhang, 2007; Rao& Schwab, 2007). Thus, river plumes play a fun-
damental role in the physical processes and biogeochemical cycles in
lakes (White et al., 2009). The effects of river plumes on lakewater qual-
ity and ecosystem structure and function can be considered from sever-
al aspects. (1) By inputting a large amount of nutrients from domestic,
industrial and agricultural effluents, fluvial discharges modify the con-
centrations and ratios of nutrients in waters near the river mouth
(Corcoran, Reifel, Jones, & Shipe, 2010). The over-enrichment of nutri-
ents promotes phytoplankton growth, determines phytoplankton
species distribution, and is detrimental to water quality (Grosse,
Institute of Geography and
Road, Nanjing 210008, China.
Bombar, Doan, Nguyen, & Voss, 2010). (2) High concentrations of total
suspended matter (TSM) and chromophoric dissolved organic matter
(CDOM)discharged through the river plumes result in increased turbid-
ity and decreased light penetration and submerged aquatic vegetation
(SAV) growth (Cannizzaro, Carlson, Yarbro, & Hu, 2013; Ondrusek
et al., 2012). (3) High concentrations of TSM, associated with bacteria
and metallic pollutants and pesticides originating from industrial dis-
charges and intensive agriculture or forestry plantations, affect lake
water quality and human health (Kannan et al., 2012). (4) River plumes
alter the nearshore thermal structure, and affect the vertical exchange of
nutrients and the vertical migration of phytoplankton, zooplankton and
fish (Rao & Schwab, 2007; Wang, Qian, Han, Luo, & Hamilton, 2012).
Therefore, monitoring rainfall and overflows in rivers is important
to determine their effects on water quality for sustainable lake
management.

The effects of river plumes are best known for those caused by the
high discharge following heavy rainfall (Chen, Huang, Chen, & Wang,
2011; Lahet & Stramski, 2010; Nezlin & DiGiacomo, 2005). However,
these effects are typically limitedwhen discharge is small. River plumes
produced by stormwater discharge are easily distinguished from
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ambient coastal waters based on the high concentration of TSM
that changes the color of the water surface. Although storm river
plumes are typically studied using data collected from buoys and
research vessels, the spatiotemporal variations of river plumes are
typically too dynamic and broad; thus, these water bodies are not
easily and effectively observed through shipboard monitoring (Nezlin,
DiGiacomo, Stein, & Ackerman, 2005; Zawada et al., 2007). Another ap-
proach is to use hydrodynamic models in combination with estimated
pollutant loads discharged from rivers to estimate the dispersal of pol-
lutants (Hu, Jørgensen, & Zhang, 2006). However, this approach re-
quires significant expertise and computational resources, and in most
cases, the computed results have not been validated against in situ data.

Remote sensing technology overcomes the problems of convention-
al monitoring techniques and can be applied to the study of river
plumes. Remote sensing using optical determination facilitates the
identification of river plumes and provides a better understanding of
TSM distribution and transport compared with conventional monitor-
ing techniques. Although remote images seldom replace conventional
sources of information for water resources, these images can supple-
ment field data by revealing broad-scale patterns not recognizable at
the surface, recording changes over time, providing data for inaccessible
regions, and decreasing data acquisition costs (Lihan, Saitoh, Iida,
Hirawake, & Iida, 2008; Warrick et al., 2007). However, a limitation of
using remote sensing imagery is that cloud cover leads to missing
data, and cloudiness is a common occurrence after a heavy rainfall
(Petus et al., 2014).

Satellite imagery, including the Sea-Viewing Wide Field-of-
View Sensor (SeaWiFS), Moderate Resolution Imaging Spectrometer
(MODIS), Medium Resolution Imaging Spectrometer (MERIS), and
Landsat Thematic Mapper (TM), has been widely used to monitor TSM
transport and distribution from river plumes in estuarine and coastal
waters (Guneroglu, Karsli, & Dihkan, 2013; Lahet & Stramski, 2010;
Nezlin et al., 2005; Shen, Zhou, Li, He, & Verhoef, 2013). However, to
our knowledge, there are few remote sensing studies on the effect of
river plumes resulting fromheavy rainfall on the transport and distribu-
tion of TSM in lakes (Binding, Greenberg, & Bukata, 2012; Lathrop,
Vande Castle, & Lillesand, 1990). Typically, studies of river plumes
in lakes are based on in situ measurement and numerical modeling
(Churchill, Ralph, Cates, Budd, & Urban, 2003; He, Rao, Howell, &
Skafel, 2006; McCullough & Barber, 2007; Pavlac et al., 2012; Rao &
Schwab, 2007).

In Lake Taihu, the third largest freshwater lake in China, previous
studies concerning the effects of temporal and spatial patterns on TSM
concentration have used remote sensing estimation models (Sun et al.,
2013; Wang, Shi, & Tang, 2011; Zhang, Shi, Liu, Zhou, & Qin, 2014). In
these studies, attention is paid to the effects of lake topography, wind-
driven sediment resuspension, and SAV distribution on TSM concentra-
tion (Zhang et al., 2014). However, there are no remote sensing studies
associating the distribution of TSM concentrationwith river plumes and
hydrological processes. This knowledge gap can be partially attributed
to the lack of synchronous TSM distribution and hydrological and
meteorological data and a failure to recognize the important role of
river plumes in lake ecosystems due to the relatively low discharge of
rivers flowing into lakes compared with the large discharge of rivers
flowing into estuarine and coastal waters. For example, the Tiaoxi
River, the largest inflowing river of Lake Taihu, has an annual inflow of
2.7 billion m3 (Liu et al., 2011), which is substantially lower than some
large rivers inflowing to the estuary and ocean (Bai et al., 2014; Petus
et al., 2014; Thomas & Weatherbee, 2006).

To address this knowledge gap, in the present study, we present a
methodological approach for monitoring the dispersion and effect of a
river plume in a large shallow lake using remote sensing during heavy
rainfall events. Specifically, the aims of the present study were to
1) quantify the areas and intensities of the river plumes for each
heavy rainfall event from 2004 to 2013; 2) determine the persistence
of the river plumes (i.e., determine how long the discharge signal is
retained in the lake); and 3) determine the relationship between rainfall
amount and TSM plume area using remote sensing.
2. Materials and methods

2.1. Study region

Lake Taihu, the third largest freshwater lake in China, has a
complicated river and channel network, with 219 rivers or channels
connecting to the lake (Qin et al., 2007). Most of the water enters the
lake from west and flows out to the east, primarily through Eastern
Taihu Bay. According to the inflow and outflow, the rivers associated
with Lake Taihu are simplified to thirteen inflowing rivers in the west-
ern and northern areas and one outflowing river (Taipu River) in the
eastern part of the lake (Fig. 1).

The Tiaoxi River exhibits the maximum inflow, and the associated
river plume was the focus of the present study. The Tiaoxi River has
an annual inflow of 2.7 billion m3, contributing approximately 60% of
the total water for Lake Taihu (Liu et al., 2011). The main stream of
the Tiaoxi River is 158 km, and the catchment area is approximately
4576 km2 with 90% vegetation cover. The width of the Tiaoxi River
and average water depth are approximately 350 m and 2.5 m, respec-
tively. The multi-year average precipitation amount of the Tiaoxi River
catchment is approximately 1460 mm. Topography types of the catch-
ment include hills (88%) and plains (12%). The upstream part of the
river flows through agricultural areas, while the downstream part
flowswithin the urban district of Huzhou and is subject to industrial in-
puts. The river collects waters from a population of approximately one
million inhabitants, primarily located in moderately sized cities along
the river continuum.
2.2. MODIS data and TSM estimation model

We used MODIS data to estimate the concentration of TSM in Lake
Taihu. These data, available since 2002, have a spatial resolution of
250–1000 m. We used 250 m resolution MODIS imagery in band 1
(620–670 nm), which has been widely used to estimate TSM con-
centration or turbidity in diverse aquatic ecosystems (Chen, Hu, &
Muller-Karger, 2007; Feng, Hu, Chen, & Song, 2014; Lahet & Stramski,
2010; Petus et al., 2010; Petus et al., 2014), and this technique is suffi-
ciently accurate for Lake Taihu with a water area of 2338 km2 (Shi
et al., 2015; Wang et al., 2011). More importantly, the high frequency
images (1/day) facilitated the monitoring of the turbid plume from
the Tiaoxi River throughout heavy rainfalls. The MODIS-Aqua Level 1A
data were obtained from NASA Goddard Space Flight Center and proc-
essed to Level 2 format using the NASA SeaWiFS Data Analysis System
(SeaDAS version 5.1.6).

From January 2003 to December 2013, we set the criterion for
matching the satellite data and the in situ observations to ≤3 h (the
time interval between the in situ measurements and the corresponding
MODIS-Aqua data) to produce 300 in situ TSM satellite-derived Rrs
“matches”, i.e., data pairs of MODIS-Aqua images represented by the
same pixel. The 300 TSMsatellite-derived Rrs “matches”were randomly
divided into calibration and validation datasets: 150 pairs were used to
calibrate a TSM estimation model, and 150 pairs were used to validate
the model. An empirical algorithmwas calibrated and validated to esti-
mate TSM concentration usingMODIS band 1 in Lake Taihu based on the
calibration and validation datasets (Fig. 2) (Shi et al., 2015). The detailed
description includingbandoptimization choice, atmospheric correction,
model calibration and validation, and time series analysis of the TSM
concentration from 2003 to 2013 has been previously elucidated (Shi
et al., 2015). Thus, in the present study, we focused on the effect of
the river plume resulting from heavy rainfall events in Lake Taihu
using the TSM estimation model.



Fig. 1. Distribution of the 13 main inflowing rivers (the Tiaoxi River featured in this study flows into the south Lake Taihu) and the single outflowing river (Taipu River); (○) the Wuxi,
Yixing, Donshan, and Huzhou meteorological stations, (●) TLLER water level observation station, and (□) sampling site on August 15 along the Tiaoxi River to the littoral zone after a
heavy rainfall event from August 11 to 14, 2011.
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2.3. Heavy rainfall events

For the present study, we selected the 20 heavy rainfall events from
2004 to 2013 resulting in marked river plume, determined through in-
spection of the MODIS images (Fig. 3). Generally, the rainfall events of
more than 50 and 25 mm/day are considered rainstorms and large
Fig. 2. Calibration (a) and validation (b) of a simple model to estimate the TSM concentration
derived by atmospheric correction (cited and revised from Shi et al., 2015).
rain, respectively, according to the rainfall grade in China (Qian, Fu, &
Yan, 2007). However, in Lake Taihu, marked river plume was still ob-
served when the rainfall amount was near 20 mm. Therefore, in the
present study, we defined a total rainfall amount of more than 20 mm
as a heavy rainfall event. For each of the 20 heavy rainfall events,
MODIS images were available for a day or days after the event, and for
in turbid Lake Taihu using MODIS-Aqua remote sensing reflectance at 645 nm Rrs(645)



Fig. 3.MODIS imagery of the Tiaoxi River plume on10October 2013 (false color composite
of Rrs(859), Rrs(645), and Rrs(555)).
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14 of these events, MODIS images were also available for the day before
the heavy rainfall. We collected a total of 48 MODIS images: 14 images
before and 34 images after the heavy rainfall events (Table 1).

Daily rainfall data, representing the composite watershed, were
collected at the Huzhou meteorological station (30.87° N, 120.05° E),
in the suburb of Huzhou near the mouth of the Tiaoxi River (Fig. 1, ○).
In addition, daily rainfall data from the four stations around Lake
Taihu, including Huzhou, Dongshan (31.06° N, 120.43° E), Yixing
(31.36° N, 119.81° E), and Wuxi (31.58° N, 120.32° E), were collected
from 1965 to 2014 (Fig. 1, ○). The frequency and rainfall amount of
Table 1
Beginning and end dates of 20 heavy rainfall events, accumulated rainfall amount deter-
mined from the daily total rainfall amount and the available MODIS imagery from 2004
to 2013 in Lake Taihu.

Event Year Beginning and
end dates

Rainfall
amount
(mm)

Available MODIS imagery

Before heavy
rainfall

After heavy
rainfall

1 2004 24–25 June 82.7 22 June 27 June
2 2004 13–14 September 24.0 – 16–17 September
3 2005 19–20 July 53.9 – 23–24 July
4 2005 11–12 September 48.1 10 September 13, 17 September
5 2006 23–25 July 51.1 - 28–29 July
6 2007 14–16 March 70.7 13 March 20 March
7 2007 7–8 October 184.7 4 October 10–11 October
8 2008 9–11 June 92.5 5 June 12 June
9 2008 6–8 November 70.7 4 November 10, 13 November
10 2009 4–5 April 30.0 1 April 6, 8 April
11 2010 11–14 April 48.8 9 April 16 April
12 2010 4–5 July 46.8 - 7 July
13 2010 11–14 October 48.4 9 October 16, 17 October
14 2011 4–7 June 65.7 3 June 8 June
15 2011 24–30 August 94.9 – 31 August, 2, 4

September
16 2012 8 May 68.8 5 May 11 May
17 2012 17–18 June 35.0 15 June 21 June
18 2012 7–10 August 272.4 – 14 August
19 2013 16–17 May 58.5 14 May 19 May
20 2013 6–8 October 306.5 4 October 10, 12, 14, 21, 23

October
rainstorms (≥50 mm/day) and large rain (≥25 mm/day) were calculat-
ed from 1965 to 2014 to analyze the long-term trend of heavy rainfall
events in Lake Taihu. These data can be downloaded from the China
Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/
home.do). The total rainfall amount for each heavy rainfall event was
calculated as the sum of the rainfall amount for each of the individual
days in the heavy rainfall event. We also obtained the daily wind
speed and direction from the Huzhou meteorological station. To exam-
ine the strongest rainfall event during October 6–8, 2013, with a total
rainfall amount of 306.5 mm, the daily water level data for October
2013 were obtained from the Taihu Laboratory for Lake Ecosystem
Research (TLLER) on the shore of Meiliang Bay north of Lake Taihu
(Fig. 1, ●).

2.4. TSM measurement after a heavy rainfall event

On August 15, 2011 after a heavy rainfall event (August 11–14), we
measured the TSM concentration profile along the Tiaoxi River to the
littoral water. A total of 7 sites were distributed from the River Tiaoxi
(site 1) to the river mouth (site 2) and further to the littoral water
(sites 3–7) (Fig. 1,□). The distance of site 1 to site 2 was approximately
5 km, and sites 2–7 were set at 1-km distance. Surface water samples
were collected at a depth of 0.5 m and stored in 21 acid-washed bottles
on ice at 4 °C while in the field. The samples were filtered through pre-
combusted (450 °C for 4 h) and pre-weighed Whatman GF/F filters to
collect TSMof nominal sizes greater than 0.7 μm. The sampleswere sub-
sequently dried (105 °C for 4 h) and weighed to calculate the TSM
concentration.

2.5. Plume area calculation

A spatial autocorrelation technique was used to identify the river
plume area from the MODIS-derived TSM imagery. Spatial autocorrela-
tion is the correlation among values of a single parameter reflecting rel-
atively close locations, considering the spatial attributes of geographical
objects to evaluate and describe their relationships and spatial patterns
(Myint, Wentz, & Purkis, 2007). Spatial autocorrelation measures the
extent to which the occurrence of one object/feature is influenced by
similar objects/features in the neighboring area (Myint et al., 2007).
For remote-sensed imagery data, spatial autocorrelation suggests
dependency between the values of each pixel in neighboring or proxi-
mal locations due to underlying common factors (Murphy, Tolhurst,
Chapman, & Underwood, 2008). Geary's C is a popular index used to
measure spatial autocorrelation, involving the computation of squared
differences of values of pixel neighbors, defined as (Geary, 1954;
Murphy et al., 2008):

C ¼
N−1ð Þ

X

i

X

j

wij Xi−X j
� �2

2W
X

i

Xi−X�ð Þ2
ð1Þ

where C is Geary's index, N is the number of the pixel denoted by i and j
(the number of pixels in a given window), X is the variables of interest
(MODIS derived TSM in this study), X⁎ is the average of X,wij is a matrix
of spatial weights (wij=1 if pixels i and j are contiguous,wij=0 other-
wise), andW is the sum ofwij. The value of Geary's C index is between 0
and 2. A value of 1 means no spatial autocorrelation, while values lower
than 1 demonstrate increasing positive spatial autocorrelation, and
values higher than 1 illustrate increasing negative spatial autocorrela-
tion. The local Geary's C index could be used to identify areas of high
variability between a single pixel and the neighboring pixels; thus,
this index is useful for detecting edge areas between clusters and
other areas with dissimilar neighboring values. Spatial autocorrelation
with Geary's C index was used in the present study to determine the
plume area for each selected MODIS-derived image. Three steps are
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needed to derive the plume area from MODIS-derived TSM imagery:
1) generating Geary's C index image data for each selected MODIS-
derived TSM image using Equation (1), 2) determining the plume area
threshold based on the calculated Geary's C index, and 3) calculating
the plume area. In the first step, Rook's Case (pixels on the top, bottom,
left and right) was selected as the neighborhood rule to define the adja-
cent pixels to compare with the central pixel. The most critical task in
deriving the plume area fromMODIS-derived TSM imageswas to deter-
mine the threshold value in the generated Geary's C index imagery. It is
subjective and arbitrary to use trial and error together with visual anal-
ysis to determine the threshold value. Instead, we used Geary's C index
gradients and statistics to determine this critical value. A pixel gradient
was defined as theGeary's C index difference from the adjacent pixels in
a given 3 ∗ 3window.We generated a histogram of the pixels in the gra-
dient image, and the mode of the maximum gradient could be deter-
mined. The pixels associated with the mode could be used to derive
the plume area from MODIS-derived TSM images, as the Geary's C
index values at the plume-nonplume boundary should markedly
change. For aMODIS-derived TSM imagewithout a plume area, the spa-
tial distribution of Geary's C index should be homogeneous.

This method was applied to all selected image series and performed
well for most of the images. Instead of using a different Geary's C index
critical value for each image,we pooled all Geary's C index critical values
to calculate the average and standard deviation. The universal Geary's C
index critical value was obtained as the average value minus twice the
standard deviation (Hu et al., 2010). The average value of all selected
Geary's C index images was 0.009, and the corresponding standard de-
viation was 0.0005. Thus, the universal Geary's C index threshold
valuewas determined as 0.008 (0.009–0.0005× 2=0.008). In addition,
the sensitivity analysis indicated that using thresholds of 0.008 and 0.01
results in nearly identical statistics and spatial-temporal patterns, but
the former typically led to 2% to 8% larger plume area coverage. Thus,
a threshold of 0.008 was used in the present study, indicating a strong
correlation. According to this threshold value (N0.008), it is easy to de-
rive the plume area fromMODIS-derived TSM images (Fig. 4a). Notably,
as shown in Fig. 4b, the lake boundary and theplumeareawere both de-
rived using this threshold value. However, it is not a difficult task to sep-
arate the plume area from the lake boundary through visualization.

The maximum and average plume areas obtained from MODIS im-
ages were used to determine the correlation between rainfall amount
and plume area. If the MODIS images were available for only one day
Fig. 4.MODIS-derived TSM image on July 24 (a) and the corresponding
after the heavy rainfall event, then the maximum plume area was
equal to the average plume area. If MODIS images were available for
multiple days after the heavy rainfall event, then the maximum plume
area was selected, and the average plume area was calculated from all
available images. The maximal and average TSM concentrations of the
river plume were similarly obtained from MODIS data for every heavy
rainfall event.

2.6. Statistical analysis

Statistical analyses, including calculations of the average, maximum,
and minimum values and linear and non-linear regressions, were
performed using SPSS 17.0 software (Statistical Program for Social
Sciences). To investigate the relationships between variables, we per-
formed correlation analyses using SPSS software. The differences in pa-
rameters were assessed using one-way ANOVA (p b 0.05). Significance
was reported at p b 0.05.

3. Results

3.1. TSM concentration along the river profile

A heavy rainfall event from August 11 to 14, 2011 with an accumu-
lated rainfall amount of 58.5 mm, occurred prior to sampling (Fig. 5a).
Heavy rainfall generated a large input of TSM. The TSM concentration
at sites 1 and 2 in the Tiaoxi River was as high as 186.1 and
175.8 mg/L, respectively. From site 2 at the river mouth to the littoral
water, the TSM concentration gradually decreased from 175.8 mg/L to
the lowest value of 45.9 mg/L at site 7, reflecting the sedimentation
and dilution of the TSM surrounding the clearwater. A significantly neg-
ative linear relationship was observed between the TSM concentration
and the distance to the river mouth (r2 = 0.90, p ˂ 0.005) (Fig. 5b).
3.2. Variation in the river plume area

Among the 20 heavy rainfall events from 2004 to 2013, the river
plume area formed by the Tiaoxi River ranged from 2.8–302.8 km2,
with an average area of 43.7 ± 70.7 km2 (Table 2). Overall, the river
plume area gradually increased with time after the rainfall as a result
of diffusion. In each of the 10 heavy rainfall events for whichMODIS im-
ages were obtained for the two subsequent days after the rainfall, the
river plume from the Tiaoxi River using spatial autocorrelation (b).



Fig. 5.Daily rainfall amount fromAugust 1 to 31, 2011 (a) and the linear relationship between the TSM concentration and the distance to the rivermouth (b). The red bar shows the heavy
rainfall event from August 11 to 14, with accumulated rainfall of 58.5 mm prior to sampling.
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river plume areamarkedly increased from48.9 km2, calculated from the
first MODIS images, to 64.4 km2, calculated from the secondMODIS im-
ages. Other rivers entering Lake Taihu had either minimal or no plumes
identified from the MODIS images, even after the 20 heavy rainfall
events, reflecting the low discharge of these rivers. In addition, several
inflowing rivers northwest of Lake Taihu flowed through the plain
river network area before entering the lake (Fig. 1), resulting in
Table 2
TSM concentration before rainfall, and the plume area and TSM concentration of the plume aft

Event Year Before rainfall After heavy rainfall

TSM (mg/L) Area
(km2)

TSM
(mg/L)

Are
(km

1 2004 22 June 27 June
39.7 58.1 65.5 –

2 2004 16 September 17
6.2 101.4 18.

3 2005 23 July 24
36 174.1 67.

4 2005 10 September 13 September 17
34.3 5.1 132.5 17.

5 2006 28 July 29
9.2 117.1 11.

6 2007 13 March 20 March
45.0 49 129.1 –

7 2007 4 October 10 October 11
73.0 78 103.2 108

8 2008 5 June 12 June
90.5 50.2 312.0 –

9 2008 4 November 10 November 13
25.0 43.7 151.0 65

10 2009 1 April 6 April 8 A
55.8 2.8 79.0 6.3

11 2010 9 April 16 April
95.9 15.3 103.2 –

12 2010 7 July
30 194.8 –

13 2010 9 October 16 October 17
37.4 31.8 83.0 46.

14 2011 3 June 8 June
21.3 31.6 54.6 –

15 2011 31 August 2 S
44 150.9 47.

16 2012 5 May 11 May
29.6 15.7 140.0 –

17 2012 15 June 21 June
34.1 42.9 143.4 –

18 2012 14 August
244 148.2 –

19 2013 14 May 19 May
66.8 10.6 69.2 –

20 2013 4 October 10 October 12
62.8 232.5 127.5 255
decreased turbidity. Therefore, no marked river plume was observed
in the MODIS images.

We characterized the plume features during the strongest rainfall
event, October 6–8, 2013, with a total rainfall of 306.5 mm. During
this event, the water level increased from 3.06 m on October 6 prior to
the rainfall to a maximum of 3.77 m on October 13 after the rainfall,
showing an increase in thewater level of 0.71m (Fig. 6). After excluding
er heavy rainfall, for each of 20 heavy rainfall events from 2004 to 2013 in Lake Taihu.

a
2)

TSM
(mg/L)

Area
(km2)

TSM
(mg/L)

Area
(km2)

TSM
(mg/L)

– – – – –
September
7 242.4 – – – –
July
9 175.3 – – – –
September
1 84.1 – – – –
July
6 72.9 – – – –

– – – – –
October

100.1 – – – –

– – – – –
November

96.1 – – – –
pril

86.5 – – – –

– – – – –

– – – – –
October
8 142.7 – – – –

– – – – –
eptember 4 September
5 230.3 80 77.7 – –

– – – – –

– – – – –

– – – – –

– – – – –
October 14 October 21 October

119.3 270.3 111.9 302.8 73.3



Fig. 6. Changes in the water levels of Lake Taihu from October 1 to 31 2013. The gray bar
shows the strongest rainfall event from October 6–8, with a total rainfall amount of
306.5 mm.
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a total rainfall amount of 306.5 mm, the river input from the catchment
resulted in an increase of 0.40 m in the lake water level.

The formation and development of the river plumewas shown in six
MODIS images: one image before the event (October 4) and five images
after the event (October 10, 12, 14, 21 and 23). On October 4, no river
plumewas distinguished in theMODIS image. On October 10, a marked
river plumewith an area of 232.5 km2was observed. On October 12, the
fourth day after the end of the heavy rainfall, the river plume area in-
creased to 255 km2 through extension toward the north, driven by
lake water currents resulting from southeasterly and south winds
(Table S1). On October 14, the sixth day after the end of the heavy rain-
fall event, the river plume area increased to 270.3 km2, with the plume
from the Tiaoxi River combiningwith a small river plume formed by the
adjacent Changxing River. On October 21, 13 days after the rainfall
event, the river plume reached amaximal area of 302.8 km2. OnOctober
23, 15 days after the rainfall event, the river plume was still visible, al-
though smaller, but the plume boundary was not easily identified, and
the plume area was not calculated (Fig. 7).

There were highly significant linear correlations between (i) rainfall
amount andmaximumplume area and (ii) rainfall amount and average
plume area (Fig. 8). When the correlation analysis was performed with
exclusion of the three largest rainfall events with rainfall N120mm(Oc-
tober 7–8, 2007; August 7–10, 2012; andOctober 6–8, 2013), significant
linear relationships were still observed, indicating that the river plume
area was controlled by the rainfall amount. The linear slope of the
plume area vs. rainfall amount of all 20 rainfall events was close to
that of the 17 events excluding the three largest rainfall events (0.96
vs 0.69 for maximal plume area and 0.89 vs 0.62 for average plume
area) (Fig. 8). We further analyzed the plume area to rainfall ratio. For
maximal plume area, the average ratios of plume area to rainfall were
0.65 ± 0.33 and 0.62 ± 0.35 km2/mm, without statistical significance
(ANOVA, p = 0.79), when including and excluding, respectively, the
three largest rainfall events. Similarly, for the average plume area, the
average ratios of plume area to rainfall were 0.58 ± 0.30 and 0.54 ±
0.30 km2/mm, without statistical significance (ANOVA, p = 0.76),
when including and excluding, respectively, the three largest rainfall
events.

3.3. TSM concentration before and after heavy rainfall events: pooled data

Comparison of the TSM concentrations before and after heavy rain-
fall events showed that heavy rainfall had a significant impact on the
concentration and distribution of TSM in the lake area adjacent to the
Tiaoxi River (Table 2). For the 14 heavy rainfall events for which pre-
rainfall MODIS imageswere available, the average pre-rainfall TSM con-
centration was 50.8 ± 23.9 mg/L, which was significantly lower than
the maximum and average TSM concentrations of 125.7 ± 62.4 mg/L
and 119.2±62.0mg/L, respectively, in the river plume after heavy rain-
fall (one-way ANOVA, p b 0.001).

During the 10 heavy rainfall events for which MODIS images were
available formultiple days after the event, the TSMconcentration exhib-
ited different variation trends reflecting the balance between TSM
input, sedimentation, dilution, and resuspension. In 5 of the 10 heavy
rainfall events, the TSM concentration gradually decreased, reflecting
the sedimentation and dilution of the TSM in the surrounding clear
water. For example, from September 13–17 2005, the TSM concentra-
tion decreased from 132.5 to 84.1 mg/L, and from November 10–13
2008, the TSM concentration decreased from 151.0 to 96.1 mg/L
(Table 2). In contrast, in 4 of the 10 heavy rainfall events, the TSM rap-
idly increased over time, reflecting continuous TSM input from the
Tiaoxi River. For example, from September 16–17 2004, the TSM con-
centration increased from 101.4 to 242.4 mg/L, and from October 16–
17 2010, the TSM concentration increased from 83.0 to 142.7 mg/L. In
addition, in 2011, the TSM concentration increased from 150.9 mg/L
on August 31 to 230.3mg/L on September 2 and then rapidly decreased
to 77.7 mg/L on September 4. The variations in TSM concentration after
the heavy rainfall events reflect different controlling processes. In the
initial 1–3 days, the TSM increased due to the input from the Tiaoxi
River and then decreased in the late 5–7 days due to the sedimentation
and dilution of the TSM in the surrounding clear water. Previous studies
showed sediment resuspension and sedimentation were widely ob-
served in the different lake regions in Lake Taihu (Liu, Zhang, Yin,
Wang, & Qin, 2013; Qin, Hu, Gao, Luo, & Zhang, 2004; Zhang et al.,
2006; Zhu et al., 2015). The critical wind speed of sediment suspension
in Lake Taihu was 4.0 m/s. When the wind speed was lower than the
critical wind speed, the TSMwas suspended or settled in the water col-
umn (Qin et al., 2004). From September 1 to 4 in 2011, the daily average
wind speedwas 1.8, 1.8, 2.0, and 2.8m/s (Table S1), indicating amarked
TSM sedimentation in the water column, thereby decreasing the TSM
concentration.

3.4. TSM concentration before and after the strongest rainfall event:
October 6–8 2013

On October 4 before the strongest rainfall, the first MODIS image for
this event showed that the average TSM concentration was 62.8 mg/L
(Tables 1, 2 and Fig. 7). OnOctober 10, two days after the event, the sec-
ond MODIS image showed an average TSM concentration in the river
plume of 127.5 mg/L, reflecting abundant input of TSM from the Tiaoxi
River. On October 12 and 14, the fourth and sixth days after the end of
the event, the average TSM concentration of the plume decreased to
119.3 and 111.9 mg/L, respectively. On October 21, 13 days after
the rainfall event, the average TSM concentration in the plume was
73.3 mg/L, which was significantly higher than that of the water sur-
rounding the plume. At 15 days after the strongest rainfall event, the
river plume could still be observed in the MODIS image, although it
was greatly diminished in intensity and size compared with that ob-
served on October 10 (Fig. 7).

3.5. Correlation between rainfall amount and TSM concentration

The results showed that the rainfall amount was positively but not
significantly associated with the maximum or average TSM concentra-
tions of the river plume, which could be explained from three aspects.
First, the availability of MODIS images after the heavy rainfall events
was not consistent for all 20 heavy rainfall events. The MODIS images
were occasionally available immediately or several days after the
heavy rainfall event. Therefore, it is difficult to develop an empirical
correlation between TSM concentration and rainfall amount for all 20
heavy rainfall events. Second, the TSM concentration in the Tiaoxi
River resulting from the heavy rainfall events might have an upper
limit value, depending on the vegetation cover, geology and geography



Fig. 7. TSM concentrations fromMODISmapping results before (a) and after (b-f) the heavy rainfall event of October 6–8, 2013. October 4, before (a); October 10, 2 days after (b); October
12, 4 days after (c); October 14, 6 days after (d); October 21, 13 days after (e); October 23, 15 days after (f). The outlined area represents the river plume.
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conditions, and soil erosion intensity of the catchment. A total of 90%
vegetation cover in the Tiaoxi River catchment causes the TSM con-
centration not to linearly increase with increasing rainfall amount.
However, an increasing rainfall amount regulates the amount of sedi-
ment transported to the river, thereby increasing the TSM input into
the lake without increasing the TSM concentration. Third, the rainfall
amountwas potentially not the only factor controlling the TSM concen-
tration in the river plume. Other factors, such as background TSM con-
centration and sediment resuspension, might also control the TSM
concentration in the river plume. The TSM concentration determined
using the available MODIS images before the heavy rainfall event was
significantly correlated with the daily average wind speed of the



Fig. 8. Linear relationships between rainfall amount and maximal plume area (a) and average plume area (b).
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antecedent day due to the lag of sediment resuspension induced by
wind waves (r2 = 0.48, p b 0.01, n = 14) (Fig. 9, Table S1), indicating
the significant influence of wind waves on the TSM concentration.
Therefore, the increase in the TSM concentration after the heavy rainfall
event was not significantly positively correlated with the increase of
rainfall in the river catchment.

4. Discussion

4.1. Application of remote sensing for tracing the river plume in
lake turbidity

Due to the lack of in situ TSM concentration measurements in this
region during heavy rainfall events, there is a clear need for more fre-
quent and synoptic measurements of TSM to complement field data.
Such data, obtained from satellite ocean color sensors, might facilitate
the determination of the correlations between river input and lake eco-
system evolution to direct management efforts.

Currently, satellite imagery data are widely used to determine the
distribution of environment parameters at large spatial scales, with bet-
ter spatial and temporal resolution than that obtained using traditional
measurement techniques. Previous studies using remote sensing imag-
ery to study the spatio-temporal variability of river plumeshave focused
on the river plumes in estuary and coastal waters, discharged through
relatively large river systems (Chen et al., 2011; Lahet & Stramski,
2010; White et al., 2009), based on 1-km resolution satellite data
(Nezlin et al., 2005; Thomas & Weatherbee, 2006; Warrick et al.,
Fig. 9. Linear relationships between the TSM concentration and the daily average wind speed o
images obtained before the heavy rainfall.
2007). In the present study, we demonstrated the use of remote sensing
to monitor the TSM plume resulting from heavy rainfall events in lake
turbidity. The results showed that a linear model could be used to esti-
mate the river plume area affected by heavy rainfall events when in-
cluding and excluding the three largest rainfall events. In addition, the
intercept of the relationships was small, suggesting that rainfall was
the primary determinant of the river plume area.

The lack of larger scale spatial and temporal data for the Tiaoxi River
plume has precluded in-depth analysis of the dynamics of the TSM
plume. It is unlikely that traditional shipboard measurement can quan-
titatively determine the river plume area due to the constraints associ-
ated with field sampling (Corcoran et al., 2010). For example, in the
Ventura region of the USA, the river plume areas obtained from satellite
imagery significantly exceeded the areas covered using ship-based sur-
veys, as station grids do not capture the entire regional plumes given the
time, expense, and difficulty required from such an effort (Nezlin et al.,
2008). We expect that these constraints also pertain to Lake Taihu,
China, and that the areas of the Tiaoxi River plume, derived from the sat-
ellite images, exceed those determined using ship-based surveys. For
large, shallow Lake Taihu, although there are comprehensive studies
of a key determinant of TSM concentration, namely, the effect of
wind-driven sediment resuspension (Zhang et al., 2006; Zhang et al.,
2014), few studies have focused on the effect of river plume on the
TSM concentration. Thus the application of remote sensing is of partic-
ular value. The present study demonstrates the advantageous applica-
tion of remote sensing to obtain large spatial scale data on the TSM
plume (compared with traditional shipboard in situ measurement)
f the antecedent 2 days (a) and 1 day (b) and the same day (c) for the 14 available MODIS
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and enhances the current knowledge of the important effects of heavy
rainfall-induced river plumes on the TSM concentration in a large shal-
low lake.

However, describing the river plume using remote sensing technol-
ogy has some limitations, particularly concerning the time series
resulting from the relatively low revisit frequency for some satellites
and cloudy weather (Petus et al., 2014; Svejkovsky, Nezlin, Mustain, &
Kum, 2010). In the present study, imageswere not available and contin-
uous for all days of interest associated with the heavy rainfall events.
Heavy Tiaoxi River discharges are associatedwith stormy orwindy con-
ditions, characterized by high rainfall and extensive cloud coverage.
These two factors prevent the collection of satellite images with infor-
mation onwater color and river plume turbidity. These images are avail-
able for the decreasing discharge periods following flood peaks, when
cloud coverage decreases. From2004 to 2013, only 48 cloud-free images
were available for the 20 heavy rainfall events, accounting for only 20%
of the 99 heavy rainfall events.

However, similar weather-related limitations also apply when using
in situ measurements, as shipboard surveys and sampling data quality
are highly dependent on the wind and lake conditions (Warrick et al.,
2007). Thus, despite the monitoring system employed, there are chal-
lenges in describing the Tiaoxi River turbid plume during maximum
flood events. Consequently, the maximum river plume and TSM con-
centration discharged through the Tiaoxi River turbid plume are likely
underestimated.

Despite these limitations, the MODIS database used in the present
study provided a frequent overview of the Tiaoxi River turbid plume,
confirmed by our field observation after a heavy rainfall event from
Fig. 10. Long-term trends in the frequency (a, b) and rainfall amount (c, d) of rainstorms and l
frequency and rainfall amount vs year. (For interpretation of the references to color in this figu
August 11 to 14, 2011. The satellite database was representative of all
heavy rainfall events in Lake Taihu (Fig. 7), facilitating a description of
the spatio-temporal variability in the river plume area affected by
heavy rainfall events over multiple years. In the future, remote sensing
will play an important role in monitoring the river plume resulting
from heavy rainfall events because extreme precipitation and flood
events are expected to increased based on the evidence of global
warming and the anthropogenic influence on various aspects of the
global hydrological cycle (O'Gorman & Schneider, 2009; Stocker, Dahe,
& Plattner, 2013). For example, the Coupled Model Intercomparison
Project Phase 5 (CMIP5) simulation projected an increase in the globally
averaged 20-year return values of annual maximum 24-h precipitation
amounts of approximately 6%/°C of global average warming (Kharin,
Zwiers, Zhang, & Wehner, 2013). The past 50-year (1965–2014) obser-
vation of Lake Taihu showed that the frequency and rainfall amount of
rainstorms and large rain significantly increased (Fig. 10), indicating
an increase of heavy precipitation. The heavy rainfall events have been
associated with strong soil erosion and loss and increased sediment
loading to form the river plume to the lake from the catchment
(Coppus & Imeson, 2002). In addition, this approach facilitates the im-
mediate and effective evaluation of ecosystem conditions for ecosystem
health assessment after severe flood events.

4.2. Spatio-temporal extent and affecting factors of the river plume

In the present study, the river plumes after heavy rainfall events in
Lake Taihu markedly varied in size, and the largest extended up to
302.8 km2, whereas the smallest was only 2.8 km2 (Table 2, Fig. 7).
arge rain from 1965 to 2014 in Lake Taihu. The red straight line indicates the linear fitting
re legend, the reader is referred to the web version of this article.)
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The duration of the river plumes ranged from 1 day to more than
10 days (October 9–23, 2013) (Table 2, Fig. 7). In addition, although
the field investigation of the TSM concentration after a heavy rainfall
event could not map the area of the river plume in the present study,
the marked decrease in the TSM concentration from the mouth of the
Tiaoxi River to the littoral water further confirmed that river input
after heavy rainfall events could provide a large amount of TSM and
form the potential high turbid region around the littoral water.

Although freshwater river discharge entering a freshwater lake
exhibited different behaviors, including dispersion, dilution, and bio-
geochemical processes, compared with freshwater river discharge en-
tering the estuary and ocean, the spatial extent and persistence of the
river plumes resulting from heavy rainfall events documented in the
present study in Lake Taihu were comparable to those of river plumes
in other regions (Nezlin et al., 2005; Petus et al., 2010). The most com-
mon plume area in Santa Monica Bay, California (USA) was ˂2 km2,
and the maximum plume area was 30–60 km2, based on data obtained
from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) between
1997 and 2003 (Nezlin et al., 2005). The river plumes persisted in
Santa Monica Bay, California (USA) for at least 6 days (Corcoran et al.,
2010). The Adour River turbid plume area (Bay of Biscay, France) ranged
from less than 1 km2 tomore than 1500 km2 based onMODIS 250m im-
agery (Petus et al., 2010).

In estuary and coastal waters, spatio-temporal variations of river
plumes are affected by many factors, including tide, rainfall, river dis-
charge, wind, current, and extreme weather events (Chung, Liu, Chiu,
& Liu, 2014; Lihan et al., 2008). However, in lake waters, the river
plume area and spatio-temporal expansion are primarily controlled by
rainfall, river discharge and wind. Many studies in lakes have shown
that the amount of rainfall over the watershed was the main factor reg-
ulating the area of the river plume (Nezlin & DiGiacomo, 2005; Nezlin
et al., 2005; Petus et al., 2010), consistent with the results of the present
study. In Lake Taihu, both the maximal and average river plume areas
significantly increased with increasing amounts of rainfall (Fig. 8). Sim-
ilar correlations have been reported for southern California coastal wa-
ters in Orange County and San Diego regions (Nezlin & DiGiacomo,
2005; Nezlin et al., 2005). The amount of river discharge is typically pro-
portional to the amount of rainfall (Chung et al., 2014), and thus, the
amount of discharge similarly affects the river plume compared with
the amount of rainfall. In the present study, we did not discuss the effect
of river discharge because these data were not available.

The spatial variability of a river plume is greatly influenced by wind
(Lahet & Stramski, 2010; Petus et al., 2010; Thomas & Weatherbee,
2006; Warrick et al., 2007), and wind is also a major factor controlling
the transport pathways of the river plume (Lihan et al., 2008). In the
present study, it was difficult to quantitatively describe the effect of
wind speed on changes in the area of the river plume for each of the
heavy rainfall events due to insufficient continuous availableMODIS im-
ages. However, it was evident that in the strongest rainfall event, in Oc-
tober 2013, the expansion of the river plume from October 12 to 14
toward the northern and northwestern littoral regions, following the
rainfall event of October 6–8, was affected by southeasterly and south
winds from October 12 to 14 (Table S1).

In addition, sediment resuspension driven by wind significantly af-
fected temporal changes in the TSM concentration of the river plume.
The high daily average wind speeds of 5.4, 6.3, and 5.0 m/s on October
6, 7, and 8 (Table S1),whichweremarkedly higher than the 4.0m/s crit-
ical wind speed of sediment resuspension in Lake Taihu (Qin et al.,
2004), caused sediment resuspension, contributing to the increase of
the TSM concentration from 62.8 mg/L on October 4 to 127.5 mg/L on
October 10. In contrast, the average TSM concentration of the river
plumedecreased to 119.3 and 111.9mg/L on October 12 and 14, respec-
tively, reflecting the dilution and sedimentation accompanying the low
daily averagewind speed fromOctober 9 to 14 (1.2, 1.5, 2.5, 2.9, 3.1, and
2.9 m/s) (Table S1), which wasmarkedly lower than the 4.0m/s critical
wind speed of sediment resuspension (Qin et al., 2004). Therefore, both
the turbid river plumes and sediment resuspension driven bywind col-
lectively produced the overall pattern of TSM concentration. Indeed,
many previous studies have confirmed that sediment resuspension
driven by wind waves significantly affected temporal changes in the
TSM concentration in shallow Lake Taihu (Liu et al., 2013; Qin et al.,
2004; Zhang et al., 2006).

4.3. Future improvements of the present study

In the present study, we demonstrated that remote sensing images
yield valuable data in studies of the effects of the inflowing rivers on
lake turbidity. However, further refinements are needed. Increasing
the amount of satellite data should increase the number of ocean color
data matching different heavy rainfall event conditions and increase
the temporal representation of the satellite database. Images at higher
temporal resolution (hourly rather than daily) are required to better
characterize higher-scale phenomena, such as the continuous spread
of the river plume in Lake Taihu after each heavy rainfall event. A poten-
tial source of such high temporal resolution data is the Geostationary
Ocean Color Imager (GOCI) launched in June 2010 for the near real-
time monitoring of aquatic environments in northeast Asia, with a
500 m spatial resolution that provides an accurate estimation of the
TSM concentration (Choi et al., 2014; He et al., 2013). The GOCI covers
Lake Taihu and is composed of sixteen (4 × 4) slot images, facilitating
the hourly monitoring of the TSM concentration and the expansion of
the river plume after heavy rainfall events in Lake Taihu.

To assess the exposure of lake ecosystems to land-based pollutants
discharged through the Tiaoxi River, it would be necessary to scale the
satellite-retrieved spatial and temporal information (such as the risk
of exposure to lake ecosystems from the inflowing river waters) with
in situ water quality measurements, such as loads of nutrients (which
increase phytoplankton production), pollutants and bacteria (threaten-
ing ecosystem and human health). A study in SantaMonica Bay, Califor-
nia (USA) through shipboard monitoring showed that the waters of the
river plume had higher concentrations of dissolved nitrogen and CDOM
compared with the surrounding waters, leading to increases in diatom
biomass and primary productivity (Corcoran et al., 2010). In the present
study of Lake Taihu,we showed that the turbid plumeof the Tiaoxi River
had a significant effect on the TSM concentration and nutrient input,
which certainly will have an important effect on the underwater light
climate in the southwestern part of Lake Taihu because the TSM concen-
tration is thedetermining factor of theunderwater climate in Lake Taihu
(Liu et al., 2013; Zhang, Zhang, Ma, Feng, & Le, 2007). Therefore, the
scarce distribution of SAV in the littoral water near the Tiaoxi River is
likely associated with the turbid river plume (Dong, Qin, Gao, & Cai,
2014). Further developments should include the influence of coastal
currents, wave energy, and bathymetry, determined by numerical
modeling, to generate a complete assessment of the littoral areas ex-
posed to the Tiaoxi River turbid plume.

5. Conclusions

To examine the spatio-temporal variations of the Tiaoxi River plume
and determine the effects of rainfall andwind on the plume, we used 48
250 m MODIS images acquired during 20 heavy rainfall events in Lake
Taihu from 2004 to 2013. The heavy rainfall events caused a significant
river plume and the input of a large amount of TSM, effects that have
been ignored in previous studies on shallow large Lake Taihu. The area
of the river plume was highly significantly correlated with the amount
of the heavy rainfall, indicating that the rainfall amount and the atten-
dant river discharge were determining factors for the river plume.
These results confirmed that optical remote sensing can be used to
monitor a discharge of terrigenous and anthropogenic TSM after
heavy rainfall and the subsequent development of a turbid river
plume in the waters of a lake, similar to the applications of optical re-
mote sensing in many estuaries and coastal waters following heavy
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rainfall (Lahet & Stramski, 2010; Nezlin et al., 2008; Petus et al., 2010).
Remote sensing imagery has increased the current knowledge of the
Tiaoxi turbid river plume, thereby supporting the management and as-
sessment of the water quality in Lake Taihu, particularly with the in-
crease of heavy rainfall under global warming. Considering the effects
of discharge, winds and currents, additional studies are needed to un-
derstand the evolution of heavy rainfall river plumes over shorter time-
scales in Lake Taihu, combining the higher temporal resolution of GOCI
data with in situ water quality measurements and numerical modeling.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.rse.2015.11.020.
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Supplementary Material 
Table S1 Wind speed and wind direction before, during and after heavy rainfall 

Event Year S D S D S D S D S D S D S D S D S D S D S D 

1 2004 Jun. 21 Jun. 22 Jun. 23 Jun. 24 Jun. 25 Jun. 26 Jun. 27 Jun. 28    

2.0 W 1.8 SE 2.4 SE 2.0 NNE 1.2 SE 1.8 SSW 2.1 ESE 2.1 ESE       

2 2004 Sep. 12 Sep. 13 Sep. 14 Sep. 15 Sep. 16 Sep. 17      

2.6 N 2.4 NNE 2.4 E 1.7 SE 1.6 ESE 1.7 ESE           

3 2005 Jul. 18 Jul. 19 Jul. 20 Jul. 21 Jul. 22 Jul. 23 Jul. 24     

4.2 E 4.6 E 4.2 SE 3.9 ESE 4.2 SE 2.5 ESE 2.6 ESE         

4 2005 Sep. 9 Sep. 10 Sep. 11 Sep. 12 Sep. 13 Sep. 14 Sep. 15 Sep. 16 Sep. 17   

1.5 NNE 1.5 E 3.2 NE 4.5 NE 0.4 NW 2.6 ESE 2.2 ESE 2.5 ESE 1.9 ESE     

5 2006 Jul. 22 Jul. 23 Jul. 24 Jul. 25 Jul. 26 Jul. 27 Jul. 28 Jul. 29    

1.5 N 1.9 N 1.5 ESE 2.1 E 3.6 SE 2.7 SSE 2.7 SSE 1.8 ESE       

6 2007 Mar. 12 Mar. 13 Mar. 14 Mar. 15 Mar. 16 Mar. 17 Mar. 18 Mar. 19 Mar. 20   

2.3 ESE 1.9 ESE 2.8 ESE 2.2 WNW 2.4 NE 2.3 N 1.5 ENE 1.2 N 1.6 WSW     

7 2007 Oct. 3 Oct. 4 Oct. 5 Oct. 6 Oct. 7 Oct. 8 Oct. 9 Oct. 10 Oct. 11   

3.3 ESE 3.0 SE 2.3 SE 2.1 N 5.2 NNE 6.8 NNE 4.2 N 1.9 NNW 1.7 N     

8 2008 Jun. 4 Jun. 5 Jun. 6 Jun. 7 Jun. 8 Jun. 9 Jun. 10 Jun. 11 Jun. 12   

5.5 WNW 2.0 NW 3.2 SE 1.6 SSW 1.8 SSW 1.5 ESE 1.7 E 2.3 NNE 3.6 SE     

9 2008 Nov. 3 Nov. 4 Nov. 5 Nov. 6 Nov. 7 Nov. 8 Nov. 9 Nov. 10 Nov. 11 Nov. 12 Nov. 13 

1.4 WNW 1.9 ESE 1.1 WNW 1.6 NNW 2.7 NNE 4.6 NNE 4.0 N 3.2 N 3.1 WNW 2.1 WNW 1.4 S 

10 2009 Mar. 31 Apr. 1 Apr. 2 Apr. 3 Apr. 4 Apr. 5 Apr. 6 Apr. 7 Apr. 8 Apr. 9  

2.6 NNE 3.7 NNE 3.8 SE 1.6 ESE 1.8 N 1.9 NE 1.9 ESE 2.5 SE 2.4 NE 2.4 ESE   

11 2010 Apr. 8 Apr. 9 Apr. 10 Apr. 11 Apr. 12 Apr. 13 Apr. 14 Apr. 15 Apr. 16   

4.0 SE 2.9 SE 2.3 ESE 3.0 ENE 3.1 NNW 2.5 NNE 3.6 ENE 2.1 NE 2.5 SE     



12 2010 Jul. 3 Jul. 4 Jul. 5 Jul. 6 Jul. 7       

1.0 WNW 2.2 NNW 2.3 WNW 1.4 S 2.0 SE 1.0            

13 2010 Oct. 8 Oct. 9 Oct. 10 Oct. 11 Oct. 12 Oct. 13 Oct. 14 Oct. 15 Oct. 16 Oct. 17  

2.1 ENE 1.6 NE 3.1 ESE 2.3 WNW 2.0 NE 1.7 ENE 1.6 NW 2.0 NW 1.3 SE 1.3 ENE   

14 2011 Jun. 2 Jun. 3 Jun. 4 Jun. 5 Jun. 6 Jun. 7 Jun. 8     

1.9 ESE 2.3 S 0.9 ESE 2.3 NE 2.4 E 2.1 ENE 1.5 SSE         

15 2011 Aug. 23 Aug. 24 Aug. 25 Aug. 26 Aug. 27 Aug. 28 Aug. 29 Aug. 30 Aug. 31 Sep. 1 Sep. 2 

2.8 WNW 2.8 NNE 2.0 NE 2.5 ENE 2.5 ESE 1.7 SE 2.2 SE 2.4 NE 3.8 ENE 1.8 ENE 1.8 N 

Sep. 3 Sep. 4                   

2.0 N 2.8 NNW                   

16 2012 May. 4 May. 5 May. 6 May. 7 May. 8 May. 9 May. 10 May. 11    

1.5 E 1.4 WNW 1.6 NW 1.9 SE 2.6 S 2.3 NNE 3.2 ESE 3.8 ESE       

17 2012 Jun. 14 Jun. 15 Jun. 16 Jun. 17 Jun. 18 Jun. 19 Jun. 20 Jun. 21    

4.1 ESE 2.7 ESE 2.4 SE 2.6 ESE 1.0 SE 1.2 NNE 2.5 E 2.9 ESE       

18 2012 Aug. 6 Aug. 7 Aug. 8 Aug. 9 Aug. 10 Aug. 11 Aug. 12 Aug. 13 Aug. 14   

3.8 NNE 4.5 N 9.0 NNE 4.5 ESE 4.0 E 2.4 S 1.4 SE 1.1 NE 0.9 WNW     

19 2013 May. 13 May. 14 May. 15 May. 16 May. 17 May. 18 May. 19     

2.0 ESE 2.9 ESE 3.0 ENE 3.6 E 1.9 E 2.0 WNW 3.3 WNW         

20 2013 Oct. 3 Oct. 4 Oct. 5 Oct. 6 Oct. 7 Oct. 8 Oct. 9 Oct. 10 Oct. 11 Oct. 12 Oct. 13 

2.2 NNE 1.7 ENE 2.3 N 5.4 N 6.3 NNE 5.0 NNE 1.2 WNW 1.5 ENE 2.5 ENE 2.9 SE 3.1 SE 

Oct. 14 Oct. 15 Oct. 16 Oct. 17 Oct. 18 Oct. 19 Oct. 20 Oct. 21 Oct. 22 Oct. 23  

2.9 S 4.9 NNE 2.9 NNW 0.9 N 1.0 ENE 0.9 WNW 1.8 NNE 2.1 NNE 1.8 WNW 1.6 N   

S: daily average wind speed; D: wind direction of daily maximal wind speed.  
For 14 events with the available MODIS images before the heavy rainfall event, wind speed and direction data are provided from the antecedent one day of the first 
MODIS image to the final MODIS images day. For other 6 heavy rainfall events, wind speed and direction data are provided from the antecedent one day of the rainfall 
event to the final available MODIS images day after the heavy rainfall event. 
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