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Abstract: Large rivers without hydrological data from remote sensing observations have recently
become a hot research topic. The Irrawaddy River is among the major tropical rivers worldwide;
however, published hydrological data on this river have rarely been obtained in recent years. In
this paper, based on the existing measured the total suspended matter flux (FTSM) and discharge
data for the Irrawaddy River, an inversion model of the total suspended matter concentration (CTSM)
is constructed for the Irrawaddy River, and the CTSM and FTSM from 1990 to 2020 are estimated
using the L1 products of Landsat-8 OLI/TIRS and Landsat-5 TM. The results show that over the last
30 years, the FTSM of the Irrawaddy River decreased at a rate of 3.9 Mt/yr, which is significant at the
99% confidence interval. An increase in the vegetation density of the Irrawaddy Delta has increased
the land conservation capacity of the region and reduced the inflow of land-based total suspended
matter (TSM). The FTSM of the Irrawaddy River was estimated by fusing satellite data and data
measured at hydrological stations. The research method employed in this paper provides a new
supplement to the existing hydrological data for large rivers.

Keywords: total suspended matter; Irrawaddy; Landsat; flux estimation

1. Introduction

Total Suspended Matter (TSM) is an important indicator for assessing water quality.
The collection and study of information on the concentration and flux of TSM (CTSM and
FTSM, respectively) in large rivers is a current research hotspot. Recent studies have shown
that the FTSM value in large deltaic rivers is declining, especially in Asia [1]. As more dams
and other river projects are built and used, the transfer of water and sediment to the sea will
decrease [2]. Over the past 60 years, nine major rivers in China [3], as well as the Mekong
River [4] and the Ganges–Brahmaputra River [5], have demonstrated notable reductions in
FTSM due to the construction of reservoirs and dams.

At present, the traditional estimation methods of FTSM are based mainly on station
measurements [3,6,7] or hydroclimatic models [4]. Some of the abovementioned methods
are disadvantageous due to being computationally intensive and undersupplied in terms
of usable data, and some are excessively costly [8]. In large tropical rivers, installing and
maintaining hydrological stations is very expensive; thus, the collection of river discharge
and sediment data is limited. For these reasons, there is a growing interest in the scientific
community to assess the FTSM in large rivers using remote sensing data [9]. Currently,
numerous scholars have used various ocean color satellite sensors [10–12] to estimate FTSM
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values in study areas that include rivers, lakes, and nearshore waters. The integration of
data from different satellites and the fusion of satellite data with in situ measurements from
hydrological stations represent potential approaches for researching the variability in TSM
fluxes within river systems [13–15].

Remote sensing is an efficient, low-cost, long-term indirect observation technique,
and it plays an important role in several research areas, including hydrology [16,17].
The Irrawaddy River originates from the glaciers of the southeastern Himalayas at the
confluence of the North Mai and Mali Rivers. The Irrawaddy River is considered to be one
of the world’s major tropical river systems [18]. The river basin covers 60% of the territory
of Myanmar and is home to more than 90% of the country’s population, who relies heavily
on the river and its resources for their livelihoods [19]. The Irrawaddy River ranks fifth
in the world in terms of the FTSM, and the mixed system of the Irrawaddy River and the
Thanlwin River accounts for 20% of the total flux of material from the Himalayan–Tibetan
orogenic belt [20]. However, in recent decades, the once-pristine Irrawaddy basin has been
severely disturbed by increasing human activity, such as dam construction, agricultural
development, deforestation, and land-based mining [21]. These disturbances have led to
perceptible changes in the conditions of the Irrawaddy basin river channels [22]. The lack of
publicly available local data on suspended fluxes and the paucity of long-term hydrological
information—most scholarly studies to date have been based on historical data—present a
formidable challenge for hydrological studies of the Irrawaddy River. Therefore, the use of
long time series remote sensing data to estimate the FTSM in the Irrawaddy River can be an
effective supplement to local hydrological data. Moreover, the use of multisource data to
quantify the factors that influence the FTSM in the river can help identify the extent to which
global changes are affecting the river and further clarify the mechanisms of land–ocean
material exchange.

2. Materials and Methods
2.1. Study Area

The Irrawaddy River originates in the eastern part of the Qinghai–Tibetan Plateau
(QTP). It is approximately 2100 km long and eventually discharges into the Indian Ocean.
Most of the Irrawaddy Basin is located in Myanmar, with a small part being in the Chinese
and Indian territories. The northern part of the basin is high in the mountains, and the
southern part is a deltaic basin. The Irrawaddy River basin has a tropical monsoon climate,
with heavy rainfall occurring from May to October and a dry season occurring from
November to April. However, the average annual rainfall is spatially variable and ranges
from approximately 500 mm in the central area of the basin to approximately 4000 mm in
the northern mountains [23]. The mean daily temperature varies between 21 and 34 ◦C in
the summer and between 11 and 23 ◦C in the colder seasons [24]. The Irrawaddy River
has mean and maximum discharge rates of approximately 13,000 m3/s and 32,600 m3/s,
respectively. The main sources of river water are snow and ice from the upper Tibetan
Plateau and the contribution of precipitation to the basin [25]. The annual suspended
matter transport is 325 ± 57 × 106 tons [19].

Furuichi calculated the monthly total discharge and suspended matter flux of the
Irrawaddy River from 1966 to 1996 based on data provided by the Pyay hydrological
station [19]. For comparison, our flux estimation section is located at the position shown
in Figure 1C (i.e., before the river course of the Irrawaddy River bifurcates and is close
to Pyay), which is conducive to building an inversion model based on the data recorded
by the station. The location of the cross-section is considered to be the nontributary river
channel, and the cross-section is close to Pyay to match the historical data.
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Figure 1. (A) The location of the Irrawaddy River (blue line) and the basin (black line). (B) The
location of the satellite image of the selected inversion modeling area (red box). (C) The location of
the satellite image used to estimate the FTSM (red line).

2.2. Data

The reanalysis data used in this study included discharge and precipitation data. The
discharge data are derived from the Global Flood Awareness System (GloFAS) [26], which
is part of the Copernicus Emergency Management Service (CEMS). The dataset is simulated
by a hydrological river routing model and global reanalysis grid runoff data. The difference
between the discharge values and the actual values in the river basin, which were measured
from the local hydrology station, was 10% or less. The spatial resolution of the raster data
is 0.1◦ × 0.1◦, and we used the monthly average discharge data from 1990 to 2020.

The precipitation data originate from the Global Precipitation Climatology Project
(GPCP) [27]. The GPCP is a satellite precipitation product that combines the infrared and
microwave data of dozens of geostationary satellites and polar orbiting satellites compiled
by the Global Precipitation Climatology Center and corrected by data from multiple ground
stations worldwide. The resolution of the data is 0.5◦ × 0.5◦. This study used monthly
average precipitation data from 1990 to 2020.

2.2.1. Remote Sensing Data

This study used Landsat data, including Landsat-8 Operational Land Imager (OLI)/Thermal
Infrared Sensor (TIRS) L1 products (resolution: 30 m) and Landsat-5 Thermal Mapper (TM)
L1 products (resolution: 30 m), as experimental satellite data. We also used Sentinel-2
data (resolution: 10 m) to verify the spectrum of the Landsat satellite data. These satellite
data were downloaded from the official website of the United States Geological Survey
(USGS) (https://earthexplorer.usgs.gov/, accessed on 1 October 2021). The Landsat satellite
products provide images of the nontidal reaches of the Irrawaddy River (row and column
number: 133-048) from 1990 to 2020. We selected at least one image for each season. After
removing the unusable data covered by the cloud, we obtained a total of 205 images.

https://earthexplorer.usgs.gov/
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2.2.2. Land Use Data

GlobeLand30 [28], which is a 30 m spatial resolution global land cover dataset devel-
oped by China that uses the WGS-84 coordinate system, was used as the land classification
data. The data include 10 primary types. The overall accuracy of the data is 85.72%, and
the Kappa coefficient is 0.82.

2.2.3. Remote Sensing Data Preprocessing

The Landsat data used in this study were obtained from the USGS official website,
and L1 standard data were downloaded. The data were geometrically corrected based
on the digital elevation model (DEM) data. To obtain more accurate reflectivity data, the
following steps need to be taken.

(1) Radiometric Calibration

When comparing remote sensing data at different times, from different places or
from different sensors, it is necessary to convert the gray value of the image into absolute
radiance to calculate the spectral reflectance or spectral radiance of ground objects. We
used the Radiometric Correction Radiometric Calibration function in ENVI 5.3 software to
complete the radiometric calibration.

(2) Atmospheric Correction

We used the Radiometric Correction—Atmospheric Correct Model—FLAASH Atmo-
spheric Correct Model function in ENVI 5.3 software to complete the atmospheric correction.
FLAASH is an improved model based on MODTRAN4 that has good accuracy in terms
of hyperspectral and multispectral data correction. The Atmospheric Model is selected as
Tropical according to the geographical location of the study area. Due to the unsatisfactory
performance of the default aerosol model (Rural) in TSM inversion experiments for highly
turbid water bodies [29,30], we opted to use the marine aerosol model.

(3) Validation of Landsat Data with Sentinel Data

Due to the lack of measured spectral data for large river water bodies, we chose the
star verification method to evaluate the atmospheric correction results. The basic process is
to select two satellites (i.e., sensors) with similar bands and resolutions, then select images
taken at the same time at the same location, and compare the reflectivity of each band on a
pixel-by-pixel basis.

The Sentinel-2 MultiSpectral Instrument (MSI) is a sensor mounted on Sentinel-2A
and Sentinel-2B. Sentinel-2 and Landsat-8 satellite data are widely used in water color
remote sensing, and a variety of algorithms have been developed for fusing water color
data from these two sensors [31,32]. In this study, for each river, two groups of Sentinel-2
L1C products (10 m resolution) are used to compare the Landsat-8 OLI products, and the
location is selected as the overlapping area of the two sensors that covers the target river
section. The selected Sentinel image acquisition times are 24 November 2018 at 4:11:39 and
16 May 2018 at 4:05:49. The selected Landsat image acquisition times are 24 November 2018
at 4:01:32 and 16 May 2018 at 4:01:14. Due to the close acquisition times, we believe that
their remote sensing reflectances are sufficiently comparable.

Radiometric calibration and atmospheric correction of the Landsat 8 OLI images were
carried out using ENVI 5.3 software. The Sentinel-2 images were corrected using SNAP
software (V9.0.0; 29.06.2022 15:00 UTC.). A sensor transformation method developed by
Zhang et al. (2018), which eliminates the difference between the OLI and MSI sensors,
was used to improve the accuracy of our comparison [33]. See Table 1 for the specific
transformation formula.
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Table 1. Transformation functions between the Sentinel-2 MSI and Landsat-8 OLI sensors using OLS
regression [33].

Band Transformation Function Sample Size R2

(p-Value) Mean Difference Mean Difference (%)

Blue λ
(~0.48 µm)

OLI = 0.0003 + 0.9570 MSI
MSI = 0.0039 + 0.9383 OLI 65,347,909 0.8980

(<0.0001) −0.0014 −4.64

Near-infrared λ
(~0.85 µm)

OLI = 0.0077 + 0.9644 MSI
MSI = 0.0147 + 0.9355 OLI 65,380,148 0.9022

(<0.0001) −0.0003 −0.22

3. Results

Since the main wavebands of the TSM inversion are near-infrared and blue light and
the inversion model is based on the ratio of near-infrared to blue light wavebands, in each
group of comparison images, we first resample the Sentinel image to the same resolution
as the Landsat image. Then, we randomly take points in the river area, calculate the ratio
of its near-infrared to its blue light wavebands, and compare the results of the two images.
As shown in Figure 2, the results reveal that in the Irrawaddy River, the overall R = 0.75,
and the root-mean-square error (RMSE) = 0.15. Our data are more accurate and reliable
following FLAASH atmospheric correction and can therefore be used for FTSM estimation.
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using Landsat and Sentinel data.

For the atmospherically corrected data, we adopted the following method to collect
the average remote sensing reflectance for the model [15,34]:

1. We extracted the remote sensing reflectance for all bands within the selected
10 × 10 pixel area (Figure 1B).

2. We applied Gaussian filtering.
3. Pixels with deviations significantly exceeding the standard deviation were sequen-

tially removed, ensuring that the variation coefficient (VC, SD/mean) was within 15%,
and the mean of the remaining pixels was calculated.

3.1. Imputing Missing Data

In this study, L1 products of Landsat-8 OLI/TIRS sensors and L1 products of Landsat-5
TM sensors are used as experimental satellite data. Remote sensing images of the nontidal
reaches of the Irrawaddy River were obtained for the period from 1990 to 2020 (Figure 1C).
The image data distribution is shown in Figure 3.
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Figure 3. Number of available remote sensing images in each year and season.

Due to the climatic characteristics of the geographical location of the study area, it
is difficult to obtain noncloud, high-quality remote sensing images from complete time
series, and thus, the adequacy of the research data cannot be guaranteed. In some years,
there may be no data in summer or autumn. In such cases, we use the following method
to fill in the missing data. First, we calculate the quarterly average CTSM of each season
in a year according to the measured data from Pyay Station from 1966 to 1996, published
by Furuichi and then, we calculate the CTSM ratio between seasons for all 30 years. This
method can maximize the consistency of quarterly TSM trend changes between years. The
results (Figure 4) show that most of the suspended solids are observed in the rainy season
(i.e., May–October) each year.
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Figure 4. Seasonal average CTSM trends in the Irrawaddy River calculated based on empirical data
from the literature. The blue histogram shows the specific values of the seasonal average CTSM, and
the red stacking curve shows the cumulative percentage of CTSM by season.

3.2. The M–K Test

The Mann–Kendall (M–K) test [35,36] is a climate diagnosis and prediction technique
that can be used to determine whether an abrupt climate change occurred from a climate
data series; if so, its occurrence time is expressed by the following equation:

S =
n

∑
i=2

i−1

∑
j=1

sign(Xi − Xj) (1)
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
Z = S−1√

n(n−1)(2n+15)
18

S > 0

Z = 0 S = 0
Z = S+1√

n(n−1)(2n+15)
18

S < 0

(2)

where X is the value of the variable. A positive Z value suggests an upward trend in the
variable, a negative Z value suggests a downward trend in the variable, and absolute Z
values greater than 1.28, 1.64, and 2.32 signify the passing of significance tests at confidence
levels of 90%, 95%, and 99%, respectively. The test result (i.e., Z value) reflects the overall
trend in the variable.

The M–K abrupt change test can be used to determine whether there has been an
abrupt change. Similarly, for variable series, we define the following expressions:

Sk =
k

∑
i=1

ri ri =

{
1, xi > xj
0, xi < xj

(3)

E[Sk] =
k(k − 1)

4
, var[Sk] =

k(k − 1)(2k + 5)
72

, 1 ≤ k ≤ n (4)

UFk =
Sk − E[Sk]√

var[Sk]
(5)

UBk = −UFk (6)

Then, whether there was an abrupt change in variable, Xn is analyzed based on the
UFk and UBk values.

4. Results
4.1. The CTSM Inversion Model

The water color elements are generally highly correlated with the remote sensing re-
flectance in specific bands. After atmospheric correction, we obtained the surface reflectance
product corresponding to the water body. The above parameters can be represented as:

sr(λ) =
π · Lω(λ)

Es(λ)
(7)

Rrs(λ) =
Lω(λ)

Es(λ) cos(θs)
(8)

where sr(λ) represents surface reflectance. Lω(λ) is the radiance of water surface reflection.
Es(λ)E is solar irradiance. Rrs(λ) is remote sensing reflectance. θs is solar zenith angle.
Solar irradiance is commonly considered approximately constant in the solar spectrum.
The cos(θs) value remains consistent for the same pixel. Therefore, in the same remote
sensing image, when calculating the ratio of different bands, the above expression can be
simplified to:

sr(λ1)

sr(λ2)
≈ Rrs(λ1)

Rrs(λ2)
(9)

According to the discharge and FTSM data provided by Furuichi from the Pyay station,
we divided the FTSM by the river discharge to obtain the CTSM. We calculated the seasonal
average reflectivity in a 10 × 10 pixel area on the section near Pyay (Figure 1B) using Landsat
5 TM images from 1990 to 1996 and compared it with the measured data to construct an
inversion model for the CTSM in the Irrawaddy River. The ratio of near-infrared to blue
light has a good correlation with the CTSM using the following expressions:

CTSM = a × eb·ratio (10)

ratio = BandNIR/BandBlue (11)
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where a = 274.15 and b = 0.67. BandNIR/BandBlue represents the ratio of remote sensing
reflectance between the near-infrared band and the blue band. A comparison of the in-
version results with the measured data reveals that the results are positively correlated
and distributed near the 1:1 line (R2 = 0.73, RMSE = 87.25; see Figure 5), thus indicat-
ing that the inversion model is suitable and that the inversion results are close to the
measured data.
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4.2. Distribution of CTSM to the Irrawaddy River

Based on the CTSM inversion equation, we inverted 205 remotely sensed images for
the CTSM. We calculated the arithmetic mean of the CTSM for each season during the
1990–2020 period. Based on these data, we plotted the seasonal distribution of CTSM in
the Irrawaddy River, as shown in Figure 6. The trend of the distribution shows that the CTSM
in the Irrawaddy River is more evenly distributed within the upper and lower reaches of the
river, and relatively high CTSM values are found on the eastern bank of the river, which is
presumably one of the main sources of suspended matter from land-based sources. The lowest
CTSM levels of the year were observed during the spring (i.e., March–May), with the highest
concentration being 480 mg/L and the lowest being approximately 380 mg/L; additionally,
most of the CTSM concentration levels remained below 400 mg/L. During the summer (i.e.,
June–August) and autumn (i.e., September–November), the concentration of suspended
matter increased significantly, with most of the river remaining at approximately 550 mg/L,
the lowest concentration at approximately 450 mg/L, and the highest occurring at approxi-
mately 580 mg/L. In winter (i.e., December–February), the distribution of suspended matter
concentrations was similar to but slightly greater than that in spring, as the suspended
matter concentration in the main river channels remained at approximately 400 mg/L,
with the highest concentration reaching 470 mg/L and the lowest reaching approximately
390 mg/L.

After filling in the missing data with the measured data from the Pyay station from
1966 to 1996, we obtained the quarterly average CTSM dataset for the Irrawaddy River
in the most recent 30 years. Based on this dataset, we calculated the annual average
CTSM for each year, and the results are shown in Figure 7. Sentinel-2 satellite, with higher
spatial and temporal resolution compared to Landsat, was utilized in our study with data
spanning from 2015 to 2020. After numerical transformations (Table 1), we performed
calculations for the CTSM using the same methodology. Despite discrepancies in the results
due to differences in sensors, the inversion outcomes from both satellites exhibit consistent



Remote Sens. 2024, 16, 753 9 of 16

temporal trends over the studied period. Moreover, we also synchronously displayed the
calculated results based on the measured dataset for the Pyay station. The results show
that the inversion results of the satellite images are similar to the calculated results of the
measured data in terms of their trend change and absolute values. The results showed that
during the 1990–2020 period, the CTSM of the Irrawaddy River showed a downward trend.
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Figure 7. Annual CTSM trend change in the Irrawaddy River. The blue circles represent the inversion
results from Landsat, the red circles represent the in situ data results, the black circles represent the
inversion results from Sentinel-2, the blue dotted line represents the linear regression of the inversion
results from 1990 to 2020, and the red dotted line represents the linear regression of the in situ data
from 1990 to 1996.
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4.3. Changes in FTSM in the Irrawaddy River

The discharge data in this study are based on GloFAS data, and pixels with the same
longitude and latitude as those in the flux calculation section were selected for calculation.
When the spatial resolution of the discharge simulation data is 0.1◦, there is a gap between
the volume and the actual discharge. To increase the accuracy of the discharge data, we used
the measured discharge from 1990 to 1996 to correct the linearity of the simulated discharge.
The results showed that during 1990–1996, the simulated discharge was close to the measured
discharge, and the trend change was consistent (R2 = 0.83, RMSE = 10.94 × 109 m3). The
corrected results are shown in the right panel in Figure 8. Considering the discharge
results in the M–K test formula, we calculate that, in the last 30 years, the discharge of the
Irrawaddy River has reached 6.37 × 106 m3/year, and the results are significant at the 90%
confidence interval (Z = −1.55, slope = −6.37 × 10−3).
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Figure 8. The correction results (left) of and the corrected discharge changes (right) in the GloFAS
discharge data based on the measured discharge data of the Pyay hydrologic station. The red dotted
line is the discharge data measured from Pyay, the blue solid line is the corrected discharge data from
the GloFAS, and the gray dotted line is the uncorrected discharge data from the GloFAS.

By multiplying the CTSM inversion dataset by the discharge of the corresponding section,
we can estimate the change in the FTSM of the Irrawaddy River from 1990 to 2020 following
unit conversion. Moreover, we synchronously display the results based on the measured
dataset from the Pyay station and the estimation results from Sentinel-2. The results show
(Figure 9) that the inversion results of the satellite images and the calculated results of
the measured data are relatively similar in terms of their trend change and absolute val-
ues. The estimation results from Landsat and Sentinel-2 show consistent trends, further
enhancing the credibility of the results. The results showed that the annual average FTSM
of the Irrawaddy River during the 1990–2020 period displayed a downward trend. By
incorporating the calculated seasonally averaged flux data into the M–K test formula,
we calculated that in the last 30 years, the FTSM of the Irrawaddy River decreased at
a rate of 3.9 mt/yr and was significant at the 99% confidence interval (slope = −3.91,
Z = −3.28, p < 0.01). To reduce the data error, we calculated the annual averages of the data
and then added the results to the measured dataset from the Pyay station before displaying
them synchronously. The annual total FTSM change in the Irrawaddy River from 1966 to
2019 is plotted in Figure 9. The combination of measured and remote sensing data shows
that the FTSM of the Irrawaddy River has been continuously declining for 55 years. Besset
showed that the sediment supply to the Irrawaddy Delta decreased by approximately 30%
between 1974 and 2014 [37]. The results of this study showed that the average annual total
suspended solid flux in the Irrawaddy River was 340 mt/yr between 1966 and 1970 and
241 mt/yr between 2016 and 2020. The current transport flux of the Irrawaddy River has
decreased by approximately 29.25%, which is very close to the results reported by Besset.



Remote Sens. 2024, 16, 753 11 of 16

Remote Sens. 2024, 16, x FOR PEER REVIEW 11 of 17 
 

 

line is the discharge data measured from Pyay, the blue solid line is the corrected discharge data 
from the GloFAS, and the gray dotted line is the uncorrected discharge data from the GloFAS. 

By multiplying the CTSM inversion dataset by the discharge of the corresponding sec-
tion, we can estimate the change in the FTSM of the Irrawaddy River from 1990 to 2020 
following unit conversion. Moreover, we synchronously display the results based on the 
measured dataset from the Pyay station and the estimation results from Sentinel-2. The 
results show (Figure 9) that the inversion results of the satellite images and the calculated 
results of the measured data are relatively similar in terms of their trend change and ab-
solute values. The estimation results from Landsat and Sentinel-2 show consistent trends, 
further enhancing the credibility of the results. The results showed that the annual average 
FTSM of the Irrawaddy River during the 1990–2020 period displayed a downward trend. 
By incorporating the calculated seasonally averaged flux data into the M–K test formula, 
we calculated that in the last 30 years, the FTSM of the Irrawaddy River decreased at a rate 
of 3.9 mt/yr and was significant at the 99% confidence interval (slope = −3.91, Z = −3.28, p 
< 0.01). To reduce the data error, we calculated the annual averages of the data and then 
added the results to the measured dataset from the Pyay station before displaying them 
synchronously. The annual total FTSM change in the Irrawaddy River from 1966 to 2019 is 
plotted in Figure 9. The combination of measured and remote sensing data shows that the 
FTSM of the Irrawaddy River has been continuously declining for 55 years. Besset showed 
that the sediment supply to the Irrawaddy Delta decreased by approximately 30% be-
tween 1974 and 2014 [37]. The results of this study showed that the average annual total 
suspended solid flux in the Irrawaddy River was 340 mt/yr between 1966 and 1970 and 
241 mt/yr between 2016 and 2020. The current transport flux of the Irrawaddy River has 
decreased by approximately 29.25%, which is very close to the results reported by Besset. 

 
Figure 9. Annual FTSM changes in the Irrawaddy River. The red circles refer to the measured FTSM 
data for Pyay station, the blue circles refer to the inverted FTSM data based on Landsat data, and the 
black circles refer to the inverted FTSM data based on Sentinel-2 data. The black dotted line is the 
linear fit of the change in the Irrawaddy River from 1966 to 2020. 

5. Discussion 
5.1. The FTSM of the Irrawaddy River Is Strongly Correlated with the CTSM and Discharge 

The change in the FTSM depends on the change in river discharge and CTSM. We ana-
lyzed the correlation between the FTSM of the Irrawaddy River and its CTSM and discharge 
(Figure 10). The results show that in the Irrawaddy River, the FTSM is strongly and expo-
nentially correlated with the CTSM and discharge, and both R2 values are greater than 0.9, 
which indicates that the contributions of the CTSM and discharge to the change in the FTSM 
in the Irrawaddy River are equivalent. Discharge had a greater correlation with the FTSM. 

Figure 9. Annual FTSM changes in the Irrawaddy River. The red circles refer to the measured FTSM

data for Pyay station, the blue circles refer to the inverted FTSM data based on Landsat data, and the
black circles refer to the inverted FTSM data based on Sentinel-2 data. The black dotted line is the
linear fit of the change in the Irrawaddy River from 1966 to 2020.

5. Discussion
5.1. The FTSM of the Irrawaddy River Is Strongly Correlated with the CTSM and Discharge

The change in the FTSM depends on the change in river discharge and CTSM. We
analyzed the correlation between the FTSM of the Irrawaddy River and its CTSM and
discharge (Figure 10). The results show that in the Irrawaddy River, the FTSM is strongly
and exponentially correlated with the CTSM and discharge, and both R2 values are greater
than 0.9, which indicates that the contributions of the CTSM and discharge to the change in
the FTSM in the Irrawaddy River are equivalent. Discharge had a greater correlation with
the FTSM.
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Figure 10. Results of the correlation analysis between the FTSM and discharge (left) and between the
FTSM and CTSM (right) in the Irrawaddy River from 1990 to 2020.

The discharge of the Irrawaddy River has been decreasing continuously since 1871 [38].
The M–K test results show that it has decreased at a rate of 6.37 × 106 m3 per year over
the last 30 years. Moreover, the changes in precipitation and discharge trends in the basin
are also somewhat similar (Figure 11). Precipitation directly changes river discharge and
increases the likelihood that land-suspended logistics discharge into the river due to the
land erosion caused by rainwater. In summary, it is clear that in the context of global
change, natural changes, such as melting ice in the upper reaches of the Irrawaddy River
basin and precipitation throughout the basin, can affect river discharge, thus changing
the FTSM.
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Figure 11. Precipitation and discharge in the Irrawaddy River.

5.2. Influence of Suspended Matter Input from Land over the FTSM in the Irrawaddy River

One of the main sources of suspended matter in water bodies is land-based sediment
yield. The characteristics of land classification in the basin are also important driving
factors for the transport of CTSM in rivers. Changes in land use can change the transport
of suspended matter from land to rivers. Deforestation, the conversion of forests to agri-
cultural use, and the seasonal burning of farmland are examples of human activity that
often increase the likelihood of suspended matter being washed into rivers during rainfall.
Mining sand and gravel or sediment from the riverbed and riverbank will also change the
content of suspended solids, thus affecting the stability of the riverbank and water quality.

Figure 12 shows the land classification results for the Irrawaddy River basin in 2000
and 2020. The land around the Irrawaddy River is mainly cropland. Agricultural activ-
ities and mining play key roles in the stability of riverine soils. Figure 13 shows that,
except for the mutual conversion between vegetation types, most of the vegetation has
been transferred to cropland, which is consistent with the conditions in Myanmar, a large
agricultural country. A study noted that the distribution of mangroves in the Irrawaddy
Delta decreased from 1978 to 2011, mainly due to the expansion of agriculture in this impor-
tant economic region [25]. According to the land classification results, in the downstream
Irrawaddy Delta (i.e., 15◦N–20◦N), the forest area decreased by approximately 144 km2,
and the grassland and shrub land decreased by approximately 829 km2. The expansion of
cultivated agricultural land in the lower reaches and the reduction in vegetation area may
lead to a reduction in land stability in the Irrawaddy River Delta, which is not conducive to
deltaic deposition, especially in the context of its sustained reduction in FTSM. In the upper
reaches of the Irrawaddy Delta (i.e., 20◦N–25◦N), the total area of all types of vegetation
increased by 1159 km2. The results in Figure 12 show that the vegetation coverage in
the upper reaches of the delta has increased, some barelands and croplands have been
converted to forests, and the artificial land area has increased. The region is attempting
to restore its overall level of vegetation, and an increase in vegetation also increases the
soil conservation capacity, which, in turn, reduces the contribution of land-based sediment
yield to TSM; additionally, this may be one of the reasons for the reduction in downstream
FTSM. Moreover, the agricultural center of gravity in the Irrawaddy River basin tends to
shift to the lower reaches. Figure 14 describes the trend change in land types dominated
by human activity and vegetation in the Irrawaddy Delta during 1991–2000, 2001–2010,
and 2011–2020, as well as their correlations with the FTSM in the same period. The extent
of human activity in the Irrawaddy Delta has gradually expanded over the last 30 years,
and changes in the level of vegetation (R2 = 0.99) have a greater impact on the FTSM than
human activity (R2 = 0.70). In general, the increase in vegetation in the upper reaches of the
Irrawaddy Delta has enhanced the land conservation capacity of the region and reduced
the sediment yield of terrestrial suspended solids, thus reducing the CTSM in the river.
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6. Conclusions

In this study, an inversion model of the CTSM for the Irrawaddy River is constructed
based on the existing measured FTSM and discharge data from the Irrawaddy River, and
the CTSM for the Irrawaddy River from 1990 to 2020 is estimated using the L1 of the
Landsat-8 OLI/TIRS and Landsat-5 TM products. Based on the CTSM and discharge data,
we estimated the long-term change in the FTSM of the Irrawaddy River from 1990 to 2020,
and our conclusions are described as follows:

(1) The CTSM of the Irrawaddy River is evenly distributed between the upstream and
downstream sections of the river. The waters with relatively high CTSM values are
distributed along the east bank of the river channel, suggesting that the east bank may
be among the main sources of terrestrial suspended solids. Considering the seasonal
distribution trends, the CTSM in spring (i.e., March–May) was the lowest of the year.
In summer (i.e., June–August) and autumn (i.e., September–November), the CTSM
increases significantly. The CTSM in winter (i.e., December–February of the following
year) is similar to but slightly greater than that in spring.

(2) From 1990 to 2020, the CTSM of the Irrawaddy River exhibited a downward trend
during the study period. Moreover, based on the discharge, we estimated the long-
term change trend in the FTSM for the Irrawaddy River. Considering the calculated
seasonally averaged flux results in the M–K test formula, we calculate that in the
last 30 years, the FTSM in the Irrawaddy River decreased at a rate of 3.9 mt/yr and
was significant at the 99% confidence interval (slope = −3.91, Z = −3.28, p < 0.01).
The results of this study showed that between 1966 and 1970, the annual FTSM in the
Irrawaddy River was 340 mt/yr; between 2016 and 2020, it was 241 mt/yr; and the
current transport flux of the Irrawaddy River has decreased by approximately 29.25%.

The FTSM value of the Irrawaddy River is affected by discharge and CTSM, both of
which strongly contribute to the FTSM. In terms of natural factors, the discharge of the
Irrawaddy River itself has been experiencing a continuously decreasing trend for two
centuries, and changes in the upstream freshwater input environment and precipitation are
the major factors that have affected this change. In terms of human activity, the increase in
vegetation in the upper reaches of the Irrawaddy Delta has increased the land conservation
capacity of the region and reduced the inflow of terrestrial TSM.
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