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Abstract: We present a new remote sensing based method to estimate dissolved organic carbon
(DOC) flux discharged from rivers into coastal waters off the Sarawak region in Borneo. This method
comprises three steps. In the first step, we developed an algorithm for estimating DOC concentrations
using the ratio of Landsat-8 Red to Green bands B4/B3 (DOC (µM C) = 89.86 ·e0.27·(B4/B3)),
which showed good correlation (R = 0.88) and low mean relative error (+5.71%) between measured
and predicted DOC. In the second step, we used TRMM Multisatellite Precipitation Analysis (TMPA)
precipitation data to estimate river discharge for the river basins. In the final step, DOC flux for
each river catchment was then estimated by combining Landsat-8 derived DOC concentrations and
TMPA derived river discharge. The analysis of remote sensing derived DOC flux (April 2013 to
December 2018) shows that Sarawak coastal waters off the Rajang river basin, received the highest
DOC flux (72% of total) with an average of 168 Gg C per year in our study area, has seasonal
variability. The whole of Sarawak represents about 0.1% of the global annual riverine and estuarine
DOC flux. The results presented in this study demonstrate the ability to estimate DOC flux using
satellite remotely sensed observations.

Keywords: DOC flux; Landsat-8; TMPA; tropical coastal waters

1. Introduction

Dissolved organic carbon (DOC) is an important component in the global carbon cycle. This is
particularly true for the ocean, where DOC represents about 97% of the organic carbon pool [1].
One of the main inputs of DOC to the ocean is from rivers, with approximately 62% of this export
occurring in tropical regions [2]. The discharge into the South China Sea (covering 1% of the world’s
ocean) accounts for almost 10% of global riverine DOC fluxes [3]. The high contribution is due to
extensive peat deposits along the coasts of Borneo and Sumatra [4,5]. These peatlands are drained by
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rivers that carry up to 52 mg L−1 organic carbon, mostly in form of DOC [6]. The transfer of carbon
from terrestrial pools to aquatic bodies affects the concentrations and dynamics of organic carbon
transformations, and lastly the marine ecosystems [7] and CO2 outgassing at the coastal waters [5].
Despite the importance of robust riverine and estuarine DOC flux estimates, large uncertainties remain
due to limitations in data and access to remote sites.

Traditional field-based methods to monitor DOC in aquatic systems are costly and labor-intensive.
Remote sensing technologies are cost effective and they provide high frequency data across broad
spatial scales for aquatic biogeochemical parameters [8]. Aquatic biogeochemical remote sensing
is determined by the inherent optical properties of water [9]. Coloured dissolved organic matter
(CDOM) is the optically-active component of DOC. Examples of recent remote sensing studies on
CDOM are Cardille, et al. [10], Zhu, et al. [11], Cao & Miller, [12], Brezonik, et al. [13], Joshi & D’Sa, [14],
Cao, et al. [15], Chen, et al. [16], Li, et al. [17], Xu, et al. [18], Cherukuru, et al. [19], Alcantara, et al. [20],
Olmanson, et al. [21], Slonecker, et al. [22], Toming, et al. [23], Coelho, et al. [24], Griffin, et al. [25],
and Herrault, et al. [26]. These studies covered a variety of water types (e.g., lake, river, and estuary)
and remote sensing platforms (e.g., Landsat, MODIS, Sentinel, and MERIS). A strong linear correlation
exists between CDOM and DOC in coastal waters dominated by terrestrial inpus of dissolved
organic matter (DOM) [19,27]. Therefore, CDOM has often been used as an optical proxy to
derive DOC concentration (see for example Cao et al. [15], Cherukuru et al. [19], Griffin et al. [25],
and Herrault et al. [26]. The present study showcases the first application of Landsat-8 imagery to
estimate DOC concentration in turbid waters for estuarine and coastal waters off Sarawak. This study
uses Landsat-8 imagery, whereas, in other similar studies [19,28,29], MODIS and MERIS imagery
were used. The advantage of Landsat-8 image is the higher spatial resolution (30 m) as compared to
MODIS (250 m to 1000 m), although MODIS has a shorter revisit time (1 day) compared to Landsat-8
(16 days). Higher spatial resolution offers insights into processes at finer scales and, thus, enables a
better understanding of the connection between inland, estuarine, and coastal aquatic ecosystems.

Besides DOC concentration, a second required parameter for DOC flux calculations is river
discharge. River discharge is often calculated from precipitation data due to the lack of gauge
stations [30–32]. The ability to capture spatial and temporal variability of precipitation data are,
therefore, important towards understanding hydrological processes. However, accurate precipitation
measurements over a large spatial scale are difficult. The direct observation of ground meteorological
stations (gauged data) is more accurate, but limited by station network density, terrain, and other
factors. A number of remotely sensed precipitation products with high spatial and temporal resolution
have been developed to address this problem. One of the products, TRMM Multi-Satellite Precipitation
Analysis (TMPA) precipitation product [33] has been widely used in various climatic and hydrological
studies [34]. The TMPA is a joint mission between the National Aeronautics and Space Administration
(NASA) and the Japan Aerospace Exploration Agency (JAXA) designed to monitor and study tropical
rainfall. Examples of TMPA precipitation studies near our study area include Mahmud et al. [35]
for Peninsula Malaysia, Tan & Duan [36] for Singapore, Takahashi et al. [37] for Borneo, Sun [38] for
Sarawak, As-syakur et al. [39] for Indonesia, and Hidayat et al. [40] for Kalimantan. All of these studies
have shown that simulated precipitation data from TMPA are highly accurate and reliable.

Combining Landsat-8-derived DOC concentrations with TMPA-derived river discharge has the
potential to offer DOC flux estimates over large spatial-temporal scales. Thus, we aim to develop a new
remote sensing method in order to estimate DOC flux from rivers and estuaries into coastal waters.
This new method comprises three steps: (1) The first step involved development and validation of an
algorithm to estimate DOC concentration from Landsat-8 optical data, (2) the second step involved the
retrieval of precipitation data from TMPA and estimation of river discharge from river basins, and (3)
the final step involves combining Landsat-8-derived DOC concentrations with TMPA-derived river
discharge to estimate DOC flux Figure 1). We demonstrate our new method by estimating DOC flux
into coastal waters from three estuaries (the Rajang, Sadong and Lundu) in Sarawak, Borneo, given the
importance (and lack of data) of South East Asia for global DOC fluxes.
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Figure 1. Flowchart summarizing method to estimate DOC concentration on Landsat-8 images,
maximum DOC concentration, and monthly discharge. Lastly, maximum DOC concentration and total
monthly discharge are used to calculate DOC flux from estuaries into the coastal waters. The three
major steps for the method are indicated with brackets. Step (1) is to estimate DOC concentration from
Landsat 8 images, step (2) is to estimate monthly discharge from each river basin and the last step (3) is
to estimate DOC flux.

2. Materials and Methods

2.1. Study Area

Sarawak is in the northwest of the island of Borneo, and has a tropical rain forest climate.
Our study focuses on river basins and coastal areas from the Rajang River (central Sarawak; longest
river in Malaysia) to the Samunsam River in southwest Sarawak. Two field expeditions were
undertaken in June 2017 (south-west monsoon, lower precipitation) and September 2017 (before the
beginning of the north-east monsoon, end of drier season), covering 45 stations in total. The expedition
in June 2017 focused on the coastal area from Kuching to the Rajang River. Ten coastal stations were
covered during this expedition, including two stations in the Rajang River mouth. The expedition in
September 2017 again covered the coastal area from Kuching to the Rajang River, but also the coastal
area in southwest Sarawak (Samunsam, Sematan and Lundu). An overview of the sampling stations is
shown in Figure 2. At each station, in-situ optical measurements were conducted and water samples
collected for dissolved organic carbon (DOC) analyses (described in detail in Martin et al. [27].



Remote Sens. 2020, 12, 3380 4 of 13

Figure 2. The map on the left shows Borneo Island, with the rectangle indicating the expanded map
shown on the right. The map on the right shows the stations sampled in June and September 2017,
with the Rajang, Sadong and Lundu basins indicated by different patterns. The grey semi-circles
represent shape files used to retrieve maximum dissolved organic carbon (DOC) concentration from
the river plume areas (excluding land area). Major rivers and tributaries for the respective basins are
indicated with blue lines.

2.2. Water Sampling

Analyses and discussion of DOC data are presented in [27]. In short, water samples were collected
in the upper 1 m using a bucket or hand-held jug, and filtered through 0.2 µm pore-size Anodisc
filters (47 mm diameter). The samples (30 mL) were immediately acidified with 100 µL of 50% H2SO4

to pH <2.0, and stored in amber borosilicate EPA vials at 4 ◦C until analysis. DOC was analyzed as
non-purgeable organic carbon on a Shimadzu TOC-L system [27].

The datasets used in this study included measurements from two expeditions in June and
September 2017, where a total of 45 stations were sampled. These two field expeditions represent
environmental conditions associated with south-west monsoon (June 2017) and early stages of the
north-east monsoon (September 2017). Table 1 shows the variability in physical and biogeochemical
parameters in the surface waters during both expeditions. Because the sampling locations ranged
from inside rivers to out in the open sea, a wide range was observed for parameters, such as depth,
salinity, and total suspended solids (TSS) along the river, estuary, and open ocean continuum. DOC
concentrations were the highest in the rivers (freshwater), reaching 1799 µM in the Samunsam River,
and gradually decreased to about 80 µM in the open ocean (higher salinity).

Table 1. Overview of physical and biogeochemical parameters in surface waters during June and
September 2017 field campaigns, these data are reproduce from Martin et al. [27]. Minimum, maximum,
and mean (±standard deviation) are indicated.

Parameter SJ (June 2017) SS (September 2017)

Stations, n 10 35
Depth (m) 1.0–31.7 (12.4 ± 11.6) 3.0–34.3 (13.5 ± 9.3)

Temperature (◦C) 27.2–31.2 (29.5 ± 1.1) 26.5–31.4 (29.5 ± 1.2)
Salinity (psu) 0.1–32.1 (22.0 ± 13.9) 0.0–32.6 (26.3 ± 10.2)
TSS (mg/L) 1.1–72.4 (21.0 ± 24.0) 0.5–335.6 (28.9 ± 72.3)
DOC (±M) 81–200 (115 ± 43) 76–1799 (179.0 ± 306.8)

2.3. In-Situ Optical Measurements

Water reflectance measurements were carried out using RAMSES (TriOS) sensors to measure
downwelling irradiance (Ed), sky irradiance (Esky), and upwelling radiance (Lu). Esky and Lu were
used to calculate above-surface water-leaving radiance (Lw). Lw and average Ed were used to compute
remote sensing reflectance (Rrs = Lw/Ed). Hyperspectral Rrs data from RAMSES were used to simulate
the Rrs(λ) signals that would be recorded by the Landsat-8 sensor at each channels centered at
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wavelength λ. Weighted averages of each Rrs spectrum were calculated by using the spectral band
responses of OLI [41]. Landsat-8 OLI images provide four visible bands that can be used for coastal
water remote sensing: B1 (433–453 nm), B2 (450–515 nm), B3 (525–600 nm), and B4 (630–680 nm).

2.4. Algorithm Development, Validation, and Accuracy Assessment

DOC algorithm development for this study was based on CDOM studies using Landsat-8
images [16,20,22,42].To estimate the DOC concentration from Landsat-8 simulated Rrs(λ) (equivalent
to Landsat-8 bands), combinations of band ratios were adopted and regressed against in-situ DOC
concentrations. Based on Chen et al. [16], we decided to focus on linear, power, exponential, and
logarithmic models, images from Landsat-8 and band-ratio combinations of B2/B3, B3/B2, B2/B4,
B4/B2, B3/B4, and B4/B3.

Three validation methods are performed in order to validate the algorithms. The first method is a
simple grouping method, we group the 45 stations into three groups. In this method, one or two groups
is/are used for algorithm calibration, the remaining group(s) used to test the algorithm. The second
validation method is K-fold analysis from caret package in R [43]. In this analysis, the 45 stations
are group into 9 groups. For each analysis, eight groups are used for calibration, the remaining
group is used to test the algorithm. The third method is bootstrap method, We used resampling
and bootstrap from R packages; rsample and nls [44]. For each model, we calculated accuracy for
bootstrap-derived algorithms.

The accuracy of each algorithm was assessed based on correlation coefficient (R), coefficient of
determination (R2), root mean squared error (RMSE) [45], and mean relative error, MRE (mean of
100*[model − measurement]/measurement).

Lastly, we used another set of independent data set of 63 stations (a table is available in the
Supplementary Materials), to match Landsat-8 images with derived (from the selected exponential
algorithm) DOC concentration.

2.5. Landsat-8 Image Acquisition and Estimation of DOC Concentration of Coastal Water

Level 1TP Landsat-8 OLI images were downloaded from the USGS website (http://glovis.usgs.
gov/) and atmospheric correction was carried out using Acolite (Version 20190326; [46]. We used
SNAP (Version 7.0; SNAP-ESA Sentinel Application Platform, http://step.esa.int) in order to apply
the DOC algorithm to Landsat-8 images.

2.6. Estimate Maximum DOC Concentration for Each River Basin

Overall, we aimed to estimate DOC fluxes from the most likely riverine freshwater DOC
concentration detected within the river plume areas. We developed an algorithm to estimate DOC
concentration with in-situ remote sensing reflectance values in order to estimate DOC concentration
within the river plume areas.

We used daily MODIS Aqua imagery for this purpose because of the high (daily) revisit
frequency in order to quantify the spatial extent of river plumes beyond the center of each river
mouth. One MODIS image (most cloud free) per month from year 2013 to 2018 was used for the
measurements. We retrieved a total of 72 MODIS daily images with low cloud coverage. For each
image, the measurements of the distance between the extent of river plumes and center of river mouths
were recorded in the pixel unit. For each river basin, the river plume was approximated as a semi-circle
centered on the river mouth, with a radius corresponding to the maximum river plume extent. Shape
files of each river plume were produced using QGIS (Open Source Geospatial Foundation Project,
http://qgis.osgeo.org). We combined several smaller river basins into the Sadong and Lundu basins
because discharge from these smaller rivers mixes with the larger rivers. Hence, they were combined,
and we partitioned the study area into three river basins. The biggest river basin is the Rajang basin
(the longest river in Malaysia), followed by the Sadong basin and the Lundu basin. We then used the
SNAP program to apply these shape files to the Landsat-8 images (with derived DOC concentration)

http://glovis.usgs.gov/
http://glovis.usgs.gov/
http://step.esa.int
http://qgis.osgeo.org
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to acquire the maximum DOC concentration for each river plume (Figure 2; land-masked pixels are
ignored). In this study, we chose to use the maximum DOC concentration for the DOC flux estimation,
as it represents the freshwater discharged DOC in a strong tidal mixing zone.

2.7. TMPA Data Acquisition and Estimation of Water Discharge

The precipitation over each river catchment was extracted from the TRMM Multisatellite
Precipitation Analysis (TMPA). Satellite-derived precipitation products overcome the spatial coverage
limitation of point-based ground observations [36]. Monthly precipitation data (TMPA version 3B43)
were downloaded from the NASA Goddard Earth Sciences Data and Information Services Center
(GES-DISC) website (GIOVANNI tool; https://giovanni.gsfc.nasa.gov/giovanni/). The precipitation
data were multiplied by their respective basin size in order to estimate total precipitation for the basin.
Total precipitation was then multiplied by surface runoff to estimate discharge for the whole basin.
The estimated surface runoff for Sarawak is 60% of total precipitation, as detailed in [47].

2.8. DOC Flux Demonstration

We demonstrated the calculation of DOC flux from river basins into coastal waters using
Landsat-8 images (to estimate riverine DOC concentrations) and TMPA data (to calculate monthly
discharge for each basin). DOC flux was calculated as a product of both the maximum DOC
concentration and water discharge, as summarized in Figure 1. We demonstrate the new method using
data from the beginning of the Landsat-8 mission (April 2013) to the end of 2018.

3. Results

3.1. Determination of the Best DOC Algorithm for Landsat-8 in Sarawak Waters

In total, 24 models were tested (see Table 2). The results from the validation methods of grouping
and K-fold analysis are similar, therefore only results from K-fold analysis are available in Table 2.
The exponential model y = e0.27·(B4/B3), where y is predicted DOC concentration and x is band ratio) with
band ratio B4/B3 was selected based on its performance in validation analysis, R, R2, RMSE, and MRE.
This exponential model performed better than the boot-strapping model with better MRE (+5.71%).
Our in-situ DOC concentration was linearly related to the estimated DOC concentration (Figure 3).

Figure 3. Scatter plot of log scale estimated [DOC] as a function of the direct relationship of log scale in
situ [DOC] (N = 45; RMSE = 143.54; MRE = +5.71%). The solid line represents 1:1 direct relationship.

https://giovanni.gsfc.nasa.gov/giovanni/
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Table 2. The results for algorithm development and K-fold analysis with linear, power, exponential
(exp.) and logarithm (log.) models and six band ratio combinations. Exponential function with band
ratio B4/B3 was selected based on highest R2 and low MRE. The last row is the bootstrapping results
for the selected exponential algorithm (B4/B3).

Model Function x R R2 RMSE MRE% K-Fold Validation

Linear y = (−278.47) · x + 327.13 B2/B3 0.40 0.16 243.14 +30.17 y = (−278.50) · x + 327.10
Linear y = 4.80 · x + 129.78 B3/B2 0.33 0.11 250.12 +41.19 y = 4.80 · x + 129.78
Linear y = (−39.00) · x + 287.52 B3/B4 0.34 0.12 248.91 +37.37 y = (−39.00) · x + 287.50
Linear y = 117.79 · x + 45.96 B4/B3 0.78 0.60 166.80 +9.58 y = 117.79 · x + 45.96
Linear y = (-23.02) · x + 225.79 B2/B4 0.26 0.066 255.87 −43.64 y = (−23.02) · x + 225.80
Linear y = 0.83 · x + 137.71 B4/B2 0.40 0.16 243.13 −40.59 y = 0.83 · x + 137.70
Power y = 81.29 · x(−0.40) B2/B3 0.49 0.24 236.39 +6.24 y = 81.29 · x(−0.40)

Power y = 81.29 · x(0.40) B3/B2 0.49 0.24 236.39 +6.24 y = 81.29 · x(0.40)

Power y = 160.08 · x(−0.42) B3/B4 0.67 0.45 224.18 +6.90 y = 160.08 · x(−0.42)

Power y = 160.08 · x(0.42) B4/B3 0.67 0.45 224.18 +6.90 y = 160.08 · x(0.42)

Power y = 113.13 · x(−0.21) B2/B4 0.58 0.34 228.77 −6.33 y = 113.13 · x(−0.20)

Power y = 113.13 · x(0.21) B4/B2 0.58 0.34 228.77 −6.33 y = 113.13 · x(0.20)

Exp. y = 215.42 · e(−1.03)x B2/B3 0.46 0.22 249.67 +7.83 y = 215.51 · e(−1.03)x

Exp. y = 105.15 · e0.016x B3/B2 0.18 0.033 265.68 +10.13 y = 105.15 · e0.016x

Exp. y = 184.55 · e(−0.14)x B3/B4 0.39 0.15 255.97 +9.65 y = 184.55 · e(−0.14)x

Exp. y = 89.86 · e0.27x B4/B3 0.88 0.77 143.54 +5.71 y = 89.86 · e0.27x

Exp. y = 150.69 · e(−0.091)x B2/B4 0.29 0.084 261.59 +10.32 y = 150.69 · e(−0.091)x

Exp. y = 109.94 · e0.0022x B4/B2 0.24 0.056 260.75 +10.64 y = 109.94 · e0.0022x

Log. y = (−119.90) · Ln(x) + 51.80 B2/B3 0.52 0.27 225.66 +18.37 y = (−119.90) · Ln(x) + 51.80
Log. y = 119.90 · Ln(x) + 51.80 B3/B2 0.52 0.27 225.66 +18.37 y = 119.90 · Ln(x) + 51.80
Log. y = (−138.55) · Ln(x) + 265.87 B3/B4 0.56 0.32 218.80 +18.26 y = (−138.50) · Ln(x) + 265.90
Log. y = 138.55 · Ln(x) + 265.87 B4/B3 0.56 0.32 218.80 +18.26 y = 138.50 · Ln(x) + 265.90
Log. y = (−66.00) · Ln(x) + 150.75 B2/B4 0.55 0.30 221.26 +17.30 y = (−66.00) · Ln(x) + 150.70
Log. y = 66.00 · Ln(x) + 150.75 B4/B2 0.55 0.30 221.26 +17.30 y = 66.00 · Ln(x) + 150.70
Boot. y = 90.02 · e0.28x B4/B3 0.88 0.77 140.11 +6.35

Table 3 is the results for Landsat-8 derived DOC match up with independent data set from March
2017. 5 stations matched to a Landsat-8 image (2017-03-06-121058), and all of these stations are located
in the cloud mask areas of the image. This is due to the long revisiting period of Landsat-8 (16 days) and
high cloud coverage in the tropical climate. However, three stations are able to match to nearby pixels.
MRE between the Landsat-8 image derived DOC concentration and measured DOC concentration
range from −20.0% to −26.5%. This range is much higher than the MRE for the algorithm (+5.71%).
Two factors contributed to this. The first factor is the satellite overpass time is at 10:00, whereas the
sampling time for the five stations was conducted from 9:46 to 18:24. The second factor is the standard
deviation for the DOC concentration measured at the stations is 29.7 µM, this show high vulnerability
of the DOC concentration in the water.

Table 3. This table shows the match up between DOC derived Landsat-8 image 2017-03-06-121058 and
an independent DOC data set from March 2017. (D is distance between station and nearby available
point, DOC* is derived DOC concentration).

March 2017 Data Set Match Up with Landsat-8

River Sta Lat Long Time DOC µM Lat Long D, km DOC* µM MRE %

Rajang 7 2.3425 111.3662 9:46 162.9 2.3367 111.3827 1.94 119.8 −26.5
Rajang 8 2.3525 111.3536 10:43 155.0
Rajang 11 2.4335 111.2818 12:50 152.5 2.4357 111.2834 0.30 119.2 −21.9
Rajang 12 2.4576 111.2442 13:49 139.6 2.4287 111.2413 3.23 111.7 −20.0
Rajang 13 2.4792 111.1311 15:30 96.2
Rajang 14 2.1546 111.4021 18:24 94.6

3.2. Applying the Algorithm to Landsat-8 Imagery

We applied the exponential model to Landsat-8 imagery from April 2013 to December 2018.
We used four scenes of Landsat-8 images to capture the DOC concentrations for the three coastal
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areas (Rajang, Sadong and Lundu). Figure 4 shows a representative image with calculated DOC
concentrations in the estuary and ocean. Estimated averaged maximum DOC concentration from
April 2013 to December 2018 for the river plume areas are 121 (±2.6) µM C (Lundu), 126 (±2.6) µM
C (Sadong), and 125 (±2.3) µM C (Rajang). These DOC concentrations are within the range of DOC
concentrations reported for lower estuary (salinity > 25 psu) Lupar River and Saribas River, 142 µM C
and 244 µM C, respectively [48].

Figure 4. Processed Landsat-8 images from 22nd November 2013 and 27th August 2013, showing DOC
concentrations for the Sadong and Lundu basins (a) and part of Rajang basin (b). Black pixels represent
land or cloud cover.
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3.3. Calculation of Precipitation and Discharge from TMPA Dataset

The monthly precipitation (mm/month) TMPA version 3B43 was used to calculate average
quarterly precipitation from April 2013 to December 2018. The TMPA product showed high correlation
coefficient of 0.9 with the gauged data for Yangtze River delta [49]. For this study, the average estimated
discharge from April 2013 to December 2018 is 3574 m3 s−1 for Rajang, 1068.8 m3 s−1 for Sadong,
and 328 m3 s−1 for Lundu. These values are in agreement with reported discharge data for Rajang,
averaged 30 years of ground data of 3600 m3 s−1 [50], TMPA data from 1998 to 2011 of 3450 m3 s−1 [38]
and ground data from 1992 to 2016 of 3322 m3 s−1 [51].

4. Discussions

4.1. DOC Flux Variability in Sarawak Coastal Waters

Figure 5 summarises DOC fluxes (in Gg C per quarter) calculated using our newly developed
method. Our study area experiences frequent cloud cover, which caused data gaps. Because of these
gaps and the long revisit time of 16 days for Landsat-8, we summarise the data quarterly, and calculate
average DOC fluxes for the three coastal areas from April 2013 to December 2018. The coastal waters
off the Rajang basin receive the highest DOC flux (average 168 Gg C per year). This is due to the larger
size of the Rajang basin compared to the Sadong and Lundu basins. The Rajang alone constitutes
72.5% of the total DOC flux from all three basins, revealing its importance for future management
action. Time series analysis revealed strong seasonal variability, with the DOC fluxes highest in the
monsoon season (from October to March, Q4 and Q1). The DOC flux is at times almost doubled in
these quarters as compared to Q2 and Q3, highligthing the value of the high temporal resolution of
our new method. Overall, the total annual DOC flux from the three basins (calculated using our new
method) is, on average, 0.23 Tg C yr−1. While this only represents about 0.1% of the global annual
estuarine DOC flux [17], it is important to remember that the rivers studied cover only 0.05% [52] of
the global river/estuarine area. Their contribution to global estuarine DOC fluxes is hence significant
and our newly developed Landsat-8 remote sensing method allows for us to decipher their spatial and
temporal patterns.

Figure 5. Quaterly DOC fluxes calculated using our new method between 2013 to 2018 for coastal
waters off the three basins Rajang, Sadong and Lundu.

4.2. Uncertainties and Limitations

Uncertainty in DOC flux products generated in this study would be less than ±10%. Uncertainty
in the final product will be contributions from the DOC algorithm fitting error (MRE +5.71%),
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which represents in-situ instrument and measurement errors. For the monthly discharge of each
river basin, the uncertainties are from TMPA precipitation datasets and the estimation of river basin
surface runoff. The nearest available comparison between TMPA datasets and rain gauge data is from
a study conducted in Singapore [36]. Based on the study by Tan & Duan, [36], the TMPA dataset had
underestimated the precipitation with MRE of −10.25%. In addition to the above, vicarious radiometric
calibration of the Landsat-8 Operational Land Imager (OLI) sensor showed the uncertainty of the
reflectance products to be ±3% [53]. Overall, we assume that all of the above uncertainties would
contribute to a total uncertainty of less than ±10% in the DOC flux product generated and used here.
There may be some spatial limitations in the use of DOC remote sensing algorithms developed in this
study. This approach is most suitable for application in the study area, that is from the Rajang River to
the Samunsam River in southwest Sarawak. Temporally, this method is expected to perform well as
long as the environmental conditions in the applied images are similar to that of the calibration dataset.

5. Conclusions

This is the first study to estimate DOC fluxes in the tropical coastal waters off Sarawak, Borneo
whileusing satellite observations. DOC flux was calculated from the product of remotely sensed DOC
concentrations and river discharge. A new remote sensing DOC concentration algorithm for Landsat-8
was developed for complex coastal waters off Sarawak. Validation of the exponential algorithm
showed that it performed well (R = 0.88 and MRE = +5.71%) in the study area. This algorithm was
applied to Landsat-8 images from April 2013 to December 2018. We used the TMPA data to derive
river discharges for the same period. With these two datasets, we have demonstrated the method
to estimate DOC fluxes into Sarawak coastal waters. Time series data generated from this method
provide a good description DOC flux variability into coastal waters of the peatland-rich Sarawak
region. The results from this study suggest that estimation of DOC fluxes in coastal waters off Sarawak,
Borneo from remote sensing observations is feasible.
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