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Abstract: A pixel-based algorithm for multi-temporal Landsat (TM/ETM+/OLI/OLI-2) imagery
between 1990 and 2022 monitored mangrove dynamics and detected their changes in the three
provinces (i.e., Thai Binh, Nam Dinh and Hai Phong), which are located on the Northern coast of
Vietnam, through the Google Earth Engine (GEE) cloud computing platform. Results showed that
the mangrove area in the study area decreased from 2960 ha in 1990 to 2408 ha in 1995 and then
significantly increased to 4435 ha in 2000 but later declined to 3502 ha in 2005. The mangrove areas
experienced an increase from 4706 ha in 2010 to 10,125 ha in 2020 and reached a highest peak of
10,630 ha in 2022. In 2022, Hai Phong province had the largest area of mangrove (3934 ha), followed
by Nam Dinh (3501 ha) and Thai Binh (3195 ha) provinces. The overall accuracies for 2020 and 2022
were 94.94% and 91.98%, while the Kappa coefficients were 0.90 and 0.84, respectively. The mangrove
restoration programs and policies by the Vietnamese government and local governments are the
key drivers of this increase in mangroves in the three provinces from 1990 to 2022. The results also
demonstrated that the combination of Landsat time series images, a pixel-based algorithm, and the
GEE platform has a high potential for monitoring long-term change of mangrove forests during
32 years in the tropics. Moreover, the obtained mangrove forest maps at a 30-m spatial resolution
can serve as a useful and up-to-date dataset for sustainable management and conservation of these
mangrove forests in the Red River Delta, Vietnam.

Keywords: mangrove; remote sensing; Landsat; Google Earth Engine; Red River Delta; Vietnam

1. Introduction

Mangrove forests are trees and shrubs found in tidal wetlands and located in the
tropical and sub-tropical region between 30°N and 30°S latitude [1]. They cover only 0.1%
of Earth’s continental surface, yet they provide a wide range of ecosystem services, includ-
ing water purification, natural hazards reduction, soil and water conservation, shoreline
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protection and enhanced local livelihood and are considered as natural-based solutions in
dealing with climate change impact [2]. The areas of mangrove forests have been changed
significantly on a global scale due to anthropogenic disturbance (i.e., urbanization and
increased agricultural production) and climate change [2]. However, recent studies pointed
out that the rate of deforestation has been decreasing [3], and mangroves have expanded in
some Southeast Asian nations and in Australia [4,5].

Among approximately 3260 km of the total coastal length of Vietnam, 2365 km are
covered by mangroves representing 29 coastal provinces. Mangrove ecosystems, therefore,
play an important role in protecting the Vietnamese coastline against flooding and erosion,
providing biodiversity and livelihood for coastal communities as well as sequestering
carbon, known as ‘blue carbon’ [6,7]. The Vietnamese mangroves are mainly distributed
in the two deltas, the Red River Delta (RRD) in the north and the Mekong River Delta in
the south [8,9]. However, the mangrove forest area in Vietnam has decreased dramatically
over the past 70 years, falling from 408,500 ha in 1943 to 178,000 ha in 2000, and then
continuously shrinking to 138,318 ha in 2016 [10-14]. Therefore, it is essential to obtain
accurate information about mangrove forests in the past and current state that is useful
to manage and effectively protect mangrove ecosystems across the Vietnamese coastline.
However, there is no up-to-date map of mangroves in Vietnam; thus, mapping mangrove
forests and detecting their dynamics are vital for sustainable conservation and management
of mangrove resources.

Mapping mangroves at a large scale remains challenging due to the costs and labour
intensiveness in field measurements for large areas. In recent years, remote-sensing-
based techniques have become widely used for monitoring the Earth’s surface including
mangrove forests and has proven to be a key tool to effectively map mangrove dynamics
in large areas in Southeast Asia [12,15-18]. Pixel-based and object-based approaches are
the most common techniques for mapping mangroves and detecting their changes. These
approaches can provide the most frequently updated data at a low cost [19,20]. For instance,
the distribution of mangroves at a global scale using a multi-temporal Landsat dataset and
a supervised Maximum Livelihood Classification (MLC) was reported by Giri et al. [17]
with an overall accuracy ranging from 79% to 86%. In Vietnam, Nguyen-Thanh et al. [12]
used the Landsat time series data and an object-based image analysis to monitor mangrove
extent in the Ca Mau Peninsula, Vietnam, whereas Pham and Brabyn [13] used the SPOT
imagery and a support vector machine (SVM) classifier to map mangrove dynamics in the
Can Gio biosphere reserve region with overall accuracies of 77 and 83%. However, to date
there is no spatial distribution map of mangroves along the RRD, and there is a complete
lack of reliable updated statistical data of mangroves in the three coastal provinces of
the RRD.

More recently, with the development of open-source software and cloud computing
platforms such as the Google Earth Engine (GEE), the applications of remote sensing
techniques in monitoring mangrove changes have become more popular. Previous studies
have widely applied the GEE platform to map mangrove changes using multispectral
sensors such as the Thematic Mapper (TM), the Enhanced Thematic Mapper Plus (ETM+),
the Operational Land Imager (OLI), and the Operational Land Imager-2 (OLI-2) in Landsat
and the Multi-Spectral Instrument (MSI) in Sentinel-2 [21-25]. However, to the best of
our knowledge, the up-to-date mangrove forests maps and their change detection using
time series Landsat (TM/ETM+/OLI/OLI-2) imagery between 1990 and 2022 have not
been reported in Vietnam. Thus, this study aims to fill the gap in the current literature
by investigating a pixel-based algorithm: (1) to map multi-decadal mangrove dynamics
using Landsat time series data between 1990 and 2022 through the GEE platform, (2) to
provide up-to-date statistical analysis of areas of mangrove forests in the Northern coast of
Vietnam for the first time in 2022 using Landat-9 OLI-2 as an important national mangrove
database, and (3) to provide a useful tool for decision makers in supporting the mangrove
conservation and management in Vietnam.
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2. Materials and Methods
2.1. Study Area

In the current study, three coastal provinces in the RRD were selected to test the
performance of the pixel-based algorithm. They are Hai Phong province (20°51'54.5004"N,
106°41'1.7880"E), Thai Binh province (20°27'0""N, 106°20'24.07"E) and Nam Dinh province
(20°16/45.048''N, 106°12/18.533"E), which are shown in Figure 1.

101°F 108°E. 116°E

"

107°30°F

NeLl

Neb

(b)

Figure 1. Study area in the northern coast of Vietnam: (a) map of Vietnam; (b) three coastal provinces
in the RRD.

The RRD, consisting of nine provinces (i.e., Hai Duong, Bac Ninh, Vinh Phuc, Hung
Yen, Thai Binh, Nam Dinh, Ha Nam, Ninh Binh and Quang Ninh) is the second-largest
delta and is located in the northern region of Vietnam with a total area of 15,000 km?. With
a population of 22 million, the RRD is the most densely populated region in Vietnam [26].
In 2019, the population density of the RRD had reached 1064 inhabitants per km? [27]. The
total area of the three provinces is approximately 473,700 ha, of which Nam Dinh province
is the largest with 166,800 ha, followed by Thai Binh province and Hai Phong province
with an area of 153,400 ha and 152,300 ha, respectively [8].

The mangrove ecosystems in the RRD play a key role in protecting coastal habitats,
supporting biodiversity, and providing coastal resources for local people. In the RRD, the
Xuan Thuy National Park was listed as the first Ramsar site in Southeast Asia in 1989 to
promote the sustainable conservation of wetlands [28]. The Ramsar site was defined as
“the sustainable utilization of wetlands for the benefit of mankind in a way compatible
with the maintenance of the natural properties of the ecosystem” [29]. There are five
dominant mangrove species observed in this park being Sonneratia caseolaris, Kandelia
obovata, Aegiceras corniculatum, Rhizophora stylosa and Avicennia marina [30]. Furthermore,
this park is the habitat to 116 flora species and 106 fish and has significantly contributed
to wetland biodiversity protection on the northern coastline of Vietnam [30]. A nature
reserve, which is located in Thai Binh Province, is well-known as the Bird Conservation
area, and there are several rare species listed in the Vietnamese Red Book [27]. There are
four seasons in the RRD with a mean annual temperature of approximately 28 °C. The
annual precipitation recorded in the last ten years is around 1800-2000 mm. In recent years,
the RRD has been seriously affected by climate variability including higher temperatures,
storms and flooding [28]. In particular, 2020 was recorded as the hottest year over the last
45 years and likely resulted in a dieback of mangroves [31,32].

2.2. Materials
Satellite Data

Multi-decadal Landsat surface reflectance (SR) data obtained through the GEE plat-
form was used to map mangrove dynamics in the study area (Table 1). We used Collection 2,
which were atmospherically corrected SR data with a single-channel algorithm developed
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by the National Aeronautics and Space Administration (NASA) Jet Propulsion Laboratory
(JPL). All Landsat time series Collection 2 SR data used in the current study (Table 1) were
acquired using the Java scripts on the GEE.

Table 1. Time-series Landsat imagery used for 32 years in the study area.

Spatial
Sensor Resolution (m) Path/Row Year Band Used
Landsat-5 TM 30 126/46 1990, 1995, 2005, 2010
Landsat-7 ETM+ 30 126/46 2000 Blue, Green, Red,
Landsat-8 OLI 30 126/46 2015, 2020 NIR, SWIR
Landsat-9 OLI-2 30 126/26 2022

Considering the seasonality changes of mangrove forests and their species, a total of
82 cloud-free Landsat scenes between 1990 and 2022 were used to map mangrove dynamics
in the RRD. We applied an image normalisation technique to make all images consistent
during the pre-processing process. To minimize the effects of tidal and water levels, we
selected the datasets acquired in early morning when the tidal level was the lowest.

2.3. Methods
2.3.1. Generation of Training and Validation Datasets for the Study Area

In this study, the training and the validation data were obtained from very high spatial
resolution images in Google Earth Pro imagery (2020). A total of 2370 points were randomly
selected, of which 1896 points (80%) were used for the training set and 474 points (20%)
were used for the validation set (Figure 2).

As shown in Figure 2, a polygon including mangrove forest and non-mangrove was
created from the spatial data and consisted of a sea dyke and river layers with a total area
of 35,566 ha. A 3 km buffer generated from the high-resolution images of Google Earth
Pro imagery in 2020 was used to capture the entire mangrove forests area as suggested by
Thomas et al. [33] and Bunting et al. [34].

2.3.2. Computation of Spectral Indices

Four indices were calculated from the SR data of Landsat (5/7/8/9) images to iden-
tify vegetation and open surface water bodies as suggested by Wang et al. [22] and
Pham et al. [35]. They are the Normalized Difference Vegetation Index (NDVI) [36], the En-
hanced Vegetation Index (EVI) [37], the Land Surface Water Index (LSWI) [38] and the mod-
ified Normalized Difference Water Index (mNDWI) [39]. The equations are shown below:

NDVI — Onir — Ored (1)

Pnir + Ored

Pnir — Pred

EVI =25 x 2
Pnir +6 X Pred — 7.5 X Oblue +1 ( )
LSWI — Pnir — Pswir (3)

Pnir + Pswir
MNDWI — Pgreen — Pswir @)

Pgreen + Pswir

where 0y,4, Ogreen, Ppiue aNd Pgyir are the surface reflectance at red (band 3 for TM/ETM+
or band 4 for OLI and OLI-2), green (TM/ETM+ band 2 or OLI/OLI-2 band 3), blue
(TM/ETM+ band 1 or OLI/OLI-2 band 2) and short-wave infrared (SWIR: TM/ETM+ band
5 or OLI/OLI-2 band 6) bands, respectively.

We proposed a framework using a pixel-based mapping algorithm to map mangrove
forests and automatically detect their changes using time series Landsat images from 1990
to 2022 through the GEE platform as shown in Figure 3. We developed the Python scripts
using the geemap package (https:/ /github.com/giswqs/geemap, accessed on 16 July 2021)
to map mangrove extent in the RRD.
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Figure 2. Training and validation points for mangrove mapping during the year 2020 in the RRD, Vietnam: (a) Hai Phong; (b) Thai Binh; (c) Nam Dinh.
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Landsat TM/ETM+/OLI/OLI-2 time-series datasets (1990-2022)

Step 1

Data input and
Pre-processing

v

Quality Assessment: cloud and shadow free images, image normalisation

%
A 4

Google
Earth
Image
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[

National Forest
Inventory data
(2015 & 2020)

Figure 3. A framework developed in this study for mangrove mapping and change detection using a pixel-based algorithm.
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2.3.3. Mangrove Mapping Algorithm

In this study, we used a pixel-based algorithm, which was developed by Wang et al. [22]
for mapping coastal wetlands using time series Landsat datasets in 2018 to generate annual
maps of mangrove forests between 1990 and 2022. The algorithm includes three steps
for processing each pixel: (1) identifying open surface water body and green vegetation,
(2) calculating annual frequency for surface water body and vegetation, and (3) generating
annual maps of mangrove forest. The present study used data in 2020 and in 2022 to check
and modify the thresholds provided by the original study and then used these modified
thresholds to estimate the mangrove area for other years.

We used a frequency-based approach from Landsat time series to mitigate the effect of
periodical tidal dynamics and bad-quality observations as suggested by Wang et al. [22].
The open surface water body and vegetation frequencies in a year were calculated using
the following equations:

Nwater
WF = 5
Ngood ©)
Nvegetation
VF= ———
Ngood ©)

where

WF and VF are the frequencies of surface water body and vegetation, respectively
(—1to1).

Nivater and Nyegetation are the numbers observations identified as water and vegetation
in a year, respectively, while

Ngood is the number of observations with good quality, which was characterised as
cloud and shadow-free during the observed year.

We defined the thresholds based on the training data collected from the high spatial
resolution Google Earth images in 2020 to identify evergreen wetlands as follows:

Evergreen = VF > 0.9 and WF < 0.2 and DEM < 5 m and Slope < 5° 7

where WF and VF are the frequencies of surface water body and vegetation, respectively.
These indices values are ranked between —1 and 1, while the Shuttle Radar Topography
Mission (SRTM) Digital Elevation Model (DEM) data were used to generate a slope layer in
the current study [22].

To identify open surface water bodies and green vegetation, a combination of mNDWI
and two vegetation indices (EVI and NDVI) was employed to reduce the errors in mixed
pixels of the water body and vegetation [22]. In this study, almost all pixels identified as
water body in 2020 have an EVI < 0.137 and mNDWI > EVI or mNDWI > NDVIL.

The NDVI and the EVI are two popular indices to detect vegetation as suggested in
prior studies [19,27]. Their values are defined between —1 to 1 in which the negative values
indicate no vegetation, while greater positive values indicate available green vegetation
cover. However, a given pixel is often mixed on vegetation, water and soil. The LSWI
is an alternative useful index to identify water content in vegetation and soil, and its
values are also between —1 to 1. The current study found that most vegetation pixels have
EVI > 0.174, NDVI > 0.377 and LSWI > 0. The final formulations to identify surface water
body and green vegetation in 2020 are shown as below:

- Pixels of surface water body: EVI < 0.137 and (mNDWI > EVI or mNDWI > NDVI);
- Pixels of green vegetation: EVI > 0.174, NDVI > 0.377 and LSWI > 0.

2.3.4. Annual Maps of Mangrove Forest

As shown in Figure 3, almost all vegetation pixels have values of VF > 0.5, while
water pixels have WF values ranging from 0.05 to 0.85. In addition, both mangrove and
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non-mangrove pixels have DEM < 5 m and Slope < 5°. Therefore, the criteria for mangrove
mapping in 2020 and in 2022 was described as follows:

Mangrove forest = VF > 0.5 and WF < 0.2 and DEM < 5 m and Slope < 5° (8)

Non-mangrove forest = VF < 0.15 and 0.05 < WF < 0.2 and DEM < 5 m and Slope < 5° 9)

2.3.5. Accuracy Assessment

The mangrove maps of the three provinces in 2020 and in 2022 were generated from
Landsat-8 OLI and Landsat-9 OLI-2 data using the modified algorithm through the GEE
cloud computing platform. In this study, the stratified random sampling approach was
employed to generate the verification samples, and very high-resolution images were
used to evaluate the accuracy of the classification maps in 2020 and in 2022. The size of
verification points for each class (mangrove or non-mangrove) was identified by Cochran’s
formula (the confidence level was set to 0.95 in this study):

Z2
no = =41 (10)

where

ng is the sample size,

Z is derived from the standard normal distribution,

e is the desired level of precision,

p is the required accuracy, and

q=1-p.

In this study, a total of 474 validation points (20% of the total points) were selected
for evaluating the accuracy of mangrove forest mapping in 2020 and in 2022. The random
sampling points include 243 mangrove samples and 231 non-mangrove samples. Then,
each sample was checked with its location, which was identified from very high spatial
resolution Google Earth images by visual interpretation. With the validation samples, the
user’s accuracy, the producer’s accuracy, the overall accuracy, and the Kappa coefficient
were calculated in this study [35,40].

2.3.6. Analysis and Statistical Method

The mangrove distribution maps and the mangrove statistical areas in the study sites
were automatically computed. In addition, the present study used QGIS 3.10.2 software to
produce the spatial distribution of mangroves in the RRD of Vietnam.

3. Results
3.1. Mangrove Classification and Accuracy Assessment

As shown in Figure 4, the total area of mangrove forest was estimated as 10,125 ha and
10,630 ha in 2020 and in 2022, respectively. The largest mangrove forest area was observed
in Hai Phong province (3790 ha), followed by Nam Dinh province (3325 ha) and Thai Binh
province (3010 ha) in 2020.

The results in Tables 2 and 3 show that the overall accuracies obtained from the
stratified random sampling points were 94.94% in 2020 and 91.98% in 2022, while the
Kappa coefficients of classification maps for 2020 and 2022 were 0.90 and 0.84, respectively,
indicating a good-of-fit agreement between the classification result and reference data.
The Landsat-8 OLI sensor produced relatively higher accuracy for 2020 than that of the
Landsat-9 OLI-2 sensors for 2022.
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Figure 4. The estimated mangrove area in the RRD from 1990 to 2022.

Table 2. The confusion matrix for accuracy assessment of mangrove forest using Landsat 8-OLI
in 2020.

Reference Pixels

Class Mangrove Non-mangrove Total User’s accuracy
Mangrove 221 22 243 90.95%
Predicted Non-mangrove 2 229 231 99.13%
pixels Total 223 251 474
Producer’s Accuracy 99.10% 88.18%
Overall accuracy 94.94%
Kappa coefficient 0.90
Table 3. The confusion matrix for accuracy assessment of mangrove forest using Landsat-9 OLI-2
in 2022.
Reference Pixels
Class Mangrove Non-mangrove Total User’s accuracy
Mangrove 210 33 243 86.42%
Predicted Non-mangrove 5 226 231 97.84%
pixels Total 215 259 474
Producer’s Accuracy 97.70% 87.26%
Overall accuracy 91.98%
Kappa coefficient 0.84

3.2. Mangrove Dynamics from 1990 to 2022

By using our defined thresholds in 2020 and the proposed framework in Figure 3, we
generated mangrove maps in the three provinces (Hai Phong, Nam Dinh and Thai Binh) in
the RRD between 1990 and 2015 together with mangrove maps in 2022 (See Figures A1-A3).
We also estimated the areas of mangrove forests in the three provinces for other years (1990,
1995, 2000, 2005, 2010, 2015 and 2022). The mangrove distribution maps and the statistical
areas in the study sites were automatically computed using the Java scrips on the GEE
cloud computing platform. As shown in Figure 4, the mangrove forest area increased in
the three provinces across the RRD over the 32 years (1990-2022). The change of mangrove
area in each province and each period can be found in Table 4. Figure 5 shows the spatial
distribution of mangrove in the RRD of Vietnam in 1990 (Figure 5a) and in 2022 (Figure 5b).
Figures 6 and 7 represent the mangrove maps of each province in the RRD in 1990 (Figure 6)
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and in 2022 (Figure 7). Mangrove forests are mainly distributed in the river mouth of the
three provinces in the RRD, and they are found in front of the sea dykes (Figures 5-7).

As shown in Figure 4, the area of mangrove forests in the RRD significantly increased
from 1990 to 2022. The mangrove area decreased from 2960 ha in 1990 to 2408 ha in 1995
and then significantly increased to 4435 ha in 2000. Notably, the area of mangrove forests
decreased to 3502 ha in 2005. In contrast, the mangrove area experienced an increase from
4706 ha in 2010 to 8179 ha in 2015 and continued its upward trend to 10,125 ha in 2020 and
reached the highest peak value of 10,630 ha in 2022.

Table 4 shows the change detection of the mangrove area in Hai Phong, Thai Binh and
Nam Dinh provinces over 32 years. Overall, the mangrove area across the three provinces
increased considerably since 2010. Hai Phong province had the largest area of mangrove in
2022 with 3934 ha, followed by Nam Dinh province (3591 ha). In contrast, the mangrove
area in Thai Binh province was the lowest with 3195 ha.

Table 4. The change detection of the mangrove area in the three provinces over 32 years.

Year/Provin Hai Phong Nam Dinh Thai Binh Total
earitrovince (ha) (ha) (ha) (ha)
1990 1433 459 1068 2960
1995 1190 776 442 2408
1990-1995 —243 317 —626 _552
2000 1495 1335 1605 4435
1995-2000 305 559 1163 2027
2005 1061 1287 1154 3502
2000-2005 434 —48 —451 ~933
2010 1628 1564 1514 4706
2005-2010 567 277 360 1204
2015 3065 2781 2333 8179
2010-2015 1437 1217 819 3473
2020 3790 3325 3010 10,125
2015-2020 725 544 677 1946
2022 3934 3591 3195 10,630
2020-2022 144 176 185 505
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Figure 5. The spatial distribution map of mangrove in the RRD of Vietnam: (a) mangrove map in
1990; (b) mangrove map in 2022.
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Figure 6. Mangrove maps in the three provinces in 1990 across the RRD, northern Vietnam: (a) Thai
Binh; (b) Hai Phong; (¢) Nam Dinh.
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Figure 7. Mangrove maps in the three provinces in 2022 across the RRD, northern Vietnam: (a) Thai
Binh; (b) Hai Phong; (¢) Nam Dinh.
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4. Discussion
4.1. Uncertainty of Mangrove Mapping and Change Detection

The overall accuracies (OA) of the mangrove maps in 2020 and in 2022 were 94.94%
and 91.98% with Kappa coefficients of 0.90 and 0.84, respectively. These values indicate the
successful use of the pixel-based algorithm for mapping mangrove forests and detecting
change using multi-temporal Landsat datasets on the GEE cloud computing platform. The
Landsat-8 OLI sensor produced better results than those obtained from Landsat-9 OLI-2
(Tables 2 and 3). It is likely due to more available multi-temporal Landat-8 datasets in
2020 with 14 time series scenes compared to only 3 cloud-free scenes available during 2022.
The number of available cloud-free time series Landsat data would influence the overall
accuracy and produce better results when mapping mangrove forests using the pixel-based
algorithm. Future studies applying our framework and thresholds should be further tested
in other mangrove regions with more available Landsat-9 OLI-2. Our results suggested
satisfactory accuracies for mapping mangrove forests during 2020 and 2022. These results
are relatively higher than those reported by the previous studies in Vietnam using SPOT-7
imagery with a higher spatial resolution of 6 m (OA = 92.9%) [41] and using time series
Landsat data (OA ranged from 85% to 92%) [42]. Our results are similar to Hauser et al. [43]
with an attempt to detect mangrove dynamics on the southern coast of Vietnam using
GGE with an overall accuracy ranging from 94 to 96%. However, there is an uncertainty
involved in the mangrove classification and change detection. There are several factors that
could affect the accuracy of mangrove mapping in the study area during 2020. As shown in
Figure A4, this study only obtained about 83% of the pixels in 2020 with seven good-quality
observations. Therefore, it can be considered that the acceptable uncertainty [40,41] in
mangrove area estimation probably resulted from the lower quality of available Landsat
time series (TM/ETM+/OLI/OLI-2) data obtained in the current study area between 1990
and 2022. In addition, the mixed pixels of mangrove and other vegetation in the study area
may also affect the accuracy of the generated mangrove maps. For example, Casuarina spp.
sites were misclassified as mangrove forests because several Casuarina spp. species have a
quite similar reflectance spectrum with other mangrove species observed in the RRD [30]
such as Sonneratia caseolaris, Kandelia obovata, Aegiceras corniculatum, Rhizophora stylosa and
Avicennia marina. Importantly, in the RRD, many mixed small and shrub species are often
observed and reported in the previous studies [30,35].

In this study, the defined thresholds were created based on the calibration data col-
lected from the high spatial resolution Google Earth images in 2020 to automatically map
and detect mangrove canopy changes across the RRD. As shown in Figure 4, the estimated
mangrove area in 2015 was about 8179 ha. This number is close to the estimate as reported
in the National Forest Inventory (NFI) in Vietnam during 2015 (8225 ha), fitting well with
the model developed in the current study using Landsat data on the GEE.

We observed an increase in the extent of mangroves across the three provinces in the
RRD located on the northern coast of Vietnam from 1990 to 2022. The trend is consistent
with the forest coverage change in Vietnam, which was reported in recent studies [44,45]
and is similar to those observed in other Southeast Asian countries by Goldberg et al. [3] in
the southeast and northern Australia by Saintilan et al. [4]. The increase in forest coverage
benefited from the efforts of the Viethamese government in mangrove planting, restoration,
and protection. The total forest area in Vietnam was slightly increased between 1990 and
2020 and includes both inland forest and mangrove forest in Vietnam [44]. Overall, the
mangrove forest area increase over 32 years (1990-2022) can be automatically detected and
mapped by using Landsat 5/7/8/9 time series images through the GEE platform as a result
of a number of mangrove restoration projects and programs by the Vietnamese government
and policy recommendations based on policy measures from many research studies [11,46].
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4.2. Driving Factors for Mangrove Dynamic in Three Provinces from 1990 to 2022

As exhibited in Table 4 and Figure 4, the mangrove area changed during the period
of 1990-2022. Key drivers that caused changes of mangrove forests in each period are
considered and discussed as follows:

Between 1990 and 1995: The total mangrove area of three provinces decreased from
2960 ha in 1990 to 2408 ha in 1995. This decline was caused by the mangrove deforestation
in the Hai Phong province and the Thai Binh province during the period. Specifically, the
mangrove area in Hai Phong province declined from 1433 ha to 1190 ha, and in Thai Binh
province it reduced from 1068 ha to 442 ha. This period witnessed the smallest mangrove
area during the 32-year period. The reasons behind the decrease were the consequence of a
new policy, the Reform Policy, initiated in 1986 and officially launched in 1991 [47]. During
the period, natural resources, including forest resources, were exhaustively exploited for
economic development.

During this period, many regions were converted to aquaculture farms, significantly
destroying mangrove forests in Thai Binh and Hai Phong provinces [10]. In contrast, Nam
Dinh province had a mangrove area increase of 317 ha from 1990 to 1995 thanks to strict
protection and constant expansion of Xuan Thuy National Park [48].

Period of 1995-2000: This period witnessed an increase in the mangrove area in
three provinces (Table 4). The mangrove areas of Hai Phong, Nam Dinh and Thai Binh
provinces in 2000 reached 1495 ha, 1335 ha and 1605 ha, respectively. This increase was
due mainly to the efforts of planting and protecting mangrove forests through various
programs and projects implemented in such provinces. During this period, the Five Million
Hectare Reforestation Program (661 program) was carried out between 1998 and 2010 at the
national level to increase forest coverage. The percentage of forest coverage was up to 43%
of the total land cover in the final year of the program. In addition, other programs and
projects were also implemented. Several projects such as Red Cross of Japan, PAM5325,
ACTMANG, the 661 programs (Mangrove Plantation and Disaster Risk Reduction project)
were undertaken in such provinces. These projects significantly contributed to the increase
of mangrove cover in the RRD [49,50].

Period of 2000-2005: In this period, the mangrove areas decreased from 4435 ha
in 2000 to 3502 ha in 2005 (Figure 4). The main cause for mangrove loss in 2005 may
probably be explained by the negative impacts of natural disasters. In 2005, an extreme
typhoon event, typhoon “Damrey”, hit the northern region of Vietnam [46] and damaged
the mangrove forest in these areas, especially young mangrove forests. This typhoon was
also reported by Hong, Avtar and Fujii [9] as the amongst the strongest tropical cyclones
impacting the coastal zones of Vietnam during the last 30 years.

Period 2005-2020: This period witnessed a continuous increase in the area of man-
groves in such provinces sustained for 15 years. As shown in Table 4, the total area of
mangrove reached 10,125 ha in 2020. This number was three-times higher than that in 2005.
The mangrove restoration received priority attention and investment by the Vietnamese
government in this period and enhancement of community-based mangrove manage-
ment [51,52]. In addition to the 661 Program implemented from 1998 to 2010, many other
projects and programs funded by the Vietnamese government and other organizations were
implemented in the whole country [52], especially in the Red River Delta [53]. Further sus-
tainable mangrove conservation and management across the Vietnamese coastline should
be carefully considered in protecting existed mangrove forests and restoring degraded
mangroves as well as planting new ones to enhance not only the mangrove area but also
quality and biodiversity in the context of climate change issues.

Period 2020-2022: This short period was characterised by an increased upward trend
in mangrove area in the RRD. The Vietnamese government continued to support mangrove
conservation and management schemes in dealing with climate change impact.
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5. Conclusions

Mangrove forests play an important role in mitigating climate change impacts and
are able to sequester blue carbon for their protection and restoration. Mapping mangrove
extent at a large scale remains challenging due to cloud coverage and spatial limitations of
single satellite sensors. This study developed a framework using the pixel-based algorithm
applied to Landsat TM/ETM+/OLI/OLI-2 time series data on the Google Earth Engine
cloud computing platform to automatically map and quantify mangrove forest changes in
the three provinces of Hai Phong, Nam Dinh and Thai Binh across the RRD over 32 years.

The results showed that the mangrove area has increased considerably in the RRD over
32 years in response to the mangrove restoration programs and policies by the Vietnamese
government and local governments. The mangrove areas were 2960 ha, 2408 ha, 4435 ha,
3502 ha, 4706 ha, 8179 ha, 10,125 ha and 10,630 ha in 1990, 1995, 2000, 2005, 2010, 2015, 2020
and 2022, respectively.

The overall accuracies of the Landsat-8 OLI and the Landsat-9 OLI-2 image processing
for 2020 and 2022 were 94.94% and 91.98%, respectively, while the Kappa coefficients were
0.90 and 0.84, indicating promising results for mapping mangrove forest cover in the tropics
using the GEE platform associated with free open-source code. It could be said that the
pixel-based algorithm and Landsat time series images on the GEE cloud computing are
suitable for long-term monitoring of mangrove change in tropical regions. The Landsat
family has shown the potential use in mapping mangrove dynamics in the tropics and
should be further used worldwide.
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Figure A1. Mangrove distribution maps in Hai Phong between 1995 and 2020.



Remote Sens. 2022, 14, 4664

17 of 20

20°18.000'N  20°21.000'N  20°24.000'N  20°27.000'N  20°30.000'N  20°33.000'N  20°36.000'N

20°15.000'N

20°36.000'N

20°33.000'N

20°30.000'N

20°18.000'N  20°21.000'N  20°24.000'N  20°27.000'N

20°15.000'N

106°30.000'E  106°33.000'E  106°36.000'E  106°39.000°E 106°42.000'E

106°30.000'E  106°33.000'E  106°36.000'E  106°39.000'E  106°42.000'E

106°30.000'E  106°33.000'E  106°36.000°E  106°39.000'E 106°42.000'E

£ z z '3 F
g g g
g £ g 8 g
8 8 8 8 8
] 2 H] ] A g
z z z z z
g
g 8 g 2 g
a = < E a
z z z z z
g g g g g
p= a g 8 8
g £ GULF OF TONKIN g & GULF OF TONKIN g
=z z =z g g
§ g 2 g
R 5 B 8 8
] g i g 8 |
2 N 2000_Mangrove | | - = 2005_Mangrove | | =
8 8 g 3 8
& 3 3 § g
& 2 ] . N
= =z
Legend s g Legend g 3 Legend g
o = - & b
[l Mangrove forest | & g B Mangrove forest | & 8 H :,/Iangrovtet;ore;t |
— Province boundary - - — Province boundary | _ z Srov:jnc: undary ff
= Seacye g 5 — Sea dyke §E ¢ ea dyke g
) 3 8 e C] [ Water bodies C
[ Water bodies 8 ) [ Water bodies E] s g
2 & & = "
&
25 0 25 Skm ~ 35 o 25 lsin lI° . 25 0 25 skm|_
7 — — g z z g g
Py s I — (3 3 s
s 8 8 By 9
! - 1a L ] & 106°30.000F 106°33.000F 106°36.000E 106°39.000°E 106°42.000€ &
106°30.000E  106°33.000E 106°36.000'E 106°39.000E 106°42.000€ & £ 106°30.000 106°33.000F 106°36.000F 106°39.000F 106°42.0006 &
106°30.000'E  106°33.000'E  106°36.000'E  106°39.000'E 106°42.000'E 106°30.000'E  106°33.000'E  106°36.000'E 106°39.000'E 106°42.000'E 106°30°E 106°36'E 106°42°E
£ z i £
g h
@ 8 : :
g g ' _ g z
A A : g
2
=z z =z b
P f :
E ¢ £
2 3 |
g z z
: 3 2 Y z
GULF OF TONKIN g g GULF OF TONKIN g GULF OF TONKIN g
2
g z z
8 £ g >
5 N - N
& g - . g
[2010_Mangrove ¥ &|Thai Binh Province £ & | Thai Binh Province ¢
2010_Mangrove é - 2015_Mangrove | |- 5
> 77 4
E g g -/ Legend H
) § & =7 o &
R g 8 /|l Mangrove distribution || &
: - - g — Provindial boundary
Legend g g Legend 8 — Sea dyke
I Mangrove forest |5 S ot g [ Water bodies
*|— Province bounda N 8 I Mangrove forest |}
sea cyle ry z . — Province boundary | _ o UTM-WGS84, Zone 48 North z
g g — Sea dyke g ’ @
Water bodies 2 g " ] 3
L g g [T water bodies C |
25 0 25 Skm ] H]
— — £ 25 0 2.5 5 km
8 z — — z
L 4 g g
106°30.000€ 106°33.000E 106°36.000E 106°39.000E 106°42.000€ & 2on a
3 106°30.000°E  106°33.000'E  106°36.000'E 106°39.000'E 106°42.000E &
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