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Cyclone Mocha (2023), a Category 5 tropical cyclone, caused significant damage in Myanmar, par-
ticularly in Sittwe, the capital of Rakhine State. Despite its strong intensity and the death toll of at least 
500 people, the event has not been fully investigated due to limited data availability, especially in remote 
rural areas. To address this information gap, remote sensing techniques using optical satellite imagery 
and synthetic aperture radar (SAR) imagery were employed to assess Mocha’s impact on vegetation and 
inundation. Vegetation loss was analyzed using eVIIRS Global NDVI datasets, based on 10-day compo-
site images of pre-, during-, and post-cyclone periods. The results revealed a small decrease in vegetation 
cover across over half of the study area, indicating a modest decline rather than complete destruction. In 
contrast, an increase in vegetation was also observed after the cyclone in areas away from the radius of 
maximum wind of the cyclone. SAR analysis suggested storm surge as the predominant factor contrib-
uting to the subsequent inundation. However, data from an inland town suggested the potential influence 
of riverine flooding and heavy precipitation as additional contributing factors. Using the CMEMS global 
model, the peak water level during the cyclone was estimated at 1.6 m at the closest point to the landfall 
location, marking the highest recorded level in the past 30 years. Furthermore,  a local news photo 
showed visible inundation, likely caused by storm surge, reaching at least 0.5 m in downtown Sittwe. 

 
Key Words : cyclone mocha, remote sensing, vegetation index, inundation, forest damage 

 
 

1. INTRODUCTION 
 

Cyclone Mocha, which struck Myanmar in May 
2023, is considered one of the strongest tropical cy-
clones in the past decade, but the full extent of the 
disaster remains unclear, mainly due to difficulties in 
obtaining information caused by access limitations, 
ongoing conflict and communication challenges in 
the regionNote 1).  Preliminary reports indicate that Mo-
cha was among the strongest cyclones to impact the 
Bay of Bengal, reaching Category 5, and made land-
fall near Sittwe township in Rakhine state with wind 
speeds of 209 km/hNote 2), with an estimated 20-year 
return period1). The cyclone is officially estimated to 
have killed at least 500 people and caused widespread 
destruction, especially in Rakhine StateNote 2).  

Despite the severity of Cyclone Mocha, 

comprehensive scientific studies detailing its impacts 
remain scarce, highlighting a critical research gap in 
understanding the full effects on affected communi-
ties and ecosystems. A similar situation was observed 
with Cyclone Nargis (2008), a Category 4-equivalent 
cyclone that resulted in over 138,000 fatalities. This 
disaster highlighted the importance of timely and ac-
curate damage assessment for improving emergency 
response and recovery efforts in Myanmar2). How-
ever, 15 years after Nargis, no significant improve-
ments have been observed in the case of Mocha. Re-
strictions on humanitarian access and limited com-
munication infrastructure have impeded data collec-
tion and analysis, making effective disaster response 
and resilience planning more challengingNote 3). Mili-
tary-imposed restrictions permit only routine pre-cy-
clone humanitarian activities while prohibiting any 
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large-scale cyclone-specific response. As a result, 
Tropical Cyclone Mocha caused widespread destruc-
tion, affecting an estimated 670,000 peopleNote 3).  

Given these constraints, alternative damage assess-
ment methods are essential. In this study, remote 
sensing techniques, including Synthetic Aperture Ra-
dar (SAR) and Normalized Difference Vegetation In-
dex (NDVI) analysis, were used to estimate inunda-
tion and vegetation loss, which reflect inundation and 
wind impacts on ecological and agricultural systems, 
as proxies for total damage. 
 
 
2. METHODOLOGY 
 
(1) Target Area 

This study focuses on the Rakhine region, particu-
larly Sittwe, where Cyclone Mocha made landfall 
and three other densely populated cities—
Yathedaung, Ponnagyun, and Mrauk-U  (Fig. 1). Ac-
cording to AW3D data from the Japan Aerospace Ex-
ploration Agency (JAXA), this low-lying delta area 
has an average elevation of about 2 m. 

Remote sensing techniques were utilized to assess 
damage for the total area of 20430 km² within the 
map extent boundary and in the most severely af-
fected areas.  Meteorological data was obtained from 
The International Best Track Archive for Climate 
Stewardship (IBTrACS) project. 

 
Fig. 1 Elevation map around the Rakhine coast in north-

western Myanmar, including the path of Mocha 
 
(2) NDVI Analysis for Vegetation Area 

The Global NDVI from EROS Visible Infrared 
Imaging Radiometer Suite (eVIIRS) with a 1-km res-
olution was utilized as the reference dataset due to its 

high temporal availability, providing imagery at 
every 10-day intervalsNote 4). The minimum NDVI 
value is –0.1999, and all NDVI values—typically 
ranging from –1.0 to 1.0—were scaled by a factor of 
10,000, resulting in a range from –2000 to 10,000Note 

4). Three 10-day composite NDVI images (May 01–
10, May 11-20, and May 21–31) were used to repre-
sent pre-, during-, and post-cyclone periods, respec-
tively. NDVI values from the pre- and post-cyclone 
periods were compared, and the difference referred to 
as Differenced Normalized Difference Vegetation In-
dex (DNDVI) was calculated. 

DNDVI can be used to represent changes in vege-
tation coverage distribution and was calculated using 
the following formula3):  

 
𝐷𝑁𝐷𝑉𝐼 = 𝑁𝐷𝑉𝐼𝑏 −𝑁𝐷𝑉𝐼𝑎 (1) 

 
where 𝑁𝐷𝑉𝐼𝑏 and 𝑁𝐷𝑉𝐼𝑎 represent pre- and post-

cyclone period NDVI values, respectively. A positive 
DNDVI indicates a decrease in vegetation cover, and 
vice versa for negative values. DNDVI changes were 
classified into six levels according to intensity: sig-
nificant decrease [10000 to 5000], moderate decrease 
[5000 to 2000], small decrease [2000 to 0], small in-
crease [0 to –666], moderate increase [–666 to –
1333], and significant increase [–1333 to –2000].  In 
the absence of ground truth data for DNDVI, the clas-
sification can be used for relative comparisons of 
vegetation change, but it is not appropriate for as-
sessing vegetation health, specifically, the condition 
of vegetation remaining after the cyclone. 

The Copernicus Global Dynamic Land Cover da-
taset provides a raster file in which each pixel repre-
sents a specific land cover type4). Utilizing this da-
taset and the QGIS Raster Calculator, land cover was 
classified into forest, cropland, and settlement cate-
gories. A logical “AND” operation was applied dur-
ing raster analysis to isolate vegetation damage by se-
lecting pixels where the land cover matched the target 
class. 
 
(3) SAR image Analysis for Flood Area 

The Synthetic Aperture Radar (SAR) onboard the 
Advanced Land Observing Satellite (ALOS), oper-
ated by Japan Aerospace Exploration Agency 
(JAXA) provides 100-meter resolution satellite im-
agery every two weeks. This all-weather imaging ca-
pability is particularly valuable for rapid disaster as-
sessment5).  

To assess inundation, the average water index was 
calculated using thresholding on VV or VH Polariza-
tion, which correspond to satellite-transmitted and re-
ceived signals, for SAR imagery using the methodol-
ogy derived from Digital Earth AustraliaNote 5).   

First, speckle noise was removed from the VV and 
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VH SAR images using a filtering technique to en-
hance image quality. Next, histograms representing 
the distribution of pixel values were analyzed. A bi-
modal threshold-based classification method was 
then applied, in which pixels with values below a de-
fined threshold were identified as water and those 
above the threshold as land. 

VH and VV polarization bands were analyzed 
across all available images captured during the cy-
clone period (May 9–15, 2023). The image with the 
highest average number of water pixels was selected 
to map the inundated area. Additionally, a photo ob-
tained from local news sources was used to estimate 
flood depth, providing valuable insights into the on-
ground condition, as will be discussed later. 
 
(4) Sea Surface Elevation 

To analyze sea surface height variations during 
Cyclone Mocha, data from the Global Ocean Physics 
Analysis and Forecast Model of Copernicus Marine 
Service6) was processed to obtain hourly sea surface 
height above the geoid for a specific point on the 
coast of Sittwe shown in Fig. 4. Additionally, 30 
years (1995–2025) of daily sea surface height data 
from the same source was used for historical compar-
ison6).  
 
(5) Digital Elevation Model (DEM) 

Elevation data above sea level was obtained from 
JAXA’s AW3D dataset7). The study area is charac-
terized by two notable topographic features: (1) high-
elevation mountainous regions with long, narrow 
ridges and steep slopes, and (2) low-lying deltaic re-
gions, particularly vulnerable to storm surges and 
flooding.  
 
 
3. RESULTS 
 
(1) Affected Vegetation 
a) Vegetation changes 

According to the results of the DNDVI analysis 
comparing before and after the cyclone within the 
mapped extent (Figs. 2 and 3a), the vegetation index 
decreased across an area of 15,608 km², accounting 
for 76.4% of the total vegetated area. This decline in 
vegetation can be attributed to the intense wind speed 
during landfall, which reached up to 54 m/s. Such 
high wind intensity is known to cause significant veg-
etation damage including the loss of up to 70% of 
leafy branches8), leading to a reduction in canopy 
cover and lower NDVI values. Among the affected 
areas, 58 km² experienced a significant decrease in 
vegetation (DNDVI between 10,000 and 5,000), rep-
resenting 0.3% of the mapped extent and indicating 
zones of severe vegetation loss. In contrast, the 

vegetation index increased (considering the com-
bined area of small, moderate, and significant in-
creases) across 4,820 km², representing 23% of the 
total mapped area. It can be expected that areas where 
the vegetation index increased are primarily located 
outside the radius of maximum wind, with minimal 
impact or natural vegetation occurred after cyclone 
landfall.   

b) Vegetation changes by land cover type 
Vegetation changes varied across different land 

cover types, revealing diverse patterns of impact. As 
shown in Fig. 3(b), vegetation loss in settlement ar-
eas was relatively small, with a reduction of about 23 
km². In cropland areas, about 2,480 km² experienced 
a decrease in vegetation index (ranging from small to 
significant decrease), while 1580 km² showed an in-
crease (Fig. 3c). The most substantial decrease was 
observed in forested areas, where vegetation index 
declined across 7,600 km² (Fig. 3d). This is obvious 
because the forested land constitutes the largest share 
of trees and plants. In addition, the forested area in 
the study region is primarily located in the hills (~200 
m), which likely exposed it to strong winds and con-
tributed to the observed damage. Overall, 60% of the 
entire study area  (20430 km² within the map extent) 
showed a slight decrease in the vegetation index, sug-
gesting that vegetation was not entirely destroyed but 
rather experienced a modest decline.  Notably, in-
creases in vegetation index were observed across all 
land cover types. Although verification on the ground 
is needed, this was possibly due to successional veg-
etation, a process in which fast-growing and resilient 
pioneer species rapidly revegetate in disturbed ar-
eas9). 

 
Fig. 2 Vegetation changes based on DNDVI 
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Fig. 3 Vegetation changes in: (a) entire study area (%), (b) 

settlement areas (km²), (c) cropland areas (km²), (d) 
forested areas (km²).  

 
(2) Inundation and sea surface elevation 

The total inundated area was about 4,000 km² (Fig. 
4), encompassing 870 km² of cropland, 7 km² of set-
tlement area, and 1,820 km² of forest area. The exten-
sive flooding of croplands can be attributed to their 
low elevation, ranging from approximately 1 to 2 me-
ters above sea level, making them highly susceptible 
to coastal inundation. 

  

Fig. 4 Regional distribution of population from MIMUNote 

6) and inundated areas, processed using ALOS SAR 
satellite imagery. The closer views highlighted by 
circles include four densely populated towns: Sittwe, 
Yathedaung, Ponnagyun, and Mrauk-U. 

 

Flood impact was assessed in densely populated 
urban areas as shown in Fig. 4. In Sittwe, floodwater 
covered about 4 km², 20% of the total area of the city. 
In Mrauk-U, Ponnagyun, and Yathedaung, 3.5 km² 
(22%), 0.5 km² (28%), and 0.42 km² (39%) were 
flooded, respectively (Fig. 5). The total area for each 
city was defined according to township boundaries 
(Fig. 5). Although Sittwe and Mrauk-U have a simi-
lar total area, the impact on the population varied sig-
nificantly. Sittwe, with a population of approximately 
100,748, has nearly three times that of Mrauk-U, sug-
gesting that the effects of flooding were likely most 
severe in Sittwe. However, when considering re-
gional boundaries, Mrauk-U is situated within the 
most populous region, which also has the largest in-
undated areas, indicating a broader spatial impact of 
flooding in that region. This is followed by the region 
encompassing Sittwe and Ponnagyun, with the least 
affected region being where Yathedaung is located. 

Being a coastal city, Sittwe is particularly vulnera-
ble to the direct impact of storm surges. For example, 
the sea surface height at the station point near Sittwe 
in Fig. 4 reached ~1.7 m on May 14, 2023, at 8:00. 
This height is the highest sea surface level recorded 
in the past 30 years (1995–2024). Considering the 
historical average sea surface height of 0.6 m as a 
baseline, the peak water level during the 2023 Cy-
clone was more than twice the average (Fig. 6). 

(a) 

(b) 

(c) 

(d) 
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Fig. 5 Inundated areas per land cover type for each town. 
Note: Total area refers to the total land area of the 
town, not the total inundated area. 

 

Fig. 6 Comparison of sea level during the cyclone, maxi-
mum sea level, and average water level for 30 years. 

     A local photograph (Fig. 7) taken in the down-
town area of Sittwe, which was geo-referenced in 
Google Earth, proves evidence of significant inunda-
tion. A motorcycle was inundated by floodwaters ap-
proximately 0.5 m above the street level. The flood 
disaster hazard map of Kita City, Tokyo, indicates 
that even this level of flood depth makes pedestrian 
movement impossibleNote 7).  Balasbaneh et al. (2004) 
state that when flood depth reaches approximately 
0.5 m, wooden structures—the most common build-
ing type in the study area—are caused around 20% 
damage, which increases to about 30% when flood-
water exceeds 1.5 m10). Given the flat terrain with el-
evation 5 m above sea level (Fig. 1)  and the increase 
in sea surface height adjacent to Sittwe, it is likely 
that storm surge was the primary cause of the subse-
quent flooding. Yathedaung and Ponnagyun are lo-
cated near large rivers close to the coast (Fig. 4) and 
were likely affected by storm surges propagating up-
stream through these river channels. In contrast, 
Mrauk-U is further inland, around 60 km from the 
shoreline. The inundation of 3.5 km² in Mrauk-U is 
difficult to explain by storm surge alone, suggesting 
the combined influence of river flooding and heavy 
precipitation. 

 
Fig. 7 Left: Estimation of flood inundation depth based on 

a photo taken on May 14, 2023 (Source: BBC Bur-
mese), and Right: normal situation (Google Earth). 

 
(3) Effects of elevation on vegetation damage and 

inundation 
An analysis of 17,075 randomly sampled data 

points (0.1% of the total; Fig. 8) examines the rela-
tionship between elevation, DNDVI, and inundation. 
Inundation predominantly occurs at lower elevations, 
while non-inundated areas are distributed across a 
wider range of elevations. DNDVI values in inun-
dated areas vary widely, indicating flooded areas can 
experience both vegetation damage and recovery. 
The non-inundated areas, mostly highlands, also have 
a wide range of DNDVI values. 

    A hexbin visualization of all data points (Fig. 9) 
highlights the density of observations, revealing that 
the highest concentration of data points is found at 
lower elevations, where DNDVI variability is great-
est. This suggests these areas are susceptible not only 
to vegetation damage but also to vegetation regrowth, 
which warrants further investigation. The accompa-
nying histogram indicates that the distribution of 
DNDVI is close to a normal distribution. For the ar-
eas above 1500m elevation, the DNDVI range is nar-
row (–500 to 1500), and the values are mostly posi-
tive, indicating minimal vegetation loss. 

 
Fig. 8  A random sample scatterplot of DNDVI, elevation, 

and inundation status 

 

0.5m 
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Fig. 9  Hexbin scatterplot of DNDVI and elevation with his-

tograms 
 
 
4. CONCLUSIONS 
 

In this study, the impact of Cyclone Mocha on veg-
etation loss and inundation was assessed using re-
mote sensing. The cyclone damage was estimated by 
analyzing changes in vegetation index, NDVI, and 
DNDVI. Overall, NDVI decreased across 15,608 
km², representing 76% of the total area. The most se-
vere vegetation loss was observed in forested regions, 
affecting 7,600 km². At lower elevations, DNDVI 
variability is the greatest, with a broad range of val-
ues, suggesting, while the cyclone caused a moderate 
reduction in vegetation, this elevation range also has 
the highest potential for vegetation recovery. 

Regarding flooding, croplands were particularly 
affected, with 870 km² out of the 4,000 km² total in-
undated area. The sea level rise caused by Cyclone 
Mocha was the highest in the past 30 years, highlight-
ing the intensity of the storm. Social media reports 
estimated the storm surge height to be about 0.5 m 
above the street level in downtown Sittwe, which is 
deep enough to damage wooden structures.  

 The present study has encountered unmanageable 
limitations, the most critical being the absence of 
ground truth data. The ongoing political unrest and 
civil war have made conducting field surveys or ob-
taining data from authorities virtually impossible. 
Under these circumstances, remote sensing ap-
proaches were deemed to provide a valuable initial 
assessment. However, remote sensing inherently 
lacks the contextual understanding that on-ground as-
sessments provide. For instance, it is challenging to 
differentiate between temporary vegetation loss and 
long-term degradation using satellite data alone. 
While this study focuses on Cyclone Mocha, the ap-
proach holds promise for broader application in fu-
ture research. This includes validation against histor-
ical cyclones where ground truth data exists, which 
could improve damage estimation in disaster-af-
fected zones that are difficult to access. 
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NOTES 
Note 1) United Nations Myanmar, https://myan-

mar.un.org/en/234994-iom-myanmar-cyclone-mocha-
response-situation-report-2-may-25-2023  

Note 2) The Mainichi, https://mainichi.jp/english/arti-
cles/20230520/p2g/00m/0in/007000c. 

Note 3) Médecins Sans Frontières, https://www.msf.org/cy-
clone-mocha-aid-efforts-severely-hampered-new-,re-
strictions 

Note 4) EROS Visible Infrared Imaging Radiometer Suite 
(eVIIRS). 10.5066/P9QOEFNP  

Note 5) Digital Earth Australia, 
https://knowledge.dea.ga.gov.au/note-
books/Real_world_examples/Radar_water_detection/ 

Note 6) Myanmar Information Management Unit (MIMU), 
https://themimu.info/ 

Note 7) Kita City disaster prevention portal https://bosai-
portal.city.kita.tokyo.jp/assets/r5arakawamape.pdf 
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