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ABSTRACT	
The	2004	tsunami	disaster	caused	severe	ecological	damage	in	Banda	Aceh	City,	destroying	a	vast	majority	of	its	vegetation	
cover.	This	study	aims	to	analyze	the	spatio-temporal	dynamics	of	post-disaster	vegetation	recovery	over	two	decades	(2004-
2024)	to	identify	the	stages	of	ecological	succession.	Using	a	remote	sensing	approach,	Landsat	satellite	imagery	from	2004	
(pre-tsunami),	 2005	 (post-tsunami),	 2014	 (one	 decade	 later),	 and	 2024	 (two	 decades	 later)	 was	 analyzed	 using	 the	
Normalized	Difference	Vegetation	Index	(NDVI).	The	NDVI	classification	results	show	a	drastic	change:	the	non-vegetated	area	
surged	from	67.58%	in	2004	to	89.01%	in	2005,	while	the	dense	vegetation	class	was	entirely	eliminated.	However,	a	recovery	
process	unfolded	over	the	subsequent	two	decades.	By	2024,	the	non-vegetated	area	had	drastically	shrunk	to	just	13.11%,	
while	the	combined	area	of	moderate	and	dense	vegetation	surged	to	over	45%	of	the	city's	total	area,	surpassing	the	pre-
tsunami	condition.	This	study	concludes	that	Banda	Aceh	has	not	only	successfully	restored	its	vegetation	cover	but	has	also	
undergone	a	 significant	ecosystem	maturation	phase.	These	 findings	provide	a	 robust	 scientific	basis	 for	 integrating	NDVI	
analysis	 as	 a	 proactive	monitoring	 instrument	 into	 the	 Banda	 Aceh	 City	 Spatial	 Plan	 (RTRW)	 to	 support	 sustainable	 and	
disaster-resilient	urban	development.	
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1 Introduction	

Transformation	 of	 a	 city	 is	 a	 multidimensional	
phenomenon,	 concurrently	 involving	 four	 primary	
domains:	demographic	and	socioeconomic	dynamics,	
the	evolution	of	the	built	environment,	shifts	in	land-
use	patterns,	and	the	subsequent	effects	on	the	natural	
environment	 [1].	 As	 a	 key	 aspect	 of	 these	 effects,	 a	
city's	 development	 has	 both	 positive	 and	 negative	
influences	on	its	vegetation	and	green	spaces	[2].	This	
transformative	process,	now	accelerated	by	the	rapid	
pace	 of	 global	 urbanization	 and	 increasing	 resource	
scarcity,	 has	 given	 rise	 to	 a	 host	 of	 environmental	
challenges	[3].	As	a	result,	continuous	environmental	
degradation	 has	 become	 an	 increasingly	 pressing	
issue	in	urban	areas	worldwide.	

As	 a	 vital	 component,	 urban	 vegetation	 helps	
create	a	healthy	and	comfortable	city	environment.	Its	
diverse	 benefits	 include	 improving	 human	 health,	
regulating	natural	systems,	and	providing	habitats	[4],	
[5],	 [6].	 Therefore,	 understanding	 and	 documenting	
the	 dynamics	 of	 these	 changes	 is	 a	 critical	 step	 in	

planning	for	sustainable	urban	development.	The	use	
of	remote	sensing	and	geographic	information	system	
(GIS)	technologies	enables	the	tracking	of	spatial	and	
temporal	patterns	[7].	In	this	context,	remote	sensing	
technologies	offer	a	powerful	and	efficient	method	for	
monitoring	the	dynamics	of	urban	vegetation	[8].	The	
Normalized	 Difference	 Vegetation	 Index	 (NDVI)	 is	
frequently	utilized	to	represent	vegetation	cover,	such	
as	 agricultural	 and	 forest	 lands,	 within	 an	 urban	
context	[9].	

The	urban	development	trajectory	of	Banda	Aceh	
City	was	severely	interrupted	and	came	to	a	standstill	
in	 late	 2004	 due	 to	 a	 catastrophic	 earthquake	 and	
tsunami.	 The	 event	 resulted	 in	 critical	 impacts,	
including	the	degradation	of	land	use	areas,	an	altered	
coastline	in	the	northern	region,	and	severe	ecological	
damage	 [10].	 This	 damage	 was	most	 evident	 in	 the	
substantial	 loss	 of	 vegetation	 cover,	 as	 coastal	
ecosystems	 such	 as	 mangrove	 forests,	 beach	
vegetation	 formations,	 and	 agricultural	 lands	 were	
completely	 swept	 away.	 Given	 the	 severity	 of	 this	
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destruction,	 analyzing	 the	dynamics	 of	 post-tsunami	
vegetation	is	crucial	for	evaluating	the	success	of	long-
term	recovery	efforts	 and	guiding	 sustainable	urban	
planning.	

Previous	 studies	 have	 laid	 a	 critical	 foundation	
for	 understanding	post-tsunami	 landscape	dynamics	
in	 Banda	 Aceh,	 utilizing	 mid-term	 NDVI	 analysis	
(2004-2017)	 [11],	 comparing	 vegetation	 (NDVI)	
against	 built-up	 areas	 (NDBI)	 [12],	 and	 employing	
multi-index	approaches	up	to	2020	[13].	Nevertheless,	
this	study	addresses	a	fundamental	gap	by	being	the	
first	to	extend	the	analysis	to	a	full	two-decade	period	
(2004-2024).	 This	 extended	 timeframe	 is	 vital	 for	
capturing	 the	 maturation	 phase	 of	 the	 urban	
vegetation	 ecosystem,	 which	 has	 previously	 gone	
unobserved.	Beyond	 simply	prolonging	 the	 timeline,	
this	 research	 provides	 a	 novel	 interpretive	
framework,	 explicitly	 analyzing	 NDVI	 data	 to	
represent	 distinct	 stages	 of	 post-tsunami	 vegetation	
recovery.	

The	most	profound	distinction	of	this	study	is	its	
practical	aim	to	integrate	NDVI	findings	directly	into	
spatial	 planning	 policy,	 namely	 the	Banda	Aceh	 City	
Spatial	Plan	 (RTRW).	This	work	actively	bridges	 the	
divide	 between	 scientific	 analysis	 and	 policy	
application.	The	objective	is	to	establish	NDVI	not	as	a	
tool	 for	 retrospective	assessment,	but	as	a	proactive	
monitoring	 instrument	 for	 the	 city	 government,	
enabling	 the	 design	 of	 truly	 adaptive	 and	 disaster-
resilient	urban	spaces.	

Thus,	 the	 aim	of	 this	 research	 is	 to	 analyze	 the	
spatio-temporal	dynamics	of	post-disaster	vegetation	
recovery	 over	 two	 decades	 through	 an	 NDVI-based	
approach	in	order	to	identify	the	stages	of	ecological	
succession	 in	 Banda	 Aceh.	 To	 this	 end,	 the	 study	
specifically	 maps	 and	 quantifies	 vegetation	 density	
conditions	within	 the	city	 for	2004,	2005,	2014,	and	
2024.	Subsequently,	the	results	of	this	multi-temporal	
mapping	are	analyzed	 to	 formulate	a	 framework	 for	
effectively	integrating	scientific	findings	on	vegetation	
density/NDVI	 into	 current	 spatial	 planning	 policies,	
especially	 in	 support	 of	 disaster	 mitigation	 and	
sustainable	urban	development	strategies.	

2 Data	and	Methods	
This	study	was	conducted	in	Banda	Aceh	City,	the	

capital	of	Aceh	Province	 (shown	 in	Figure	1),	which	
has	 an	 area	 of	 58.99	 km²	 and	 borders	 the	 Malacca	
Strait.	 The	 city	 was	 struck	 by	 the	 2004	 tsunami	
disaster,	 which	 caused	 approximately	 130,000	
fatalities	and	extensive	damage	to	infrastructure	and	
the	environment	[14],	[15].	In	addition,	the	mangrove	
forest	 area,	which	 covered	167.71	hectares	 in	 2004,	
was	completely	lost	by	2005	[16].	

The	data	used	in	this	study	consist	of	spatial	data	
comprising	raster	and	vector	formats.	The	raster	data,	
which	refer	 to	satellite	 imagery,	were	obtained	 from	
United	 States	 Geological	 Survey	 (USGS)	 website	

(https://earthexplorer.usgs.gov/).	 Details	 of	 the	
satellite	 imagery	utilized	are	given	 in	Table	1,	which	
includes	 image	 analyses	 based	 on	 the	 acquisition	
years	 2004,	 2005,	 2014,	 and	 2024.	 Meanwhile,	 the	
vector	data	were	obtained	from	the	Banda	Aceh	City	
Development	Planning	Agency.	

The	 selection	of	2004,	2005,	2014,	 and	2024	 is	
based	on	historical	considerations	and	the	dynamics	
of	urban	development	in	Banda	Aceh.	The	year	2004	
represents	 the	 pre-tsunami	 condition,	 providing	 a	
benchmark	 for	 vegetation	 cover	 before	 the	 disaster.	
2005	 reflects	 the	 immediate	 post-tsunami	 situation,	
marked	 by	 severe	 environmental	 and	 land	 cover	
changes.	2014	captures	the	recovery	phase	a	decade	
after	reconstruction,	and	2024	illustrates	the	current	
condition	after	two	decades	of	urban	development	and	
spatial	planning	implementation.	The	flowchart	of	this	
research	is	illustrated	in	the	Figure	2.	

	
Figure	1.	Research	Area	Map	

Table	1.	Information	on	Satellite	Images	

Sensor	 Path/Row	 Acquisition	
Date	

Landsat	7	ETM	plus	 131/56	 27-11-2004	
Landsat	7	ETM	plus	 131/56	 22-05-2005	
Landsat	8	OLI/TIRS	 131/56	 04-03-2014	
Landsat	9	OLI-2/TIRS-2	 131/56	 30-08-2024	

For	 this	 research,	 the	 satellite	 image	 data	
presented	in	Table	1	were	processed	to	derive	NDVI	
values.	 All	 calculations	 were	 performed	 using	 the	
open-source	application	QGIS	3.34	Prizren.	However,	
satellite-based	remote	sensing	techniques	can	achieve	
this	 easily	 and	 cost-effectively	 [17].	 The	Normalized	
Difference	Vegetation	Index	(NDVI)	is	widely	applied	
in	 remote	 sensing	 studies	 to	 quantify	 vegetation	
density,	 evaluate	 canopy	 energy	 absorption,	 and	
assess	photosynthetic	capacity	[12],	[18].	The	NDVI	is	
computed	as	a	normalized	ratio	of	surface	reflectance	
between	 the	 Near-Infrared	 (NIR)	 and	 Red	 spectral	
bands.	Vegetation	density	was	 subsequently	derived	
using	the	following	equation	[19],	[20].	

NDVI	=	("#$	&	$'()
("#$	*	$'()

	 	 	 	 (1)	
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For	 Landsat	 7	 ETM	 plus,	 the	 NDVI	 is	 derived	
using	Band	4	(NIR)	and	Band	3	(Red).	In	contrast,	for	
Landsat	8	OLI	and	Landsat	9	OLI-2/TIRS-2,	the	NDVI	
is	 calculated	 from	 Band	 5	 (NIR)	 and	 Band	 4	 (Red).	
These	 differences	 reflect	 variations	 in	 spectral	 band	
designations	 between	 the	 two	 sensors,	 although	 the	
underlying	NDVI	formula	remains	unchanged.	

The	 NDVI	 calculation	 produces	 values	 ranging	
from	–1	to	1	[21].	Objects	such	as	sparse	or	unhealthy	
vegetation,	 clouds,	 and	water	 bodies	 generally	 yield	
negative	 NDVI	 values.	 Values	 closer	 to	 1	 indicate	
higher	 vegetation	 density	 or	 healthier	 vegetation	

cover	 [22].	 Subsequently,	 vegetation	 cover	 density	
was	classified	into	four	categories	(shown	in	Table	2),	
namely	 no	 vegetation,	 low	 vegetation,	 moderate	
vegetation,	and	dense	vegetation	[13],	[23].		

Table	2.	Vegetation	Density	Levels	
NDVI	Value	 Level		
-1.00	–	0.00	 No	Vegetation	
0.01	–	0.20	 Low	Vegetation	
0.21	–	0.40	 Moderate	Vegetation	
0.41	–	1.00	 Dense	Vegetation	

Figure	2.	Research	Flowchart

3 Results	and	Discussion	
The	 distribution	 of	 different	 vegetation	 cover	

density	 classes	 in	 Banda	 Aceh	 from	 2004	 to	 2024	
shows	significant	fluctuations	in	the	area	occupied	by	
each	category.	The	rate	of	change	in	vegetation	density	
is	calculated	based	on	the	area	for	each	category—no	
vegetation,	low,	moderate,	and	dense	across	four	key	
periods:	 the	 pre-disaster	 condition	 (2004),	 the	
immediate	 post-disaster	 condition	 (2005),	 a	 decade	
post-tsunami	 (2014),	 and	 two	decades	post-tsunami	
(2024).	 Table	 3	 shows	 that	 the	 vegetation	 density	
distribution	changed	drastically,	with	a	sharp	decline	
in	 all	 vegetation	 classes	 particularly	 moderate	
vegetation	and	the	complete	disappearance	of	dense	
vegetation	following	the	tsunami,	from	2004	to	2005.	
However,	in	2014	and	culminating	in	2024,	vegetation	
density	 increased	remarkably.	The	combined	area	of	
moderate	 and	 dense	 vegetation,	 which	 constituted	
only	about	8%	of	the	total	area	in	2004,	surged	to	over	
45%	 by	 2024.	 Conversely,	 the	 non-vegetated	 area,	

which	 dominated	 nearly	 90%	 of	 the	 territory	 post-
tsunami,	drastically	shrank	to	just	about	13%	by	2024.	

This	phenomenon	can	be	definitively	attributed	
to	 the	 impact	 of	 the	 December	 26,	 2004	 tsunami,	
which	 inflicted	 its	 most	 severe	 damage	 on	 the	
northern	 coastal	 areas	 of	 Banda	 Aceh.	 As	 the	 area	
directly	facing	the	sea,	this	region	bore	the	brunt	of	the	
waves	impact,	causing	a	total	loss	of	vegetation	cover	
in	many	places.	 The	 causes	 of	 this	 destruction	were	
multifaceted;	 stemming	 not	 only	 from	 the	 physical	
force	of	 the	waves,	which	uprooted	and	swept	away	
vegetation,	 but	 also	 from	 soil	 salinization	 due	 to	
seawater	 inundation,	 which	 rendered	 the	 land	
infertile,	as	well	as	the	deposition	of	thick	debris	and	
sediment	that	covered	productive	land	[24].	

In	2004,	satellite	image	analysis	yielded	an	NDVI	
value	 range	 between	 -0.59375	 and	 0.4328358.	 The	
classification	results	indicate	that	the	largest	portion	
of	 the	 area	was	 the	no	 vegetation	 class,	 covering	 an	
area	 of	 3,986.35	 ha	 (67.58%).	 This	 area	 represents	
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built-up	zones	such	as	settlements,	infrastructure,	and	
water	 bodies	 distributed	 throughout	 the	 city.	 This	
class	 was	 followed	 by	 low	 vegetation	 cover,	 which	
occupied	a	 significant	area	of	1,433.02	ha	 (24.29%),	
commonly	found	in	open	lands,	yards,	and	roadsides.	
Furthermore,	 moderate	 vegetation	 was	 identified	
over	 479.20	 ha	 (8.12%),	 representing	 areas	 with	
denser	tree	cover	such	as	the	mangrove	forests	in	the	
Kuta	Raja	District	and	shrublands	in	the	southern	part	
of	the	city.	The	smallest	area	was	classified	as	dense	
vegetation	cover,	accounting	for	only	0.45	ha	(0.01%)	
of	the	total	study	area.	Overall,	the	2004	data	depicts	
the	baseline	landscape	condition	of	Banda	Aceh	before	
the	 tsunami	 event,	where	 built-up	 areas	were	more	
dominant	 than	 green	 spaces,	 and	 the	 presence	 of	
dense	 vegetation	 ecosystems	 was	 extremely	 limited	
(Figure	4).	

The	 2005	 image	 data,	 obtained	 with	 an	 NDVI	
value	 range	 between	 -0.5348837	 and	 0.283237,	
reveals	 a	 landscape	dominated	by	 the	no	 vegetation	

class,	 with	 a	 total	 coverage	 reaching	 5,250.86	 ha	
(89.01%).	 This	 area	 was	 distributed	 across	 all	
districts,	with	a	particular	concentration	in	the	coastal	
regions	 directly	 impacted	 by	 the	 tsunami.	 This	 was	
followed	by	low	vegetation	cover,	spanning	634.85	ha	
(10.76%),	 which	 was	 identified	 as	 either	 remnant	
vegetation	 or	 pioneer	 species	 beginning	 to	 regrow	
post-disaster.	 Meanwhile,	 higher-density	 vegetation	
cover	 was	 minimal;	 moderate	 vegetation	 occupied	
only	a	small	area	of	13.31	ha	(0.23%),	and	the	dense	
vegetation	 class	 was	 not	 detected	 at	 all	 (0.00	 ha).	
Thus,	 it	 can	 be	 concluded	 that	 in	 2005,	 the	 vast	
majority	 of	 Banda	 Aceh	was	 in	 a	 state	 of	 open	 land	
devoid	 of	 vegetation	 cover.	 This	 condition	 clearly	
reflects	 the	 catastrophic	 impact	 of	 the	 preceding	
tsunami	(the	satellite	image	shown	in	Figure	5),	which	
caused	 massive	 vegetation	 destruction	 in	 the	 city,	
particularly	in	the	northern	coastal	areas.	
	

Table	3.	Distribution	of	Vegetation	Cover	(NDVI	Value)	of	Banda	Aceh	(Ha)	from	2004	to	2024	

Range	NDVI	Value	 Year	
2004	 2005	 2014	 2024	

No	Vegetation	 3986.35	 5250.86	 1014.08	 773.26	
Low	Vegetation	 1433.02	 634.85	 2818.04	 2404.83	
Moderate	Vegetation	 479.20	 13.31	 2061.50	 2377.95	
Dense	Vegetation	 0.45	 0.00	 5.40	 342.98	
Total	 5899.02	 5899.02	 5899.02	 5899.02	
	

	
Figure	3.	Area	Distribution	of	Vegetation	Cover	(NDVI	Value)	of	Banda	Aceh	from	2004-2024		
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Figure	4.	Percentage	of	Vegetation	Cover	(NDVI	Value)	of	Banda	Aceh	from	2004-2024		

	

	 	
(a) Mangrove	forests	in	2004	(pre-disaster)	 (b) Mangrove	forests	in	2005	(post-tsunami)	

	 	
(c) Mangrove	forests	in	2014	(a	decade)	 (d) Mangrove	forests	in	2024	(two	decades)	

Figure	5.	Condition	of	Mangrove	in	Banda	Aceh	Pre-	and	Post-Tsunami

A	 decade	 after	 the	 tsunami,	 the	 2014	 image	
data,	with	an	NDVI	value	range	between	-0.1526247	
and	 0.4734576,	 indicates	 a	 significant	 vegetation	

recovery	 process.	 In	 this	 year,	 the	 land	 cover	 was	
dominated	by	the	low	vegetation	class,	reaching	an	
area	 of	 2,818.04	 ha	 (47.77%),	 which	 was	 evenly	

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

2004 2005 2014 2024

%
 A

re
a

Year

No Vegetation Low Vegetation Moderate Vegetation Dense Vegetation



Al-Fath,	et	al.	 	 Journal	of	Infrastructure	Planning	and	Engineering,	2025,	Vol.	4	(2)	
	

109	

distributed	 throughout	 the	 city.	 This	 signifies	 the	
success	 of	 primary	 ecological	 succession	 in	 the	
previously	devastated	areas.	This	class	was	followed	
by	 moderate	 vegetation,	 which	 also	 showed	 a	
remarkable	 recovery,	 covering	 an	 area	 of	 2,061.50	
ha	(34.97%).	Meanwhile,	the	no	vegetation	area	had	
drastically	 shrunk	 to	 1,014.08	 ha	 (17.19%).	 The	
dense	 vegetation	 cover	 class,	 although	 still	 the	
smallest,	began	to	reemerge,	covering	an	area	of	5.4	
ha	(0.09%).	Overall,	the	2014	data	reflects	a	crucial	
transitional	 phase,	 where	 the	 landscape	 of	 Banda	
Aceh	had	shifted	from	being	dominated	by	open	land	
to	 a	 green	 landscape	 dominated	 by	 growing	 and	
recovering	vegetation.		

In	2024,	two	decades	after	the	tsunami,	image	
data	with	an	NDVI	value	range	between	-0.2230473	
and	0.6145164	indicates	a	landscape	condition	that	
has	 ecologically	 recovered	 and	 matured.	 The	
classification	results	show	a	landscape	dominated	by	
low	vegetation	covering	2,404.83	ha	(40.77%)	and	
moderate	vegetation	covering	2,377.95	ha	(40.31%).	
The	nearly	balanced	distribution	of	these	two	classes	
indicates	 an	 advanced	 successional	 process,	where	
pioneer	vegetation	has	developed	into	more	complex	
and	 dense	 communities.	 This	 maturation	 is	
quantitatively	evidenced	by	a	substantial	shift	in	the	
city's	vegetation	profile,	the	weighted	average	NDVI	
increased	 from	0.0714	 in	 2014	 to	 0.1412	 in	 2024,	
representing	 a	 97.65%	 increase	 over	 the	 decade.	
Furthermore,	 the	 combined	 area	 of	 moderate	 and	
dense	 vegetation	 (representing	 higher-quality	
vegetation	 cover)	 expanded	 from	 2,066.90	 ha	
(35.04%)	in	2014	to	2,720.93	ha	(46.13%)	in	2024,	
an	 increase	 of	 654.03	 ha	 at	 a	 rate	 of	 65.40	 ha	 per	
year.	 Most	 notably,	 the	 dense	 vegetation	 class	
exhibited	an	exceptional	growth	rate	of	33.76	ha	per	

year	during	this	maturation	phase,	 increasing	from	
5.40	ha	to	342.98	ha,	a	remarkable	6,251%	increase	
that	confirms	the	transition	to	a	mature,	ecologically	
complex	urban	forest	ecosystem.	

The	most	prominent	feature	of	this	period	is	the	
significant	surge	in	the	dense	vegetation	class,	which	
now	covers	342.98	ha	(5.81%)	of	the	city,	a	drastic	
increase	 that	 signifies	 the	 success	 of	 reforestation	
and	 greening	 programs.	 Spatially,	 the	 strongest	
regrowth	 occurred	 predominantly	 along	 the	
northern	 coastal	 zone,	 particularly	 in	 the	
rehabilitated	 mangrove	 forest	 areas	 of	 Kuta	 Raja	
Sub-District	 and	 Syiah	 Kuala	 Sub-District	 (as	
illustrated	in	Figure	5d	and	Figure	6d),	where	dense	
vegetation	 coverage	 has	 been	 extensively	 re-
established.	This	coastal	mangrove	belt,	which	was	
completely	destroyed	in	2005	(167.71	ha	reduced	to	
0	 ha),	 now	 represents	 the	 largest	 concentration	 of	
dense	vegetation	in	the	city	and	serves	as	a	critical	
green	 infrastructure	 for	 tsunami	wave	 attenuation	
and	coastal	ecosystem	restoration.	

On	 the	 other	 hand,	 the	 no	 vegetation	 area	
continued	to	shrink,	reaching	its	lowest	point	in	two	
decades	 at	 773.26	 ha	 (13.11%).	 Overall,	 the	 2024	
data	 depicts	 the	 peak	 of	 Banda	 Aceh's	 ecological	
recovery,	 which	 now	 possesses	 a	 far	 greener	 and	
more	diverse	urban	 landscape,	 even	 surpassing	 its	
pre-tsunami	 condition.	 Figure	 7	 illustrates	 the	
significant	 changes	 in	 vegetation	 cover	 within	 the	
Banda	 Aceh	 city	 center,	 comparing	 the	 immediate	
post-tsunami	 conditions	 of	 January	 2005	 with	 the	
landscape	two	decades	later	in	2024.	The	results	of	
the	 NDVI	 analysis,	 showing	 the	 distribution	 of	
vegetation	 density	 in	 Banda	 Aceh,	 can	 be	 seen	 in	
Figure	6.	

	

	 	
(a) 2004	(pre-disaster)	 (b) 2005	(5	months	after	disaster)	
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(c) 2014	(a	decade	post-tsunami)	 (d) 2024	(two	decades	post-tsunami)	

Figure	6.	Spatial	Distribution	of	NDVI	Value	in	Banda	Aceh	City	

	 	
(a) Post-tsunami	(January	2005)	 (b) Two	decades	later	(2024)	

Figure	7.	Post-Tsunami	Vegetation	Recovery	in	Central	Banda	Aceh	(2005	and	2024)	

The	findings	of	this	multi-temporal	NDVI	analysis	
(2004-2025)	 have	 direct	 implications	 for	 the	 Banda	
Aceh	City	Spatial	Plan	(RTRW).	Accordingly,	this	study	
posits	that	NDVI	is	not	simply	a	scientific	index	but	a	
critical	instrument	for	evaluating	urban	planning.	The	
resulting	 vegetation	 density	 data	 offers	measurable,	
empirical	 evidence	 to	 objectively	 assess	 existing	
spatial	 policies	 and	 guide	 their	 revision,	 effectively	
bridging	 the	 gap	 between	 science	 and	 urban	 policy	
implementation.	

As	 an	 evaluative	 instrument,	 NDVI	 effectively	
verifies	the	practical	implementation	of	the	RTRW.	It	
measures	 the	actual	condition	of	Green	Open	Spaces	
(RTH),	 contrasting	 legal	 policy	 allocations	with	 real	
vegetation	 cover.	 Furthermore,	 the	 vegetation	 map	
can	 identify	 "green	 deserts"	 in	 densely	 populated	
areas	with	minimal	green	space.	This	finding	urges	the	
RTRW	to	prioritize	the	creation	of	new	neighborhood	
parks	 in	 these	 locations	 to	 improve	 air	 quality	 and	
provide	 equitable	 recreational	 spaces	 for	 residents.	
This	 is	 consistent	 with	 [25],	 [26],	 who	 proved	 that	
green	 spaces	 play	 a	 vital	 role	 in	 enhancing	
environmental	quality	and	serving	as	recreational	and	
social	activity	spaces	for	urban	communities.	

NDVI	data	must	serve	as	a	proactive	foundation	
for	all	future	revisions	of	the	RTRW.	For	instance,	data	
showing	 the	 regrowth	 of	 dense	 vegetation	 reaching	
342.98	 ha	 by	 2024	 on	 the	 northern	 coast	 provides	
compelling	evidence	to	designate	this	zone	as	a	coastal	
green	belt	specifically	a	mangrove	forest,	which	must	
be	 protected	 for	 tsunami	 mitigation	 and	 control,	 as	
well	 as	 to	 attenuate	 future	 wave	 energy	 [27],	 [28].	
Beyond	 disaster	 mitigation,	 the	 vegetation	 density	
map	 can	 also	 be	 used	 to	 design	 green	 corridors	
connecting	 city	 parks,	 an	 effective	 strategy	 for	
reducing	 the	 urban	 heat	 island	 (UHI)	 effect	 [29].	
Consequently,	 urban	 planning	 can	 shift	 towards	 a	
data-driven	 approach	 to	 build	 a	 city	 that	 is	 truly	
resilient	and	livable.	

4 Conclusion	
This	 study	 quantitatively	 demonstrates	 the	

successful	 vegetation	 recovery	 in	 Banda	 Aceh	 City	
over	 the	 two	 decades	 following	 the	 2004	 tsunami.	
NDVI	 analysis	 reveals	 a	 remarkable	 landscape	
transformation,	 where	 the	 massive	 destruction	 of	
2005	 gave	 way	 to	 a	 mature	 ecological	 condition	 by	
2024,	with	 a	 state	 of	 greenness	 that	 now	 surpasses	
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pre-disaster	levels.	This	process	signifies	a	successful	
ecological	 succession,	 evolving	 from	 an	 initial	 phase	
dominated	 by	 low-density	 vegetation	 to	 a	 more	
complex	 landscape	marked	 by	 a	 significant	 surge	 in	
dense	vegetation	cover.	

While	 this	 study	 successfully	 quantifies	
vegetation	 recovery	 through	 NDVI	 analysis,	 several	
limitations	 should	 be	 acknowledged.	 First,	 NDVI	
primarily	measures	 vegetation	 quantity	 and	 density	
but	 does	 not	 capture	 ecological	 quality	 dimensions	
such	 as	 species	 diversity	 or	 ecosystem	 functional	
integrity.	 Second,	 the	 spatial	 resolution	 of	 Landsat	
imagery	 may	 not	 detect	 fine-scale	 vegetation	
heterogeneity.	 Third,	 this	 analysis	 does	 not	 quantify	
the	 ecosystem	 services	 provided	 by	 recovered	
vegetation.	 These	 limitations	 highlight	 the	 need	 for	
complementary	methodologies	in	future	research.	

Fundamentally,	 these	 findings	 bridge	 scientific	
analysis	with	policy	application,	validating	NDVI	as	a	
proactive	and	measurable	monitoring	instrument	for	
the	 city	 government.	 Therefore,	 it	 is	 recommended	
that	 periodic	 NDVI	 analysis	 be	 integrated	 into	 the	
Banda	Aceh	City	Spatial	Plan	(RTRW).	The	utilization	
of	 this	 data	 will	 provide	 a	 strategic	 foundation	 for	
evaluating	 the	 effectiveness	 of	 green	 open	 spaces,	
guiding	 sustainable	 urban	 development,	 and	
strengthening	 ecosystem-based	 disaster	 mitigation	
strategies	 to	 realize	 an	 adaptive	 and	 resilient	 city.	
These	 findings	 have	 broader	 implications	 beyond	
Banda	 Aceh,	 offering	 valuable	 insights	 for	 post-
disaster	urban	recovery	globally	and	contributing	 to	
the	achievement	of	Sustainable	Development	Goals	11,	
13,	and	15.	
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