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Abstract

This thesis presentsapabilities review of VIIRS nighttime visible and infrared

data for conflict monitoring, using the war ifJkraineas a case study. By integrating
theVIIRS-deriveddata setsf VIIRS Nightfire (VNF) and VIIRS Boat detection (VBD)

with boundary data, territorial control shapefiles, BIMOSAT damage assessments, a
series of spatial and temporal conflict indicators were developed. Thesthereused

to generate insights on a strategic, operational and tactical leviey assessig heavy
industry status monitoring maritime activity and offshore platforms detecing the
frontline and tracking urban combat acrossUkraine. VIIRS data, despite itkow
spatial resolution and susceptibility to atmospheric interference, was shown to provide
meaningful insights when combined with supporting geoatatl use cases, though
limits apply. Furthermore, tis thesishighlights the trad®ffs between using rastbased

and derivative VIIRS productsaind positions VIIRS within a wider multisensory
environment. While the utility of thedevelopednethods for other conflicts remains to

be evaluated, the approach demonstratedAlh&S can support rapid, low-cost, and
scalable monitoring of conflict zonesln an increasinglynstablegeopolitical context,

the ability to independently and systematically track changes in human activity and
infrastructurewill only increasem importance
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Satellite data from the VIIRS senscoan detectisiblelights and heat emissions at night.
This thesis explores how VIIRS can help monitor conflicts like the war itUkraine.

By combining VIIRS data with maps of territorial control, visual damage reports, and
other geographic information, the study shows how changes in industrial activity, port
activity, the front line and urban destruction can be tracked over time. Dasjiiiidns

such as low spatial resolution and cloud interference, VIIRS datadnmsaful for
identifying conflictrelated changes, especially when combined with other data sources.
The research also discusses how this approach could fit into larger systems that use many
types of satellite data and other geodata together. While fgttiay is needed to see if
these methods also work in other conflicts, this thesis showgItRg can offer a fast,
low-cost way to independently track conflict impacts In an increasinglynstable
world, such tools are very important for understanding wars and their consequences.
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1 Introduction: VIIRE; ANight Watchfor Modern
Conflic®

In the area of théransparent battlefieldvast amounts of open source geodata from
conflict zones are readily accessible. Military, governance, and scientific communities
are constantly working to merge, filter, and transform this information into structured
pipelines and analytical framework$hese tools support independent and reliable
conflict monitoring. The ongoing Rusddkrainian waé the largest and deadliest in
Europe since World War dlis a key example. Its scale, intensity, and geopolitical
staeks make continuous monitoring essential for
environmental, and strategic impacEor conflict monitoring at nightthe Visible
Infrared Imaging Radiometer Suite (VIIRS) sensorstalled on the SuorNPP,
NOAA-20 and NOAA:21 satellitescould make a valuable contributiomhe sensor
possesses the ability to capture both visible light guficared emissions with its
combination of high temporaésoluion, global coverage and long timeserietting it

apart from other platforms operating at nighevin et al.2020.

However, the potential of integrating VIIRSlata with supplementary geodata to
generate novel insights into conflicts has not yet been reak¥bde several studies
using VIIRS visible datédZhizhin et al.2024 Chen et al2023 Zhao et al2018 and
infrared data (Naghizadeh2024 Yailymov et al.2023 Tomchenko et al2023 for
conflict monitoring existmostlack a systematic approach, rely heavily on composite
data and do not combine their results with other relevant conflict. dsgssuch it
remains unclear what specific insights VIIRS data could generate for conflict
monitoring a limitation that must be addressed before the sensor can be effectively
integrated int@ broader monitoring framework

This thesis sets out to address this igaiiie form of a capabilities review: Its aim is to
demonstrate how VIIRS data can be processed and merged with other relevant
geodatato generate insights on the war itJkraine at different levels of analysis To
accomplish this aim, the followingpjectivesare identified

1. Develop relevant conflict indicators using VIIRS data and supporting
geodata

2. Demonstrate the use of VIIRS data for conflict monitoring at a strategic,
operational and tactical level

3. Discusslimits, improvements and implications of VIIRS-based conflict
monitoring

The area of study is thentirety ofUkraine as well as selected areas within Biack
Sea and Russia regions borderingkraine (seeFig.1). Asthe war is still ongoing, a
data cutoffdate of 20283-31 was choserallowing fora periodof more than three
years to be analysed.
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Figure 1: The warin Ukraine asof April 2025 ,including occupied areas, areas of
heavy fighting, the frontline , and relevant towns and cities (Software: ArcGIS Pro ; Data
source : Liveuau map, ArcGIS living atlas)

This thesiswas written in support of the GEOCON project at the German Aerospace
Center (DLR), which ams to generate demanariented information productfor
conflict regions using remote sensing and other geotiataresultdrom this thesisan

be used as a starting point for integrating VIIRS data into a-sultice framework for
conflict monitoring, offering a morecomprehensive, scalable, and temporally
consistent basis for situational awareness and decisiomaking in conflict settings.

1.1 The War ilJkraineand itsSgnals

The Russian invasion dfkrainecan bedivided intomultiple segments, with varying
goals and differences fighting styles As summarized iBrands(2024), the war began
with a planned decapitation dfkraingd s | e airdkyiv svithiagpecial military
operation As thisattackfailed, the Russian armgbandoned its push on the capital Kiew
(seeFig.1), and focused on the Donbass and Kherson reginasaging to capture the
cities of Mariupol(Schwirtz 2022 and KhersonFighting continuedhroughout the
summer, vth two Ukrainian couneroffensives liberating themajor cities of Kharkiv
and Kherson With this accomplishmenthe frontline staiized, with hundreds of
thousands of troopsow fighting along a 100&kilometer front line(Brands2024). A
Ukrainian offensive in 2028 the Zaporizhzhia fronffailed to dislodgehe Russian
defendergBugayova2023, while the Russian army continued to make very slow gains
in the Donbass region the summer of 2024, the Ukrainian Army launched a surprise
incursioninto the Russian Kursk Oblastapturing the small town of Sudzand holding

it until the spring of 202%Evans2025. As of writing of this thesis, the waemains
ongoing with high intensity, witkukraineholding on tovery small regions in Russia in
the Kursk and Kharkiv areavhile the RussiaArmy is putting on heavy pressure along
the entire front line.



Compared to previous conflictgdhnologicainnovationsin optical, electromagnetic,
acoustic, radar and other sendomefore and during the waow allow for the nearreal

time detection and targeting of hostile troop concentratidhis fact hashada large
impact on the battlefie|cas establishing and concealing the local superiority in troop
numbers and equipment required fmeakthroughsas become extremely difficult
(Kagan and Kagag024), increasing the immtance of positional defen¢éodjart2024).

As such,offensives from both sides failed to achieve major breaktimatjer 2022
turning the conflict into a war of attrition, and into the deadliest conflict for both parties
since theSecondWorld War (Jones et ak023.

The war inUkrainecomes with a highuman cos(Haque et al2022 PancevskR024),

large economic damagéd€iuriak 2022 Liadze et al2022), and physical destruction of
large swaths of the countrffhe Russian army, as a successor toSthaet Armies
heavily relies on massed artillery to achieve breakthroughs, leading to increased
destruction(Brands 2024). Data from the UNOSAT database showatitne slav,
grinding combatrom 2023onwardssaw the wholesale destruction of entire cities, such
as Bakhmut and Toropetd NOSAT 2025.

Figure 2: Examplesof potentially observable  events from the war in Ukraine ,

including (fromleft toright) :a stri ke o BlackRSea il ®#@s f | agshjap fiMoskvao
damaged offshore platform, a burning Russian Oil Refinery, the destroyed Azovstal

steelworks, a damaged electricity grid, a burnt -out apartment building, an explosion at a

Russian ammunition depot, and a burning grain field (see Appendix A for image sources).

All these events lead to changes in the physical environment and the patterns of human
activity: Changes in naval control of tBéack Seaaffects shiping activity, attacks on
industry affect production, damages to electricity grids affect lighting conditions, and

3



shelling causes widescadestruction and fires (séeg. 2). Many of these changes are
potentiallydetectabldrom space throughecondaryndicators such as altered emission
patterns, increased fire detections, shifts in coherenceswafate reflection changes
As such, remote sensirttas seerwidespread use in the context mibnitoring war
(Altarez et al.20249). Sincethe VIIRS sensorcan capturesome of theaforementioned
indicators, itcould offer valuableinsights intothe ongoingdynamics, providing a
clearerindependenp i ct ur e of

t he war 6s

1.2 LiteratureReviewVIIRNight Lightsin GConflict

When discussing remote sensing of night lights, important to differentiatbetween
the detection of visible light and offraredemissionsThe following chapter will give
an overview orhow bothtechniques workand what previous research has been done
onusing night lights for conflict monitoring.

VIIRS is a whiskbroom scanning radiometer installed orstnemi NPPNOOA-20and
NOAA-21 satellites, launched in 2012017and 202 respectively The sensor comes
with a wide swattwidth of 3060 km, and witl22 spectral bands ranging frori5ito
12322 nm, nine of whichalso operate at nigliCao et al2017 Schueler et a002.
VIIRS bandshave different resolutionswith five imaging resolution bands with a
resolution of 378, and16 Moderate resolution bands {d&nds)with a resolution of
750m. The sensor also comes withpanchromaticDay-Night-Band (DNB), which
covers the spectral range of visible lightearinfrared (NIR)at a resolution of 750m
(Cao et al2017. With three platforms in orbit, VIIRS sensors can capture data globally
at least three times per night, making it ideal for detailed times@sesich, VIIRSlata

is characterized by a poor spatial, Bety high temporal resolution

Table 1: Characteristics of the VIIRS spectral bands collecting data at night
(adapted from Elvidge et al. 2013).

Band name

Spectral range

mpact and prog!

Bandpas ¢<BandCenter[ € m

DNB
M7
M8
M10

M12
M13
M14
M15
M16

Panchromatic
Near infrared (NIR)
Near infrared (NIRR
Shortwave Infrared
(SWIR)

Mid-wave IR
Mid-wave IR
Long-wave IR
Longwave IR
Longwave IR

0.50.9

0.8430.881
1.2251.252
1.57711.631

3.598 3.791
3.9874.145
8.4078.748
10.23411.248
11.40512.322

0.7
0.862
1.2385
1.601

3.6945
4.066

8.5775
10.741
11.865

There are several other platforms available dagiture data at nightvith prominent
exampledncluding the Operational Line Scan System (QU3ndsat8, and Luojial

(Levin et al.2020. There have also bedirst steps into the realm of hyperspectral

remote sensing of night lights using ENMAP d@éachmann and Stor&023. Many

of these systems offer much higher spatiahnd spectraresolution than VIIRS

However,none can offethe combination of high temporal resolution and availability of

infrared bands required for largecale monitoringOnly V1 | RS6s pOLSdecessor
comes close in this regarout has a worse spatial and spectral resolution, dynamic range

and calibratior(Elvidge et al. 2013h)and has alsoeasedperationsAs such, VIIRS

remains the bestuitablecandidate forfull-coverageconflict monitoring despite its

modestspatial resolution.



1.2.1 DetectingvisibleNight Light

The capture of visible night ligltatareliesont he emi ssi on of the earth©o
visible spectrumHowever, a radiance between day and night is up to five orders of
magnitude aparfLevin et al.2020, only a handful of sensofsave the sensitivity
required tocapture visible night light dat&/IIRS night light data- andthat of other
sensors requires several processing steps to be of asdescribed irElvidge et al.
(20179: Firstsunlight, moonlightstray light high-energy particles anayhtningneed to

be removedThen the image needs to be screened for clpadgoud coveris one of

the main limiting factors for using visible night light¥hick clouds block light
completely and thinner clouds scatter the ligh¢aning that clouds can both darkel
brighten the sky depending on the amount of artificial light prggewin et al.2020.

For VIIRS,a good cloud mask using several bands is avai(&app et al.2014).

VIIRS DNB data comes with a number dfallengesas summarized ihevin et al.
(2020: The dynamic range of night lights is very large, ranging from small lights to
large gas flaredDue to the wide swath rangéthe VIIRS sensor, each scene contains
many different agular observationsvhich need to be accounted for. Additionally, the
data suffers fronskyglowandbloomingphenomenameaning that light can be detected
away from the light sourcélso, DNB data shows differences in radiances dubeo
different flickering cycles oértificial light, which needs to be accounted fatvidge et

al. 2022. All thesechallenges mean that individual night light scereas bevery noisy
meaning thatveekly, monthly and yearly composites are often used

There are several comprehensiiiRS DNB data sets availahl®ne of themost well
known i sblatkin&rBldata setwhich offers dailys00m resolution DNB dat
since2012(Roman et al2018 Annual DNB composites are also availafiitvidge et
al. 2021a) For longer timeserieshere is also a dataset available which mexjHS
and OLS datacreating a continuous dataset from 19@&l the present dafLi et al.
2020.

1.2.2 Detectinginfrared Night Light

While all objects on the ground emit in the infraspectrumonly very hot objects emit
substantiatadiation in the SWIR range (0227em) compared to the TIR ran¢geeFig.

4). VIIRS possesses multiplafraredbands, enabling the detection of emissions in the
NIR, SWIR, and MWIR ranges (Levin et al. 2020). This capability allows not only for
the detection ofnfrared emissions but also for their classificatiothe fundamental

basis ofinfraredr e mot e sensing (pyrometry) |lies in det
basedn its emitted radiation, follownng the ke)
Boltzmann | aw. Wienbds | aw states that hotter

wavelengths, while the Stefdoltzmann law shows that the total emitted energy
increases by a factor of 16 with a doubling of temperature (Elvidge et al. 2013a).
Consequentlyif a detection is made in more than one hériwecomes possible to derive
temperature and thus classify emitterstype, such adires, volcanoesandindustrial
activity.
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Figure 3: Example of differences in radiance between VIIRS DNB (visible) and

M10 (SWIR) bands for the Ukrainian city of Mariupol (single day). City boundaries are
highlighted in  orange; Industrial districts are highlighted in grey. Image date: 2021 -08-
01, data set: VNP46A1 via Google Earth Engine.

Traditional VIIRS fire detection algorithm(seeSchroeder et a{2014) rely on MIR

bands to detect fires, as these work both during the day and during theHugket/er,
thesedetection methods rely largely on empirical formulas and can only detect the upper
size range of pixels with IR emittg(glvidge et al2019. Detection methods specialized

in nighttimeinfrareddetection relymore on the M10 (SWIRband, with NIR and MIR
bands playing a supporting rqElvidge et al. 2013a)lhe DNB band can also be used

for night fire detection due to its low detection limits, lihis methodcan lead to more
errors(Elvidge et al2019. Modern detection methods also allow for thassification

of subpixel emitters in VIIRS night light data ngia combination of several bands
(Zhizhin et al.2023.

The minimumdetectabldire areadepends heavily on its temperatutiee algorithm
used andwhetherthe fire occurs during daytime or nighttintéchroeder et a(2014)
putsthe fre area required for 80% probability of detectiotetween 2mat 1200K
(intense burningandover250mz2at 400K(smouldering, although minimundetectable
fire areas are much smaller at night due to nstailblebackground conditionglvidge
et al. (2013a)placesthe nighttime VIIRS M10 band minimum detection linsitat ca.
100m2 at 500Ksmouldering, andas low as 0.06m2 &600K (gas flare)Theminimum
detectablearea for a 900K bonfires calculatedo be aroundtOm2. Thus, it should be
remembered thasmaller fireslike individual vehicles or smalpatches of ground
burningmight not be detected by VIIRElowever, ifseveral smaller fires burn within
the confines of a single VIIRS pixeéhe combined signal might begistered

There aretwo main fire detection data setsing VIIRS data. The first is the Fire
Information and ResourceManagement System (FIRMS). FIRM&as designed as a
quick-response system to combat wildfires, anthbines both VIIRS and MODIS data
for global coverageluring daytime and nighttimégSchroeder et ak024. The second
data set is VIIRS Nightfir¢VNF). VNF was designed for monitoring heavy industry
with a focus on gas flarin@gnd uses an algorithimilored to nighttime detectiqilvidge

et al. 2013aZhizhin et al.2021). Both data setsffer long time series and are usable
free of charge, although VNF requires an acaddigease.

1.2.3 £ L LRmade h a multisensorgvironment

VIIRS is only one of many othespacebornasensorgroviding imagery over conflict
areas. Othereffective methods for fullcoverage monitoring are medium to high
resolution opticamissionssuch asSentinel2 and Landsa8/9, as well as the use of SAR
missionssuch as Sentindl and Radarsat. VHR imagery such deta acquired by
MAXAR and Pleiades offer a higher spatial resolutiobyt is expensive to purchase,
limiting its applicability for fulkcoverage monitoring. In literaturé&holoshyn et al.
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(2023 used S2 SWIR to assess areas of burnt forests and craflgame Other
researcherbave used S1 and S2 data together to track the spatial and temporal patterns
of war damage in individual cities such as Md&aloorani et al2027), Kyiv (Aimaiti

et al.2022 and Mariupol(Huang et al2023. For largescale war damage assessments,

the usage of SAR dataespecially ST showsa high potential. One example is the
recent method developed byetrich et al.(2025, that allows for damage assessments
down to a pebuilding level for the entirety dfkraineusing Google Earth Engine. Since

SAR data can penetrate clouds, this approach allows for continuous timeseries, which
cannot be fullyeveragedor optical imagery.

With thesecapable alternativesvailable therelevance of VIIRSequiresexamination.

On a spatial scale, VIIRS cannot compete with other sensors. With a footprint measured
in hectares rather than square meters, the highest level of insight is settlement level. Only
in large cities, more detailed withettlement analysis may be plausilfempared to

SAR timeseries, VIIRS is limited by cloud cover, which can biCits for days or even
weeks, limiting its temporal resolutiorlowever VIIRS has three mia advantages:

First, the volume of daily data is orders of magnitude lower than that of other sensors,
makingmonitoringon anational or even global scatleuch more feasible. When using
VIIRS derivatives, this discrepancy becomes even larger, with the total modified VNF
dataset from 2012025 used in this thesibeing about the size of a single-&&ne.
Second, the high temporal resolution allows for the capture of quick snapshots of large
areas. While these snapshots are not very dependable on theiheyvare nonetheless
capable of capturing extreme changes in emissions, such as large power outages or large
fires, and can deliver insights within a single night. Third, VIIRS can offer insights into
human activity that others can not: éity going through a power outage is
indistinguishable from a neaffected cityin optical and SAR imagerwIIRS canalso
generate more reliable timeseries for industry emissidtiisrespect tesensorsuch as

S2, due to its higher temporal resolution. Lagtiythe dtermath of extreme events, it
becomes critical to acquire information on affected ssessquickly as possible. As
Copernicus missions have a revisit time of around 5 days, the daily availability of VIIRS
data can increase the timelinesdrdbrmation, even if the generated insights are of a
lower spatial resolution than other methods.

1.2.4 PreviousNight Light Use cases

Thevisibleandinfraredbands of night light data have been extensively irsadariety

of fields, with applicationsanging from mapping urban areas, estimating population and
GDP, monitoring light pollution andecosystem threats, to disaster and conflict
monitoring (Levin et al.2020. In the latter categorywitmer and O'Loughlin2017)
showed thainonthly andannualcomposites 0OLS datacould be used tmonitor large
fires and refugee movemerdsiring a number of wars in the Cauca$wasn 1992to
2009 This approach was also demonstrated to be of use Bytiencivil war (Li and

Li 2014, although bottstudies are limited by the poor resolution of ORAS the system
was slowly phased out,i et al. (2017 demonstrated that OLS data could dvess
calibratedwith VIIRS DNB datato cover the transition period, withuse caséor the
Syrian civil war.

As VIIRS DNB data became available, its use was also extensively fistadnitoring
power outage§Zhao et al2018 Cao et al2013, as well as for assessing the impacts
of earthquakes, storms and floadsen combined with other geod@&hao et al2018).
Results shownixed results for damage detection, but galyeigood results for power
outage detection. Challenges persist due to cloud cwveonflict monitoring, VIIRS
DNB composits were used to show light loss in areas occupied by ISIS during the
Syrian civil war in 2014pointing to power supply issufls et al.2015. Li et al.(2018

also showed the differenaelight reduction and recovery for cities under the control of
ISIS andthose under the control of government forces



With the Russian invasion &fkrainein February2022 a number of articles on VIIRS
DNB changes irlJkraine were publishedwhere it was extensively shavthat most
cities showed a significant loss in visible night ligbi et al. 2022 Chen et al2023
Xiao et al.2024 Xu et al.2024), with recovery rates differing by controlling entiflyi
et al. 2022. On alocal scaleCerra et al(2024 demonstrated thdires caused by
fighting can be detected everdNB monthly composites bgomparinghemwith VHR
MAXAR data for several areas idkraine (seeFig. 5), but no quantified relationship
could be established.

03.2022 04.2022 §
Figure 4: Example of increase in DNB monthly composite intensity over a
shelled industrial site in the Ukrainian town of  Rubizhne (Cerraetal. 2024).

While all these exampleshow a correlation between events in conflict and a response
in night light, they lack automation and often require prior knowledge of where to look
for changesOne solution for this problem is demonstrate@hizhin et al(2024, who

used anachine learningpasedsegmented regression approachutmaticallyidentify
day-by daychanges and breakpoints in night light intensig seen irFigure 6, this
approach allows fathe automated monitoring ahy selecteOIl. However, the noise

in theunfiltereddata and frequent cloud coyes well as seasonal variations in lighting
can cause false alarmsalso means that identifying a segmentation point may take time.
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Figure 5: Example of VIIRS DNB -based change detection using a segmentation
approach. The graph shows several change points for DNB intensity for the town of
Sumy, east of Kyiv, including one that coincides with the outbreak of hostilities in
February 2022 (zZhizhinetal. 2024)

The application of VIIRSnfraredemissiongor conflict monitoring is not adeveloped
andmainly focuses on the use of FIRMS ddt®netheless, a number of publications on
the use ofVIIRS infrared emissions with a focus on the war ltkraine have been
published(Oreshchenko and Osadctad24 lalongo et al2023 Yailymov et al.2023
Tomchenko et al2023 Naghizadeh2024). lalongo et al. (2023 showed a shift of
infrared emissions towards the frontline, but did not go beyond visunallysis
Yailymov et al. (2023 combined FIRMS data with optical imagery and manually
classified shelling damagde show a shift in fires towards the frontline, but did also not
demonstrate a statistical correlatidh.was also shown thah oblasts affected by
fighting, there was a shift ithe land cover underneatiRMS detections away from
agricultureand towardsirbanandgrasslandTomchenko et aR023. This fact can be
seen as an indicator that fireerenot causedby regularactivities such as the burning
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of crop remains but were instead caused by shellintn another noveluse case
Naghizadeh(2024 demonstrated that there is a correlati@tween the density of fire
detectionsand Armed Conflict Location and Event Data (ACLE&eFig. 7). This
insight suggests that VIIRftre detections ara good indicator foongoing conflictif
shaped correctiHowever, the articldoes not remove permanent emitters iaties on
composites over several monthifius, the methodives no immediate insights into the
situation on the ground.

Fire Density Pre-Invasion ACLED Density Pre-Invasion

4000
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Fire Density Post-Invasion ACLED Density Post-Invasion
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5000

3000
3000
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Figure 6: Comparative density of VIIRS infrared emissions and ACLED web
conflict reports data in Southeastern Ukraine before and after the invasion
(Naghizadeh 2024 )

In summary even though many studies lack the systematic sedgpired for
comprehensive monitoringhe use of VIIRS DNB in conflict monitoring has been
thoroughly demonstratetéh contrast, methodfor extracting information from VIIRS
infrareddataremain underdevelopetdhey rely heavily on composite data, which limits
VIIRS's main advantagétigh temporal resolutiorthe methods alsend tousegeneral
administrative boundariesdespite more relevant boundaries such as individual
settlement and even frontlimxtentbeingreadily availableAs such, this thesis will put

a larger emphasis on VIIRSfraredemissionghan on DNB datawhile demonstrating
howbothcan be further enhanced and automated using supporting geodata and advanced
analytical methods



2 Materials & Methods

As this thesigonsists of severaise casedhere is no singlmethodology Insteadthis
chapter will describéow VIIRS data and other geospatial data whapedo generate
key indicators, with whichinsights on the war itJkraine were generatedA broad
overview can be seen kigure8. A more detailedverview of what indicators are used
how andfor what case study can be foundAppendixC.
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Figure 7: Generation of indicators for conflict monitoring. Data products are
highlighted in blue, generated indicators are shown in grey. All results in this thesis  are

produced using a combination of these indicators

Except for areal control datall @ata used is eithegntirely opensource or licensed
throughnon-commerciabr academic licenses. AdditionaglBll data was processed with
minimal manual inputusing the programming languageython allowing for easy
transferability to other regions and time periods.

2.1 VIIR®ata

2.1.1 VIIRS Nightfire

The dataset chosen for monitorimfraredemissions is VIIRS Nightfire (VNRyersion

3.0 (Elvidge et al. 2021bElvidge et al. 2013eElvidge et al2019. VNF detects sub

pixel hot sources using combination of barglwith the primary detection band being
the M10 SWI R Thadetéctiam methbd uses gireurve fiting (i.e. how

much radiation is emitted at each wavelength for a given temperature for a black body)
to estimate hot sources from 600K to 6008Kpixel is consideredhot if its M10 band

digital value exceedsthe mean plus four standard deviations of background pixels,
calculatedseparately fothreepixel aggregation zone3 he radiance oforresponding
bands is then checked using a similar procedtieedetection is only found in the M10
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band but not in any other band, it is markediasonfirmed which either means the
signalwasweak orthe detection was a result of noi¥he test data sesed byElvidge
et al. (2013a) contained about 44%nconfirmed detectionsVNF was originally
designed to monitor gas flares at nighhizhin et al.2021), but recordsand storesll
potential fire detectiondVhile a newer version of VNF emitters exigthich includes
secondary subpixe&missiongElvidge et al. 2021b}his thesis uses3/0 for analysis.
This decision was taken as VZ0ntains a homogenous timeseries fradid 7 untilthe
presentday, which allows for the establishment obaselineof fire detectiondefore
the outbreak olfiostilities For the same reason, data from NO2RAwas excluded from
the analysis, as data from this platfdoecame available only in 2023.

VNF is stored in a CSV format with one file per day andspesor For processing, all
data from201901-01 to 202503-31 was mass downloaded from tBIF repository
using an APIThen the data was trarmfmed intoa point shapefile format and clipped
to the extent ofJkraing the Black Seaandareas oRussiawithin a 100kmrange of
Ukraine Lastly, all shapefiles were mergeallowing for easy sorting and clipping to
specific AOls in following operationsThis merged shapefiltormedthe basis of all
further VNF operations.

2.1.2 VIIRS Boat Detection

As the utility of VIIRS DNB data for conflict monitoring on land hakeady been
demonstrated extensivelyis thesis instead focuses on visible night light at sea. For this
task, the VIIRS Boat Detection (VBD) data sedsused(Elvidge et al2015 Elvidge

et al.2018 Hsu et al2019. VBD processes DNB datssing a spike detection and spike
height index algorithnto detect boats, gas flares and platfarifi®e data set separates
between different quality flags, includistyong, weak and blurry detectigasidstores
outputs in a CSV forma#ccuracy is claimed to be as high as 99% on cloudless nights
(Elvidge et al2015, althoughmanual validation was only carried out on a single image.
It should also be noted thtte algorithm was developed for the detection of fishing
vessels, which are substantially brighter than cargo ships fact could mean a lower
detection percentage for ndishing vesselsAs NOAA-20/21 data has not been
integrated yet, VBD relies exclusively @uomiNPP data, lowering the number of
overpasses compared to VNF

VBD datawas downloaded and pprocessed in a similar manner to the VNF data
Afterwards, the data was clippedtte area of th&lack SeaDue to the lower number

of overpassestrong, weak and blurry detectiongreall kept which comprise&2%,

36% and 2% of all detections respectivélffshore platform detections were also kept
and differentiated by a unique identifier. Lastly, all data was merged into a single
shapefile for further use.

2.2 Supporting Geodata

2.2.1 BoundaryData

To automaticallydivide visible andnfraredemissiongy area of interesboundary data
was requiredFor this taskseveral datasets were ugseeTable2): Data on settlement
outlinesand regional boundariegsere taken fromt h e U N 0 ®ffic€ @aifanent
infraredemitters were taken froMNF-generated permanent emitter shapeféesl port
and offshore platform boundaries were manually dricam opticaland SARimagery.
By combining the boundaries with respective VNF 8BD detectionsthe indicators
of daily number oVBD/VNF detections in boundawyere then created
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Table 2:Boundary data used.

Dataset Information Source

Ukrainian settlement Boundaries of every Data.humdata.org

boundaries settlement irUkraine

Russiaradministrative Administrative boundarie« Data.humdata.org

boundaries of Rus s ioblasts

Permaneninfrared Locations otheavy Colorado School of mines

emitters industry withinfrared
emissiongworldwide)

Port boundaries Boundaries of selected  Manuallydrawn from
Ukrainian and Russian  basemap imagery
ports

Offshoreplatform Areas in the NV\Black Manuallydrawn from

boundaries Seawith offshore Sentinell SAR imagery
platforms

2.2.2 OccupiedAreas

One feature omodern conflicts is that it is possible for nstate actors to assem®as
of control through a variety afatg such as official statements, geolocataedgesand
social mediadata There are severarganizations that providarea of control data in
shapefile formafISW 2025 Geoconfirmed2025 Liveuamap.con2025 Project Owl
2025. The data used in this project comes fraimeuamap an NGO that provides
constant updates on several conflict regions around the world, with a fotls war
in Ukraine(Liveuamap.con2029. Theorganization offers daily shapefilasdnotable
eventson the war inJkrainethrough a subscription servioehich can be downloaded
from their website.

As the data neexdito be downloaded manuallg shapefile was selected only once per
weekand further ppcessedn Python First,areas occupied before 2022 were removed
Secondthe data was cleaned, Rrarea geometries were removed, anall geometries
remaining fronclipping operations were deleteékhird, territorial changeand theirsize
were extracted througseveralclipping operationsn Ukraineand theRussian regions
borderingUkraine(seeFig. 9 andAppendixD).

Week 1 Week 2 Active/passive front line

_

Figure 8: Clipping operations to calculate gains and losses in areal control , as
well as ohot zoneso of the front I|ine

For eaclterritorial change, the area was calculatédlata was missing, it was manually
replaced with data from the previous wed@lhese steps were repeatidm the
beginning of the war unt202503-31, netting the indicators afieekly occupied area
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https://eogdata.mines.edu/products/vnf/subscribers/index.html

weekly territorial changesindweekly frontline as polylind8y combining theeoutputs

with the boundaryand VNF data, it was also possible to generate the indicators of
distance of settlement from frontliterritorial change distance of VNF detection from
frontlineterritorial changeandnumber of VNF emissions bgcupied/unoccupied area

2.2.3 UNOSADamageassessmenbData

The United Nations Satellite Centre (UNOSAT) has a team of analysts that delivers
damage maps of crisis aredasmainly settlements using VHR optical imagery
(UNOSAT 2025. Their output includedamage assessmentse¥eralJkrainian towns

and cities mainly during the opening stages of the wElne programme works by
comparing VHRimagery before and after a damage ewgsihg visual analysis and
manual marking of damaged buildings and infrastructure Cdmprehensive Damage
AssessmerfCDA) data producfrom UNOSAT not only provides a map with damage
locations butlsoprovides damage points as shapefiles

For this thesis, CDA data was downloaded fb#4 Ukrainian settlementsl1$ total
activatiors, seeAppendixB). Since shapefiles of the analysed areas were not provided,
they were manually drawif. the damage assessment used more than onénpegt

the latest d& was taken.The area of each region was then calculated to derive the
indicators ofdamaged buildinggper areaand VNF detections per arefor each
UNOSAT activationbetween thebeginning of the war and the latest pimsage
enabling crosanalysis.

2.2.4 \isualvalidationData

In addition to the datproductslisted so far several other satellite data products were
usedas isfor visual validation.The mainproducts here were Sentirklsynthetic
apertureradar(SAR) andSentinel2 optical data. TheSentinel missiongrom the EU
Copernicus Programmare the workhorsesf the EUSpace Pr oflget @@ mme & s
satellites, providing opeaccess data with global covera§d. and Saffer a spatial
resolution ofup toten meterand atemporal resolutionf approximatelfive days ()
andsix days (S1), although a power failure in the S1B satebitieiced this time to 12
days for much of the war idkraine(ESA 2022. Data from both missions was accessed
using the Copernicus Space Data Ecosyskmnfindingobjects at sea (shipsffshore
platforms), 8 SAR composites were usess metal objects stand out very clearly in
these types of imageBor verifying VNF fire detections, S2omposites using the B12
(SWIR), B8 (NIR) and B4 (red) bands were used, as Ilaisd compositéighlights
infrared emissiongesulting from thermal anomalieBue to cloud coverelevant S2
images were only available in limited numbiler future, both S1 and S2 data could be
further integrated into a detection framework, But now, visual identification and
validation is adequate for the study design chosen
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3 Results

The results are presented according to the categosgatagic,operational andactical
information, which are frequently used in armed forces to differentiate between levels
of analysis. As seen irigurel0, strategic insight€enteron national policy and theatre
strategy,operational insight§ocus on campaigns and major operations, &actical
insights on single battles and engageméhtsy University Pres@025.

National policy I

Theatre strategy l

Strategic level
Campaigns

Major operations

Battles

Engagements

Pl

Small-unit actions

Figure 9: Levels of war with respective foci of analysis (adapted from  Army
University Press (2025 )).

The insights generated inishthesidollow this logic andare sorted by utilityStrategic
insights focus on broalével information, such as the state of industry or trade voJume
which can shape national policperationaland tactical insights focus moreon
detecting the extent of the front line, fighting specific regionsand even specific
settlementsOn the strategic level, thihiesis presents methods foonitoring heavy
industry, ship and port activity, and offshore platfor®@s the operational and tactical
level, frontline monitoring andhe assessment afban combat is analyseldue to the
poor spatial resolution of VIIRSow level tactical insights cannot basilygenerated.
As such, operationalnd tactical insights angresented together, although sorted from
broad to specifidt should be noted that there are no finite limits to each t&hasialysis
and many lowetevel insights can be aggregated into higleeel informationand vice
versa Nonethelesghese levelsan provide a useful framework for organizing insights

3.1 Strategidnformation

3.1.1 Monitoring Heavylndustry

Monitoring heavy industry usinglIRS infraredemissions is not a novel id@au et al.

2018 Ma et al.2019 Sun et al2020. However, by combining heavy industry location
data fromElvidge et al.(2023 with VNF detections and occupation dasaveral new
insightscan be generated on the state of heavy industokiaine Figure11lshows the
results of this approactwith VNF detections grouped bgontrolling entity Three
insights become apparefirst, all heavy industry emissions in unoccugiddaineare
strongly diminished after the war begins. Second, all heavy industry in the areas
occupied before 2022 continue to emit at the samensity as before the waeven
thoughmany of the industry sites were less than 30 kilometres from the frontline when
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the invasion began. This fact shows that these sites were never targeted in a concentrated
effort by the Armed Forces afkraine Third, all industry sites that are fought over stop
emitting entirely. This facsuggestshat industry sites that change hands are destroyed
and cannot be brought back online
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Figure 10 : VNF fire detection timeseries for all Ukrainian industry with  SWIR

emissions  (smoothed) . Please take note thati  ndustry sites do not emit homogenously ,
and the data has not been standardized per industry site.

It should be noted thatifterent industry typegemit at different intensities, witkteel
production in particulagenerating a disproportionateimberof infrared emissions
overshadowing other industry typ&ghen the permanent emitter data is broken down
into individual industries, further insights are generatksl seen irFigure 12, every
industry typestill losesemissions butecoversat different speesl For examplesteel
emissionsn unoccupiedJkrainehave stabilized, while oil emissionsmainvery low.
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Figure 11 : VNF fire detection timeseries for selected heavy industr ytypes in
Ukraine (smoothed) , divided by area of occupation.  Emitter locations are shown in the
inset map. All industries show a sharp drop in emissions with the outbreak of war , with

different recovery rates per industry type . Please take note that  y axes are scaled
differently. Other industry types can be found in Appendix E.

Linking these results to actual industrial output is challenging due to limited data
availability. However, a working paper from the United Nations Industrial Development
Organization (UNIDO) shows that all relevant Ukrainian manufacturing experienced a
decline in productiorin 2022 Basic metals, coke, and refined petroleum saw a drop of
over 60% in 2022 compared to the 202021 average, with frontline regions suffering
the most (UNIDO 2024). These insights are reflected in the VNF datathén
validation approach is the use of case studies and suppleynédata which was done

for thelarge Azovstal steelworks in Mariupol. The city of Mariupol was one of the first
to be attacked as the Russian invasion began due to its proxirttigy poe2022 front

line, and was the subject of heavy fighting. The Azovstal steelworks saw particularly
intense combat, andereunder siege for 80 days before being captured by the Russian
Army (Schwirtz2022. This sequence of events is also visible when viewing VNF data
and selected S2 SWIR composites Bree13).
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Figure 12 : Cross analysis of Sentinel -2 SWIR false colour  composites (a-c) and

VNF detections (d) for the Azovstal steel plant in Mariupol. S2 c omposites show

SWIR emissions (highlighted inred)  during regular operations (a), during a ctive fighting

(b) and after the city was captured (c) . A Photograph takenafter Azovstal d8s capture (e)
shows the scale of the destruction (image credit: Schwirtz (2022)).

2019 2020 202

Before the war bean the steelworks produdeegular SWIR emissions which were
distributed along the entire ateAs Azovstalwasattacked, all regular emissiocsased

and only sporadic emissions from active fivearevisible. After the steelworkaere
captured, all emissionstopped and never restarteduntil the present daylLocal
photographs show the steelworks are completely destroye#i(sd&e), with Russian
officials reportedlyplanning to repurpose the site as a tourist destindtitadislava

2024. The Azovstal case demonstrates how VNF data can be used to systematically
monitor the functional status of industrial infrastructure throughout different phases of
conflict.

3.1.2 Monitoring Ship andPort Activity

Since Russia andkrainebothshare access to tiBtack Seathe conflict extended into
this region as wellOneof thefirst actions of the war was the captureha# strategically
importantSnake Island by the Russilavy (Williams and Kirby2022, and events such
as the sinking of the Russian flagsMpskva(Akar 2022 and the negotiated grain deal
(Glauber and Labord2022 Lang and McKe023 have shaped the war ors@ategic
level. By subdividing VBD intodifferent regions and poAOls, it becomes possible to
monitor ship traffic, gaining an indicator ¢ime status of trade at sea.

The results from this analysis show that gwerall rumber of VBD detections in the
entireBlack Seaemainsstableover the course of the war. While there is a 19% drop in
detections in 2022 compared to the 2@D21 mean, this is not far from the standard
deviation of 15.8%, and there are 17% and 20% more detections in 2023 and 2024
respectively. Howeveby subdividingthe data into different regions, it becomes clear
that this is not the case on a regional lexslseen irFigure14, ship traffic in he Odesa
shelfd the area that must be crossed to rddkfainégs largest port, Odesa shows a
substantial drop at the onset of the wHnis drop is confirmed by NCTAD using
marine traffic datfUNCTAD 20232. Traffic levels do not recover for the remainder of

the conflict.In contrasttheAzov Seawhich was completely under the control of Russia
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from mid-2022 onwardsdoes not show such a drophis insights hints at th@desa
Shelfstill beingvery much an active battlegrounslhile theAzov Seais not.
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Figure 13 : Proportion of V BD detections  (smoothed ) by Black Sea region . Map
insert colours correspond to the respective region.

On a smaller scale, individupbrtsshow deviations in the number of VBD detections
as well As seen irFigure 15, the Ukrainian ports of Odesa and Chornomaskiw an
immediate drop when the war begins, recovering at different. retesontrast, the
Russian port oNovorossiysk sees an increase in activity, which is visible throughout
the entire warSevastopol naval base, the headquarters of the RiBsick Sed-leet

sees a sudden increasal@tectionsvith outbreak of hostilitiesndicatingan uptick in
military activity.
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Figure 14 :Daily VBD boat detections (smoothed) for key Ukrainian and Russian
Black Sea ports. Port locations are noted in the map. Please not e that y axes are scaled
differently.
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While research has proven a strong correlation between VIIRS BidBnces and
shipping metrics at anchorage ar@aslinov et al2022, some care should be taken in
interpreting these result§he number of detections in smaller ports is very, land
some port metrics do not match external repdit® small port in the city of Mariupol
(not listed)shows an increasa detections from 2028nwards despite an absence of
noticeable traffic increases accordingatical and SAR dateSimilarly, the sudden
increase in activity abevastopol Naval Base December 2022Sutton2022), and the
withdrawal of most naval assets from the base in July @l24drne2024 are not visible
in the dataln future, VBD data could be combined with SAR and ship trackerfdata
validation, creating a more robust monitoring system.

3.1.3 Monitoring offshorePatforms

There are severahobile offshore platforms present in théesternBlack Seaandwere
already under Russian control prior to the 2022 invaslenause of their large size and
strategic position, these platforms became highly valuable assets, serving as potential
forward deployment sites, refuelling stations, and locations for air defence installations.
Unfortunately, ery little information on these offshore platforms is available in the
English languageln 2023, the BBC reportethat Ukraine had recapturedsome
platforms(Adams2023, while a 2024eport fom theTimesshed lighton an intricate
asymmetric warfare cgmaign fought between the Ukrainian and the Russaiesover
control of the remaining platforn(3ucker2024). The location of the platforms can be
visually confirmedthroughout the conflictising Sentinell SAR imageryAs oil rigs

emit both in the visible range though lighting and in ithfeared range through gas
flaring, a combination of VBD offshore detections and VEWIR detections can be
used to monitor the location angerational status of these platforms.

The results of this approach can be sed¥igurel16, which siowsthe emissionof the

eight major platforms present in tiidesternBlack Seadivided into three clusterés

seen in the middl&gure, there are n&WIR emissions visible on any of the platforms
before the beginning of the war, with only a few VNF detectfonad within the area.
During July 2022YNF emissions suddenly spike. This chang@cides with a reported
gas lealas the result of Bkrainian attaclon one of the platforms in ches one, which

was reported in a Ukrainianilitary blog (Militarnyi 2023. The link between the leak
and the emissions is further confirmed by anS3ZIR timelapse, which shows
continuoussSWIR emissions on the platform beginning in July 2&iilarly, a second,
much larger increase MNF detectionsin mid-2024 is showrto coincide with two
further platformss howi ng emi ssi ons ,althoughnéisforBatin R c o mp o s i
can be found on the caugdtis also not known if these emissions are caused by regular
gas flaring oty uncontrolled fire.

Once again, the results should be interpreted with cali@m the beginning of the

war onwards, the number of VBD platform detections shows a substantial reduction in
fluctuation with no clear explanation for the underlying ca®ee possible explanation

for this phenomenon is thtite emerging gas flaresnit in the DNB range with such
intensity that it is detected by tMBD algorithm more oftenAlso, gas flare detections
from VBDOs oomynbegnlingmingi202@erAppendixF), pointingto an
undocumentedelay in the inclusion of VNF into théBD data setNonetheless, it is
proven that the combination of VBD, VNF and S2 deaa provide information on
offshore platforms from a strategic level (operational status and location) down to a
tactical level (strike success).
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Figure 15:Cross -analysis of the operational status of Black Sea off shore
platforms using VBD detections, VNF detections and S2 -SWIR composites . The
upper figure shows the three clusters of offshore platforms in the Western Black Sea . The
middle figure shows Sentinel -2 SWIR imagery for each major offshore platform for three
specified dates  (infrared emissions are displayed as red) . The bottom figure shows VBD -
based platform and gas flare detections for all clusters combined , with specified dates

marked in the plot .

3.2 Operationaland Tacticallnformation

3.2.1 FrontLine Monitoring

During thethree years oivar, there has beematableshift in the spatial pattern NF
detections compared tbd previous three years (s&ppendixG). It stands to reason
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thatthe distance from the front line has influence on the number and clustering of
VNF detections, with fires caused by shelling and other explosiansinganomalies
in infrared emissions At the same timethe abandonment afgricultural lands (see
Mkrtchian and Muller(2024) might lead to a reduction imfrared emissionsaround
areas of the front line that are not actively fought pascontrolled burning of fields no
longer takes placéuthors likeTomchenko et al2023 andNaghizadel{2024 have
alreadydemonstrated initial approaches for assessingellagionship betweefighting

in Ukraineand patterns of fire detectiodnderstanding the impact of the front line on
VNF distributionwould further build upon these results. However, the relationship
challenging to investigatas the front lineconstantly movesasdoesthe disposition of
firepower. However, by combining the weekly front line data set WiNF locations, it

becomes possible calculate the distance of each VNF detection from the firmaat
the time it was detected

SElLL L=

Distance to frontline
® under 20 km
20-50 km
® over 50km

Distance to Area Gains
® under 20 km
20-50 km
® over 50km

Figure 16 : Composite of VNF detections during the entire war (2022 -02-24+to

2025 -03 -31) by distance from the frontline (a) and areagains (b) in Ukraine and
a 150km buffer of the Russian border
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The results of this approach can be sedfignre17, which shows an aggregated map

of all VNF detections during the entire wavith the respective distances to the front
line and areachangéghel ar ge fAbando of dafterthewarbegas t hat sh
arecloseto the front line, with most detections in the Donbass, Khetsbarkiv and

Kyiv regons occurring less than 20 kilometres from the frontlifer area gairés used

here as a proxy for fightidgthe relationship appears less consistent: While nearly all
VNF detections in the Kursk region occur in proximity to area gains, this pattern is less
evident in other sectors of the front when compared toatiteal frontline When
dividing Ukrainian VNF detections hyrbanandnonurbanlandcoverusing settlement
boundary datait also becomeapparent that the distribution of urban VNF detections is
grouped much closer to the front line than twoban onegseeFig. 18). However, it is

also clear thagvents related to warfare amet the only cause of VNFanomaliesand

the question remaini,a spatialresolutionhigher tharthe threeyear composites shown
herewould also showelearpatternsit is also unclear whagixact effect the frontline has

on VNF clustering.
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Figure 17 : Histogram showing the number of VNF detections throughout the

entire  war, categorized by distance to the frontline and separated into urban

and non -urban areas. The Aurband VNF spike at 150/220km is presumed to
unfiltered industry emissions. Please take note that y axes are scaled differently.

To further investigatéhese questions, the VNF data veggjregated by month into 5km

grid cells afterwhichg | obal and | ocal .MoMarnadmsd s Iwaiss ca | nceus
of spatial autocorrelation, showinghethera feature (in this case a grid cei

surrounded by features with similar val{&ungato and Maggig023. The formula is

the following:

I — ﬁ Zi\il Z;\Ll wij(ii’);g — i‘)(mj — j;)
W Zi\; (z; — 2)?

WhereN is the number of spatial unitsdexed byi andj, x; is the \alue of the variable

at locationi, xis the mean of #nvariablex, w; is the spatial weight between unitand

j, andW is the sum of all spatial weight¥aluesrange from-1 (strong negative
autocorrelation) to +1 (strong positive autocorreldtigkt a global levelMor ands |
provides insights into the spatial autocorrelation of the entire dafdsetocal levelijt

enables the identification of specific hot spots characterized by high or low
autocorrelation As such, it could be an important measure for identifyamy
monitoring the frontlineMo r a n 6 s easilyimpéementedn Python using thBySal

library.

(1)
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The results show thdahe global monthlyspatial autocorrelatiofor VNF detections

ranges from very weak (Morands | wherf 0.05)
considering the 16 nearest neighbourbere arelarge deviations per mont{see

Appendix H), with higher autocorrelation values occurring in months with a larger

number of VNF detection3 here are only small deviatioimsautocorrelation before and

after the war begins, with autocorrelation being higher dutingust and September

than before2022, which could point to the war influencirspatial distribution of VNF

detections However,it should be kept in mind that only six years in total are being
observed, limiting theignificance of this occurrence.
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® >10 Not significant
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Figure 18 : Examples of poor (a), moderate  (b) and good (c) matches between
the frontline location , VNF detectons , and Mor ands Ipermonth s¥yNFt s
detections are aggregated by month in5kmgridcells . fhigh-hi gho clusters consist of
cells with high autocorrelation surrounded by grid cells that also show high

autocorrel atowm ng | uid toenr s ¢ o n s offow autwdorretation, durraurded s
by other low -autocorrelation grid cells.

On a local scale, autocorrelatiorvery heterogesous, with strong variatiorgermonth

andper seasonFigure 19 shows three examples of this variation, with poor, moderate
and good matches between VNF detections
During winter months and in late sprirtge low number ofotal VNF detectiondeads

to large clusters dfigh-highgrid cells in areas without any detectipnile the number

of detections around the front line is also much lowars Tombination of occurrences
makes it impossible to spot the frontline from autocorrelation data. However, thieng
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spring to late summethe clustering ohot spotss more significant Here, hot spots are
arranged as awath ofhigh-high hot spots, surrounded by a ringlofv-low hot spots
caused by theharp dropn the number of VNF detectiomgth increasingdistance from
the front line As such,using spatial autocorrelation coutelp detect the front line
perhaps even on a sufonthly basisbut only in optimal conditions.

Compared to previous insights, front line monitoring comes sétleraimore caveats:

First, the front line iscalculatedonly on a weekly or monthly basis, meaning that the
actual front line mightleviatefrom the calculatedersion This is especiallythe case
during the first two months of the wavhenfighting was much more dynamiSecond,

the front line is alculated using a buffered overlay of occupied areas, which can be
imprecise and leaviontline gapsor false area changethird, while both linear and
geographically weighted regression models were tested, no statistically significant
relationship between the distance from the frontline and the number of VNF detections
could be establisheds such, @irther research into separatiingntline VNF detections

from backgroundvNF detectionshould be conductedn additional challenges that

of events along sections of the front line not generating thermal anordatextable

with VNF dataat all. Still, with improved methods and betwupporting data such as
land coverlabels or geolocatedweb event data, frontline monitoring using VNF
detectionshas the potential tbecome a useful tool for tracking conflict

3.2.2 Massurban CombatMonitoring

To assess the humanitarian impacts of the war, focusing on settlements and urban combat
is especially valuable, as these areas host the highest concentrgeoptd Since
settlements remain in place and rarely burn outside of critical events, monitoring urban
combat using VNF is an easier challenge than monitoring the frontAdationally,

U N O S A YHRsdamage database offers a unique opportunity to assess the correlation
between urban damage and VNF detections. For several settlements, UNOSAT provides
precise counts of damaged buildings, as well as environmental damage such as affected
fields and roadsall recorded within selected time windowidus, by extracting VNF
detectionsfor each settlement within the same time window, the number of VNF
detectionsan be compared the number oCDA damagealetectiors.

The results of this approach can be seen in Figure 20. There is a statistically significant
correlation between the number of VNF detections and the number of CDA damage
detections per km2 (r2 = 0.66, p <0.001), with VNF detections increasing with an
increasing amount of damage. Correlation is highest when all types of CDA damages
are included. The median ratio between CDA and VNF lies at 3.83 to 1, but shows large
variations by settlement. It should be kept in mind that this predictive power appears to
diminish when the overall damage becomes less seise, all UNOSAT activations

are from the same year and within the same eight monthaning that there is a
temporal and seasonal bias in the CDA diltanetheless, the results mean that VNF can

be efficiently used asproxy to estimate urban damage.
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Figure 19 : Correlation between density of VNF and C DA (comprehensive damage
assessment) detections fo r settlements with UNOSAT activations in Ukraine
VNF data was selected between the outbreak of the war and the latest CDA post -event
VHR image. All CDA damage types were included . The overview map shows UNOSAT AOI
locations.

With this relationshipbetween VNF and CD/Aestablished, two key advancements
become possible. First, by introducing a temporal dimension to the UNOSAT data, it
becomes feasibleotestimate theapproximatetiming of observed damagesee
Appendixl). Second, this temporal insight can be extended to any settleniéraine
when integratedwith supporting geodataTo implement this, several techniques
demonstrated in other use casese combinedVNF detectionsvere extracted for each
settlementarger tharbkm?and smoothedwhile at the same time the weekly distance
from the front linewascalculated Then, a list of settlementbat werecloser than five
kilometresto the front linefor at least one weeknd at the same tinslhoweda sum of
over30total VNF detections andver 2.5 VNF detections per kmias generatednd
marked asikely damagedFor each of these settlements, the numb¥iN# detections

and the distance from the frontline was then plot#idwing for quickvisual validation

As an additionaindicator, the ratio of VNF detections before and after the war was also
calculatedlt should be noted thatl parameters chosen here were seleetegirically

and should be further refined
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Figure 20:Massurban  combat monitoring . Figure a) shows an overview of all
Ukrainian settlements with suspected damage from VNF and frontline thresholding (see
text for more detail ). Figure b) shows daily VNF detections per km2 and weekly distances
from the front line for settlements with notable action during the war. Each plot also
shows the respective settlement area in km2 and the ratio of VNF detections after the
war (2022 -2025) compared to before the war (2019 -2022) . Please take not e that y axes

are scaled differently . Plots like these can be  rapidly generated for any settlement in
Ukraine .

Following this method, 73 out of 1985 Ukrainian settlements larger than 5km? were
marked asikely damagedseeFig. 21a). Visual inspection of the plots shows that most
of these settlemenshiow an increase in VN&homalies when the frontline distance falls
below ten kilometres. Settlements where heavy fighting is known to have taken place,
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such as Hostomel, Bakhmut and Pokrovsk all follow this pattern (see Fig. 21b). Even
small towns such as Vuhledar show a clearly detectable shift in emission patterns as the
war begins. From visual inspection of VHR data, one explanation is that smahidhrai
towns and villages have a higher ratio of vegetation to buildings than larger settlements,
allowing for an easier spread of fires and a smaller incentive to fight them. Additionally,
using a VNF ratio (i.e. total VNF detections postwar / prewar)sdt becomes possible

to detect industry not included in the VNFOs

sites show both many total VNfetections and a VNF ratio of below 0.2, allowing for
easy separation from other settlements (see Appendix J).

While these results axeery promising,the method needs several further improvements
to unfold its full potential. Firstnot all markedsettlements show noticeable shifts in
emission patterns. Most that do not eiteentaina very low number of total VNF
detectionsor arelocatedin areas of the Donbass occupied by Russia before 2022. These
settlements areharacterizedby a VNF ratio of close td. However, filtering using a
VNF ratio threshold also removes many settlements that do show an increase in VNF
detections after the war begins, dueotwasional detection spikes before 20¢dre
importantly, it is not known how many settlements wereleded thatwould show
increases in emissiondhese two facts show that the variables chosen to mark
settlements akkely damagedequire further investigation and refinemefs of now,
simple thresholdindgor VNF detectionsfrontline distancesnd VNFratios excludes
settlements with a lowotal number ofemissionsomits strategic strikes away from the
frontling, and requires a timeserieserual lengttbefore and after an evem{s such,

near reatime detection of events is not yet possible. Nonetheless, even with these
limitations in placethe method alreadyffers aquick andmodifiablewayto generate a
temporal and spatial overviewwhat cities have burnedliring the entire waallowing

for insights from the strategic right down to the tactical le8&bring this data would

also aid in reconstruction effortBhe method was also demonstrated to work in the Gaza
strip, where a cleancrease in VNF detectiortould be seen in many settlements after
the Hamas attacks of 2028-07 and the subsequdstaeliinvasionof the Gaza strip
(seeAppendixK), although differenfiltering thresholds were requiretVhen further
validated and supported by complementary d&i&S infrareddatacouldthusbecome
apowerful tool for urban combat monitoring
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4 Discussion

As a capabilitiesreview, this thesis presented multiplmethodsfor using VIIRS
nighttime data for conflict monitoring. Since the individual shortcomaigsich method
havealready been discussed in the respective subchapters, the discussion will instead
focus on the limitations of the VIIRS system famflict monitoringin general It will

then discusthe advantages and drawbacks of using derivative datasdtspw VIIRS
methods could be further developadd integrated into a multisensory monitgrin
system

4.1 Data limits

VIIRS is a sensor characterized by a very high temporal and a vesptial resolution.
However both theinfraredand visible radiancare subject towery strong fluctuations
limiting the interpretability of individual sceneBor VIIRS DNB the main sources of
uncertainty are angular and atmospheric eff@stang et al2021). Additionally, cloud
covercaneitherdarken or brighten the sky depending on the amount of artificial light
present(Levin et al.2020, with even monthly composites showing radiantes are
10-30% lower than the average when the number of efceal daily images is low
(Patnaik et al2021). While VIIR S ®NB and SWIR bandscan register emissions
throughlimited cloud coverthey are still subject to strong fluctuatio@n a practical
level the likelihood of detecting a fire caused by conftislated damage is relatively
low, as several things need to happencurrently for it to be registered:

1) AOI is set on fire

2) Fire is not put out

3) Fire burns through the night

4) Cloud cover does not obscure the fire

5) Fire is large enough or surrounded by other fires within the same pixel

This low detection chance has two consequenEgst, shorttime eventssuch as
airstrikes or temporg power outagemight not bevisible, except in specific case&s
VIIRS captures alits data ina narrow fowhour nighttime windowseeFig. 224), even
fleeting cloud cover castop a detection from occurrings an example, thRussian
Tuapse oil refinery was attacked twice by Ukrainian drones with subsequentvfirels

is notdetectablein VNF. It should be noted that thiemporal distributioris not as
problematic when looking at statiargets, where nighttime is preferrdde to smaller
detection limits against sensor noise flgglvidge et al2023. As averagecloud cover

in Ukrainefluctuates by season witiver 80 percent in December and under 50 percent
in August(Osborn et al2016, the likelihood ofan emission being registered by VIIRS
also fluctuatesexplaining some of the temporal variations in the total number of VNF
detectionsby day of year(see Fj. 22b). As such, the absence afVIIRS detection
cannot be seen as the absence of an éasitgoccurred
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Figure 21 : Histogram of VNF detections by hour of detection ( a) and by Day of
Year (b) in Ukraine . The graphs show all detections from 2019 -2025.

A second limitationis thatif an AOI shows a sustained drop or increase in emissions,
the datarequires initial smoothingto establish ifthe observed fluctuation is really a
change rather thaamresult of noiseAs a resultthe temporal resolution is decreasksl.
seen irFigure23, extremeshifts in emissionsuch as thosi largedestroyed industrial
sitesmight be visible within a single night (barring cloud coyént smallelAOls with
more nuanced changes are more difficult to detect initidflythis thesis, VIIRS
emissionsvere smoothed using a simple running window approaghother methods
might be availabl¢hat are better suiteds such, it is recommended tloud cover is
further integrated into any VIIRS monitoring systemd minimum required smoothing
is investigatedThe lower the amount of smoothing required, the quicker a change in
emissions can be classified as substangHiciently leveraging the high tempedr
resolution VIIRS can offer

Rolling Window: 1 Rolling Window: 5

N
o

w
o
L

I
L

) by
| il
|

W | It
) N LR

Rolling Window: 10 Rolling Window: 25

AL |

N
(=]

!
Ml

[
o

L
A

o

B
o
L

Daily Nuljjmber of Thermal Detections
o

N
o

‘l \ l‘\h ‘ l \ \ T b al L ‘\\*'13\” ) \ )
1| W) i 1\ AN MY V\A
‘ \l w W.Mll me |n‘ \“ \

v !

=
[=]

’w“! ‘ N i
‘ "y
ol . ] "

20|19 ZOIZD 20I2l 20|22 20I23 20I24 20|25 20|19 20I20 20|21 20I22 20|23 20I24 20I25
Date
Figure 22 : VNF detections for the Azovstal steel plant in Mariupol at different
running window sizes

4.2 Raster data or derivativ@s

This thesis usederivative VIIRS data sets (VBD and VNHstead of relying on the
processed VIIRS multiband raster détat is also freely availahl@here are several
reasons for this choicePoint-based shapefile data can be easily manipulateti
combined with other shapefile formatsing commonPython packages such as
geopandasand the amount of data that needs to be processed is substantially lower.
Additionally, the data is much simpler to interpretnasltiband rasters are transformed
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into pointsof fire detections or DNB imageryinto boat detectionsIn much of the
literature, VIIRSinfrareddata in conflict monitorings derivative based, mainly using
FIRMS (Tomchenko et aR023 Naghizadel2024 Oreshchenko and Osadci2i24).

In contrastVIIRS visible night lightuse is mainly raster baséd et al. 2022 Chen et
al. 2023 Xiao et al.2024), likely as only a single band is available anywa

The potential advantage ofdirectly using rasterbased data is that more usable
information such asnultiband detections, temperature calculations elndd cover
presence are available per VIIRS pixel, and not justdfgection pointsin a short
communication,Zhizhin (2022 demonstraté the large potential of merging VIIRS
visible, infraredand cloud cover data &how pasibleRussian troop movements and
fires during the 2022 attack oKyiv on a pemight basis Figure 24 shows the
information such an approach can provide using the example of Mar8hootly before

t he war breaks out , inikfeared Qng0220523, a kidkyebeebkwo r ks e mi
in cloud cover reveals th&WIR emissions haveeasedwvhile visible lighting is still
observablegxceptfor the eastern district, whereSWIR emission is insteadetected

Two weeks later, another break in cloud cover revealkalegulatighting hasceased

while sporadic emissions in the Mband are visibleWhile VNF detections also
displayed the effects of fighting in Mariupokasonablywell, adding the spatial
component of VIIRS raster imagepyovidesmore informatioron a pemight basisAs

such, thetradeoffs when selecting raster data or derivatives for conflict monitoring
should be carefully considered, although combinations of the two are of course also
feasible.
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Figure 23 :Raster -based VIIRS monitoring of the city of Mariupol . Shortly before
the war breaks out, Mar i inphe M s(SWIR)band wonr2022 -02 487, t
a lucky break in cloud cover reveals that infrared emissions have ceased while visible
lighting is still on except in the eastern district, where a new infrared emission is instead
visible. Two weeks later, another break in cloud cover reveals all regular lighting has

ceased , while sporadic emissions in the M10 -band are visible  (original image s courtes y of
Mikhael Zhizhin, Payne institute of Technology ).

The relevance of data type selection increases when considering potential end users
While technically literate parties such as researchers might prefer the flexibility inherent
in lowerlevel data products, other stakeholders might not be able to use such outputs.
Here, the use of shapefile or csv data could increase accessibility, ownpie the
opensource nature of VIIRS data. The shapefile format can be accessed using GIS
applications such aarcGIS or QGIS while the csv format can be accessed using
standard office applications suchEecel broadening the prospective audience.

4.3 DataFRusion

ConsideringV | | Ra@véantages and drawbackss, place in a multisensorgonflict

monitoringchaincan be envisionedf AOIs are already identifiedh e s ensor 6s data c
be used to generag@ick snapshots and corresponding time series on visible and infrared

emission patterngor previousyears. Additionally VIIRS can be used to quickly

generate apatialand temporabverview of areas with suspected damafpesentire

wars such aghe war inUkraine Lastly, VIIRS data could be used to design statidti
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trigger points toidentify areas that should be investigated further, for which other
platforms such as S1 and S2 could be activggeeFig. 25).

VIIRS based anomaly Web event warning
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Triggers Additional information

7 Heavy
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Figure 24 : Proposed multisensory conflict monitoring setup using VIIRS  -based
anomalies  and web event warnings . Predefined AOIs are monitored using  statistical
trigger points in VIIRS DNB and infrared bands. If an anomaly or web event warning is
detected, quick VIIRS snapshots and timeseries are gener ated and put in context using
additional geospatial data. If it is decided that the anomaly requires further investigation,
more data -intensive and /or expensive methods using S1/S2/VHR imagery can be
activated.
To increase VI I RO dtcauldbelerinanged by othes supplemeatarys y st e m,

data productand remote sensing data this thesisVIIRS data was combined with
heavy industry locations, areas of control, damage assessmeamdiatxious boundary
dat. This approachresuled in a better characterisation of tlewentsin terms of
dynamicslocalisation, and relation to ongoing events in the. di@anprove thecontext

for VIIRS emissionsthesecould be complemented by data sources sudaraieover
andgeolocatedveb event data. Both of these sources have beeniusednbination
with FIRMS by Tomchenko et al(2023 and Naghizadeh(20249 respectively For
infraredemissions,tiwould also be possible to include daytime VIIRS aatMODIS
dataas done in the FIRMS datas&his change would increase the temporal resolution
evenfurther, butadd complexity due to different spatial resolutions and fire detection
algorithms.It should also be discussédierivative or direct raster data should be ysed
with the respective advantages and drawbackiisagssegbreviously.

4.3.1 VIIRSakeholders

The datantegration sketched here is still very brpadd should béurther developed
depending on which stakeholders could benefit from VitR8ved insights, and at
which levels of analysisTo solveuserquestions like these, stakeholder analysese

beenin usefor many decade@rugha and VarvasovszIid000. Instead of the classical
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power/intereststakeholder matrixan adapted version could be usethere the
stakeholder powenxis is swapped witha level ofinsight axis Stakeholders could
include national and local governmeniGOs, residents, journalists, researchers and
other independent observers.

Strategic
Data-saturated .
Strategic Users
Stakeholders g
Insight
Level
Passive Observers Operational Actors
Tactical
>
Low Interest Level High
Figure 25: Possible s takeholder analysis matrix to analyse and categorize VIIRS

stakeholders by interest in level of insight

A sketch of such an analysis matrix can be sedfigare 26. To give two examples,
analysts such aBveuaupdatesvhich provided the occupied area shapefiles for this
thesiscould stand to benefit from an additional source of verificdiorevents on an
operational to tactical scale. As such, they could be classifiduighsinterestin
tactical/operational insightdn contrastresidentsnight only be interested iow-level
insights. However, it is unlikely that VIIRS could offer any novel insights that are not
already apparenb locals. As such, they could be classifiedaas interest in tactical
insights Thus, a good overview can be givawho would stand to benéimost from

the suggested data pipeline, and where it might need improvements or different foci.
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5 Conclusion and OutlooKowards conflict
monitoring with VIIRS Nighttime Lights

This thesis set out tdemonstrate how VIIRS data can be processed and merged with
other relevant geodata to generate insights on the wadkraine at various levelsof
analysis. For each of the defined objectives, the following was accomplished

1. Develop relevant conflict indicators using VIIRS data and supporting
geodata

VIIRS derivative data setssing optical andnfraredemissiondVNF and VBD)were
combinedwith several supporting data producBoundary data allowed faividing
emissions by region, settlement, port, and induddgta on weekly occupied areas
allowed for calculating the distance from the front lar& newly conquered areaas

well as dividing emissions by occupying force. UNOSAT CDA data was used to assess
the relationship between VNF fire detections aettlement damage, and S1/S2 data
was used fovisual validationChallenges include data errors amtifacts fromclipping
operations for front line estimatiomhese indicators can be generated worldvfidata

is available.

2. Demonstrate the use of VIIRS data for conflict monitoring at astrategic,
operational and tactical level

The use of VIIRSor conflict monitoringwas demonstrated on #velsof insight On

a strategic levethe use of VNFor detecting changes in industry emissions by occupied
areawas demonstrated. VBD was used to monitor port activity, and a combination of
the two data sets wased to monitor offshore platforms, giving valuable strattiel
information.Challenges include a low number of boat detectants a general lack of
supporting informationOn an operational and tactical level, VNF detectiomse
establishedo occur close to the front lin€ront line detection was attemptading
Morandés | hot s pot sbutirgsultswere incoaclusivaith bondyc or r el at i
summer months shong adetectabldront line. Additionally it was proven that there is

a statistically significant correlation between UNOSAT CDA point density and VNF
point density meaning that VNF can be used as a proxy for urban darrega this
result,a VNF and frontlinebased threshold filter was used to automatically select
Ukrainian settlementsvith potential damages and plot their respectildF and
frontline distances in a timeserié¥hile this method requires further refinement in its
selection of damaged settlements, it could become a powerful tool for quickly assessing
the spatial and temporal distribution of settlement damageamplete overview of

each case study tableformat can be seen fppendixB.

3. Discuss limits, improvements and implications of VIIRSbased conflict
monitoring

The main limitations of VIIRS for conflict monitoring were discussed, particularly its
low spatial resolution, susceptibility to cloud cover, and the strong fluctuations in both
infraredand visible radiance. These limitations reduce the reliability of gt or
smallscale event detectiorPossible improvements includmhanced cloud cover

i ntegration and optimized smoothing technique
resolution Additionally, the integration of other sensors operating at nigtit a better
spatial resolutionsuch as ENMAP or Luaj01 could benvestigatedAlso, the trade

off between using derived products versusiltiband raster data was examined,
highlighting the balance betweeaseof useanddensity of informationFurthermore,

V1 | RIS in a multisensory environment was discusadeére its strengthsuch as

low data volume, unique detection lmimanactivity, and potential as a global early
warning toolcan complement higheesolution optical and SAR systems. Lastly, a
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stakeholder analysis framework wasposedo guide the design of future VIIRIsased
monitoringresearch

The war inUkraine stands out as one of thargestpeerto-peer conflicts in recent
history. The results from this thesis show that VIIRS data, despite its limitations, can
provide meaningful insights into conflict dynamics when integrated with supporting
data.While transferability to other conflicts must still be evaluatétlRS has clear
potential as a tool for independent conflict monitoring. Inuastableworld, such
capabilities are critical foatimely and impartial understanditg events
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Appendix

AppendixA: Figure2 sources

Image Source

Apartment  https://idsb.tmgrup.com.tr/ly/uploads/images/2022/04/06/19693

building

Offshore https://www.upstreamonline.com/productibifainemissileraid-

platform takesout-black-seagasfacility/2-1-12427457?zephr_sso_ott=QSm

Convoy https://www.telegraph.co.uk/globhkalth/terrorand-security/2500
russianbodiessentbelarusdeadnight/

Grain field https://www.vinaria.at/magazin/artikeldetailseitefexizenbrennt
die-halbewelt-hungert

Moskva ship https://www.nbcnews.com/politics/natiorsecurity/usintel-helped
Ukrainesink-russianflagshipmoskvaofficials-sayrcna27559

Ammo depot https://www.youtube.com/watch?v=ugDPTAX8

Electrical https://www.spglobal.com/marketintelligence/en/news

grid insights/lateshewsheadlines/ukrainia®energygroupseesgreen
future-aswar-damageebowergrid-is-rebuilt-71279092

Oil refinery  https://www.nytimes.com/2024/03/14/world/eurdgkvainedrone

strike strike-russiaoil.html

Azovstal https://www.itv.com/news/202@5-21/fearsgrow-for-mariupot

damage fightersasrussiaclaimsto-havetakenazovstaiplant



https://idsb.tmgrup.com.tr/ly/uploads/images/2022/04/06/196937.jpg
https://www.upstreamonline.com/production/ukraine-missile-raid-takes-out-black-sea-gas-facility/2-1-1242745?zephr_sso_ott=QSmez
https://www.upstreamonline.com/production/ukraine-missile-raid-takes-out-black-sea-gas-facility/2-1-1242745?zephr_sso_ott=QSmez
https://www.telegraph.co.uk/global-health/terror-and-security/2500-russian-bodies-sent-belarus-dead-night/
https://www.telegraph.co.uk/global-health/terror-and-security/2500-russian-bodies-sent-belarus-dead-night/
https://www.vinaria.at/magazin/artikeldetailseite/der-weizen-brennt-die-halbe-welt-hungert
https://www.vinaria.at/magazin/artikeldetailseite/der-weizen-brennt-die-halbe-welt-hungert
https://www.nbcnews.com/politics/national-security/us-intel-helped-ukraine-sink-russian-flagship-moskva-officials-say-rcna27559
https://www.nbcnews.com/politics/national-security/us-intel-helped-ukraine-sink-russian-flagship-moskva-officials-say-rcna27559
https://www.youtube.com/watch?v=ng-ueDPTAX8
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/ukrainian-energy-group-sees-green-future-as-war-damaged-power-grid-is-rebuilt-71279092
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/ukrainian-energy-group-sees-green-future-as-war-damaged-power-grid-is-rebuilt-71279092
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/ukrainian-energy-group-sees-green-future-as-war-damaged-power-grid-is-rebuilt-71279092
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AppendixB: UNOSAT data used

Settlement Pre-date Latest postdate INCERIE
Avdiivka 20211016 202209-20 28.1
Borodyaka 201908-31 202205-02 6.7
Bucha 202202-20 202203-31 26.6
Chernihiv 2021-09-15 202204-28 77.5
Hostomel 202203-20 202203-31 15.8
Irpin Unknown 20220331 21.2
Kharkiv Unknown 202204-24 83.5
Kherson 2021311-11 202210-14 65.9
Kremenchug 202202-21 202206-29 89.0
Lysychansk 202010-13 202209-21 45.9
Mariupol 2021-06-21 20220512 36.0
(residential)

Mariupol (Azovstal) 2021-06-21 202204-25 9.9
Melitopol 2021-04-23 202208-02 55.8
Volnovakha 2021-07-18 202205-07 14.6
Vorzel Unknown 20220331 8.4




AppendixC:Indicators used for eaatase study

Case study Data/indicators used

Processing steps

Cross
validation?

Confide
ncein
results

thresholding

Heavy VNF detections VNEF is clipped to S1/S2 High
industry e e industry boundaries composites
status - and split by areal secondary
control. reports
Areal control
shapefiles
Ship VBD boatdetections VBD boat detections S1 Medium
detection Port boundaries areclipped to port composites,
andBlack Sea secondary
Black Sea boundaries reports
boundaries
Offshore VNF detections VBD platformand  S1/S2 High
platform VBD platform VNF detectionsgare  composites,
monitoring detections clipped to boundaries newspaper
reports
Offshore platform
boundaries
Frontline VNF detections Distance from none Low
monitoring : . frontline is calculated
Ukraineboundaries for each VNE
Russia boundaries  detection and
Frontline location dlsplayed.\/l\_IF IS
aggregated into
Areal control monthly, 5x5km grid
shapefiles cells, global and local
Settlement Moranos |
boundaries calculated for each
month
Permanent infrared
emitter boundaries
Mass VNF detections VNF is aggregated UNOSAT  High
urban UNOSAT CDA for each UNOSAT data
combat reports boundaryand
monitoring correlated to CDA
UNOSAT settlenent points.VNF is
boundaries clipped to settlement
boundaries, and
Settiement filtered usingVNF




AppendixD: Date oflatest fightingand area of captured regions in
Ukraine

Figurel shows the date when the respective area was caffihesated Figure2 shows
the size of each captured region.
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