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The nighttime lights accurately and coherently depict how humans live. This study
uses nighttime light measurements to quantify changes in nighttime lighting and
refugee population in Ukraine before and after the war. We combined the Theil–Sen
estimator with the M-K test to explore the trends of nighttime light. In addition, we
constructed a linear model using nighttime light data and a portion of the UNHCR
refugee data. Our results reveal that 1 week after the start of the Russo-Ukrainian
War, the nighttime light area and the average nighttime light DN value in Ukraine
exhibited a steep decline of about 50 percent. Our findings showed taht refugee
population changes calculated throughmodels and nighttime light data weremostly
consistent with UNHCR data. We thought that the nighttime light data might be used
directly to dynamically estimate changes in the refugee movement throughout the
war. Nighttime light changes has significant implications for international
humanitarian assistance and post-war reconstruction.
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1 Introduction

The Russian–Ukrainian War is one of the worst conflicts of the 21st century. Since the
commencement of the conflict on February 24, Russia and Ukraine, particularly the Ukrainian
populace, have sustained significant losses (Aljazeera, 2022; BBC, 2022; CBC, 2022; Guardian,
2022; NPR, 2022; UN News, 2022). Currently, the fight is increasing and expanding. Both
countries, particularly Ukraine, will incur more losses if the crisis persists. Under the current
circumstances, it is vital to conduct a scientific assessment of the refugee population, which will
draw the world’s attention to this unfortunate conflict and persuade the parties to continue
peace discussions via the influence of public media. Simultaneously, it is crucial to create a
scientific basis for international assistance to Ukraine and, more importantly, to build post-war
domestic reconstruction indicators for Ukraine.

There are now multiple sources for the dynamic estimation of the Ukrainian domestic refugee
population during the Russian–Ukrainian War, including reports from the Ukrainian government,
western media, and the United Nations Refugee Agency. Using nighttime lights and remote sensing
data to assess the war’s dynamics is a practical and efficient method. The USDefenseMeteorological
Satellite Program (DMSP) developed the Operational Linescan System (OLS) in the twentieth
century. The original goal of the systemwas to remotelymeasure the faint reflection of moonlight by
clouds at night to obtain the inversion of nighttime meteorological data. However, OLS can catch
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city lights sensitively in conditions of a clear night sky, which has spurred
the development of nighttime light remote sensing (Croft, 1978; Deren
and Xi, 2015). Numerous researchers have adopted this approach because
of the extensive utility of nighttime light remote sensing in studies of
global and regional urbanization, population change, and economic
activity. Through literature reviews, some researchers have
summarized the applications of nighttime light data from various
industries in studies of the nature and society. In addition, they have
voiced concerns about the limitations and difficulties of nighttime lighting
data and have made proposals for its development and improvement
(Zhao et al., 2019). Many studies have examined the origin, data platform,
application orientation, and remote sensing nighttime light data
development trends. Nighttime light data were analyzed to assess the
potential for data mining from new data sources, knowledge discovery,
ground observations, and geographical conditions, i.e., global situation
monitoring (Deren and Xi, 2015).

Numerous nighttime light remote sensing applications have been
devised and applied in studies of urbanization, population change,
economic activity, conflict assessment, greenhouse gas emissions, and
the environment. The possible impact of soil resources on
construction lands can be evaluated using the DMSP/OLS
nighttime light image dataset in conjunction with census data and
soil map data (Imhoff et al., 1997). They used DMSP/OLS multi-
temporal nighttime light data in urban development for iterative
unsupervised classifications. The data then permitted the
construction of maps of regional and urban dynamic changes
(Zhang and Seto, 2011; Stokes and Seto, 2019; Liu et al., 2012).
The inversion of nighttime light data on regional urbanization and
economic growth is a mature topic of the study. Using multi-year
nighttime light images in conjunction with urban street network data
to capture the urban form and features of different regions has enabled
a spatial–temporal analysis of urban expansion (Duque et al., 2019).
The nighttime light data produced by the Visible Infrared Imaging
Radiometer Suite (VIIRS) carried out by the Suomi National Polar-
orbiting Partnership (S-NPP) satellite, when combined with local
economic data and modeled with quadratic polynomials, allow the
relationship between city-level gross domestic product (GDP)
distribution characteristics and landform types to be investigated
(Zhao et al., 2017). The study of the population distribution using
the data on nighttime lights dates back to the 1990s. Using DMSP/OLS
image composite data and high-resolution census data to perform
comparative research, the regularity of image-valued areas and
population residential areas can be determined (Sutton et al., 1997;
Lo, 2001). Additionally, nighttime light data can be utilized to gauge
social and economic growth (Chen and Nordhaus, 2011; Shi et al.,
2014; Wu andWang, 2019). Using nighttime light data to dynamically
assess war-torn and underdeveloped countries can determine the
status and development of post-war rehabilitation work and serve
as a significant source of data for tracking humanitarian crises in the
destination country. Furthermore, this analysis provides scientific
evidence for the following recuperation and development of local
economic activities (Li et al., 2017; Li et al., 2018). Social and
productive human activities accompany the nighttime illumination.
When losses are inflicted by war or natural catastrophes, a quantitative
framework can be developed, and multi-temporal nighttime light data
can be used to quantify the extent of the damage to economic activities
rapidly. Also, the nighttime light data can even provide scientific
information for recovery and post-disaster reconstruction (Qiang
et al., 2020).

In exploring the application scope of the aforementioned
nighttime light data, we discovered that nighttime lights are
relatively mature in their ability to reflect the population and social
activities. The aforementioned research focused primarily on the
inversion, reasoning, and historical nighttime light data analysis.
Most of the timescales were for years or months, which was
reasonable for the long history of a region or country. Despite the
significant changes in some areas in a short time, there are few research
results on whether nighttime lights can induce inversion. In addition,
the existing rules between nighttime lights and population activities,
economic activities, and production activities reflect additional studies
regarding the use of nighttime lights and the inversion of human social
activities. However, further research was required for other levels,
including emergency and the tendency of emergency inversion. In this
study, we analyzed nighttime light data using empirical models and
combined them with the Office of the UN High Commissioner for
Refugees (UNHCR) data to develop a logistic regression model to
explain population changes. Before and after the war, a quantitative
analysis of dynamic spatial–temporal changes in nighttime lights and
the refugee population was carried out. Ultimately, we aimed to
evaluate the effectiveness of these new methods for exploring
dynamic nighttime lights and refugee population changes during
the war.

2 Data and methodology

2.1 Study area

Ukraine is situated in Eastern Europe, with the Black Sea to its
south, the Russian Federation to its east, Belarus to its north, and
Poland, Slovakia, Hungary, and Romania to its west. With a
population of 41.17 million people, the country is geographically
located at the intersection of the European Union and the
Commonwealth of Independent States (excluding Crimea).
Ukraine’s administrative division consists of 24 regions (Figure 1),
one autonomous republic, and two municipalities (UNdata, 2022). On
24 February 2022, conflict broke out between Russia and Ukraine on
the grounds of the “demilitarization and de-Nazification”, and the
conflict officially turned into a full-scale war on that date (CNN,
2022a; CNN, 2022b; TASS, 2022).

We intended to perform a dynamic assessment of war damages
in Ukraine, and our study area encompassed the entirety of
Ukraine. Considering that the conflict significantly impacted the
capital, Kyiv, we chose Kyiv as a specific research objective in this
study to clarify the impact before and after the war. The Crimea
region was excluded from the study due to the absence of
demographic statistics for these areas.

2.2 Data sources

Nighttime light data were obtained from the Day–Night Band (DNB)
sensor of the VIIRS onboard the S-NPP and Joint Polar Satellite System
(JPSS) satellite platforms (NASA-Suomi NPP, 2022). The DNB’s ultra-
sensitive performance in low-light conditionsmarks amajor improvement
in the resolution and calibration over Defense Weather Satellite Program
(DMSP)-generated nighttime light images from the previous generation
(Román et al., 2018). TheDNB sensor delivers global nighttime visible light
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data and daily measurements of near-infrared (NIR) data suited for Earth
system science applications (UNdata, 2022). The BlackMarble product kit
(VNP46) comprises the Daily Atmosphere Sensor Top (TOA) nighttime
light (NTL) product (VNP46A1) and the Daily Moonlight-adjusted
nighttime light product (VNP46) (VNP46A2). Compared to
VNP46A1, VNP46A2 can more realistically reverse the anthropogenic
light sources on the Earth’s surface. VNP46A2 utilizes all high-quality,
cloud-free, atmospheric, terrain, vegetation, snow, lunar, and stray
nighttime light-corrected DN values to estimate nighttime lights and
have other inherent surface optical properties (Román et al., 2018;
Román et al., 2019; Román et al., 2020; Román et al., 2021).
Additionally, the Black Marble product kit (VNP46) comprises the
Moonlight adjustable nighttime light product (VNP46A3) and the
Annual Light adjustable nighttime light product (VNP46) (VNP46A4).
VNP46A3 and VNP46A4 are the abbreviated names for the third and
fourth nighttime light (NTL) products, respectively, in the Black Marble
suite. VNP46A3 and VNP46A4 provide monthly and yearly composites
derived from daily atmospherical and lunar bi-directional reflectance
distribution function (BRDF)-corrected NTL radiance to eliminate the
influence of artifacts and biases. This study utilized the VNP46A2 data
series (NASA-VNP46A2, 2022; NASA- VNP46A4, 2022).

The United Nations High Commissioner for Refugees (UNHCR) is a
global organization dedicated to saving lives, protecting rights, and
building a better future for refugees, forcibly displaced communities,

and stateless people. The UNHCR provides data on refugee population
border crossings fromUkraine during the war and offers daily information
on the influx and departure of refugees into and out of Ukraine (https://
data.unhcr.org/en/situations/ukraine). The time and location of the fight
between the Russian and Ukrainian soldiers were obtained from the
website global conflict tracker, an interactive guide to ongoing conflicts
of concern to the United States, including background information and
resources (https://www.cfr.org/global-conflict-tracker).

2.3 Data preprocessing

For the nighttime light data on VNP46A2 and VNP46A4, we
initially employed a Python encoding technique to obtain the ‘gap-
filled BRDF-corrected DNBNTL’ and ‘Temporal Radiance Composite
Using All Observations During Snow-free Period’ layers, respectively.
Then, using visual contrast interpretation, we found the dates for
which complete data were available in the daily Ukrainian night light
data. Finally, these data were converted into a raster format with a unit
of nWatts/cm/sr, and the georeference coordinate was WGS 1984.
Moreover, we compiled daily values of VNP46A2 into weekly and
monthly data (Román et al., 2020). Then, 10 weeks before
(16 December 2021 to 23 February 2022) and after (24 February
2022 to 2 May 2022) the beginning of the Russian–UkrainianWar, the

FIGURE 1
Study area.
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obtained nighttime light images were combined. Additionally, we
collected nighttime light data (VNP46A4) from 2012 to 2021 for a
long-term nighttime light trend analysis.

On the auxiliary data side, we used Python encoding to convert the
obtained UNHCR data from XML to CSV, making it easier to analyze. In
addition, we utilized visual interpretation to track sites of daily battles in the
Russian–Ukrainian War and used GIS tools to organize the time and
position of the matches mentioned previously into data tables.

2.4 Methodology

2.4.1 Calculation of the total nighttime lights DN
value

In this study, we employed the digital number value (DN value) of
nighttime lights, which referred to the digital grayscale reflection of the

brightness of surface nighttime lights on the image grid. The nighttime
light DN value is usually a comprehensive indicator of a region’s
socioeconomic development level. A higher DN value suggests a
higher degree of regional development and vice versa. We
introduced a yearly average DN value of nighttime lights, the sum
of the daily average DN values of nighttime lights in the area. The
changes in the yearly average DN values of the annual nighttime lights
can be used to characterize the evolution of an area over several years
(Chen et al., 2003; Zhuo et al., 2003). The average DN value of
nighttime lights is expressed as follows:

NTLtotal � ∑DNM

i�1
DNi × ni , (1)

where DNi and ni represent the i th grayscale pixel value and the
number of pixels in the administrative unit, respectively. Also, M

FIGURE 2
Ukrainian nighttime light spatial changes from 16 December 2021 to 2 May 2022.
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represents the total number of pixels in the interval [1, DNM ] in the
administrative unit. In this study, weekly nighttime light data were
composited by daily nighttime light data.

2.4.2 Analysis of the trend of nighttime lights
We used the Theil–Sen estimator and the M-K test to calculate the

trend of changes in image DN values during peacetime and war in
Ukraine. The Theil–Sen estimator is a robust linear regression method
that selects the median slope across all lines using two-dimensional
sample pairs. Compared to the trend analysis based on the least
squares method, the Theil–Sen estimator can avoid the lack of time
series data and the influence of data distribution on the analysis
results, eliminate the interference of outliers on the time series, and be
used to identify trends in the univariate time series (Burn and Elnur,
2002; Wang et al., 2020).

Q � median
NTLj −NTLi

j − i
1< i< j< n. (2)

In the formula,median represents the median value of the slopes, i
and j are the time series numbers, andNTLi andNTLj are image DN
values of the time series in the i th week and the j th week, respectively.
The slope Q is greater than 0, indicating an upward trend; when Q is
less than 0, it shows a downtrend trend. The M-K test does not require
samples to follow a certain distribution, which can eliminate a few
outliers and is suitable for non-normally distributed data. The
inspection process is as follows:

τ � ∑n−1
i�1 ∑n

j�i+1sign NTLj−NTLiNTLj−NTLi( ), and
sign NTLj−NTLi( ) � 1NTLj −NTLi > 0

0NTLj −NTLi � 0
−1NTLj −NTLi < 0

⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ . (3)

The statistics for constructing trend analysis tests are as follows:

UMK �

τ − 1

Var τ( )[ ] 1
2
τ > 0

0 τ � 0

τ + 1

Var τ( )[ ] 1
2
τ < 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
, (4)

Var τ( ) � n n − 1( ) 2n + 5( )
18

. (5)

In the formula, NTLi and NTLj are the image DN values in the i
th week and the j th week, respectively, and n represents the time series
length; sign is a symbolic function. At a given significance level α, when
|UMK|> u1−α/2, it means that the study sequence significantly changes
at the α level.

Due to the unstable and complicated changes in all aspects of
society throughout the war, months may not be the optimum unit of
time to describe variations in nighttime lights, population, and
economic activities. For analysis purposes, we composited the daily
nighttime light data into weekly data. We selected the period between
16 December 2021 and 4 May 2022, 10 weeks before and 10 weeks
after the start of the war, for a total of 20 weeks of nighttime light data.
In addition, we combined the daily nighttime light data based on an
analysis of the nighttime light change trend to compare the trend of
the nighttime light 10 weeks from the start of the war (2022.2.24 to
2022.5.4) with nighttime light trends during peacetime for 10 weeks
(2021.12.16 to 2021.2.23).

2.4.3 Verification of the reliability of the nighttime
light-driven model

This study used the Nash–Sutcliffe efficiency index (NSE) and R
square (R2) to verify the model’s reliability. The NSE is a widely used
and potentially reliable statistic for assessing the model’s goodness of
fit (Schaefli and Gupta, 2007; Moriasi et al., 2007). R2 indicates the
degree to which the data fit the regression model (the goodness of fit).
The data on Ukrainian nighttime lights and refugee population from
24 February 2022 (the beginning of the war) to 2 May 2022 were
processed by a statistical distribution fitting and was confirmed to
satisfy a normal distribution. Then, for modeling purposes, we utilized
the Ukrainian domestic nighttime light data and refugee population
data for this period. In addition, we used 50% of the nighttime light
data and refugee population data for modeling analyses and the
remaining 50% for model accuracy verification.

NSE � 1 − ∑n
i�1 Qmi − Qoi( )2

∑n
i�1 Qoi − Qo( )2 , (10)

R2 �
∑n
i�1

Qoi − Qo( ) Qmi − Qm( )⎡⎣ ⎤⎦2

∑n
i�1 Qoi − Qo( )2∑n

i�1
Qmi − Qm( )2

. (11)

In the formula,Qmi is the total nighttime light DN value calculated
by the model on i th night; Qoi is the actual total nighttime light DN
value on i th night; Qo refers to an average value of the actual total
nighttime light DN value at night.

The variation range of the NSE is from −∞ to 1. When the NSE
calculation result is 1, the observed value is the same as the simulated
value; if the NSE is between 0.5 and 1, it means that the model result is
acceptable, and when the NSE result is less than 0, it is considered that
the model reliability is poor. R2 represents the correlation between the
simulated value of the model and the measured value. The closer the
value is to 1, the better the simulation effect.

3 Results

3.1 Nighttime light trends in Ukraine

Figure 2 depicts the nighttime light area and DN value distribution
in Ukraine in the 10 weeks before and after the outbreak of the
Russian−Ukrainian War (16 December 2021 to 4 May 2022). Ten
weeks before the start of the war, the nighttime lights in Ukraine were
stable on a national scale. The range of nighttime lights fluctuated but
altered little. In the first week following the outbreak of war, the
national nighttime light area was reduced by 50% (Figure 3A)
(24 February 2022 to 2 March 2022). In the following weeks, the
national nighttime light area hovered at 50% of its pre-war level
(3 March 2022 to 4May 2022). The fifth week following the start of the
conflict was the darkest in Ukraine, and the nighttime light area was
almost 75% smaller than that before the war, indicating that the war
caused significant damage to Ukraine in a short amount of time. In
addition, after the start of the conflict, the average nighttime light DN
value, maximum nighttime light DN value, and total nighttime light
DN value decreased dramatically throughout the country (Figures 3A,
B). In Ukraine, the highest nighttime light DN value and total
nighttime light DN value were lowered by more than 90% than the
week before and after the war. The change in nighttime lights
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demonstrated that the conflict affected the quantity and quality of
nighttime lights in Ukraine.

The changing map of nighttime lights provided a more concrete
depiction of the oblast- and city-scale destruction wrought by the war
in Ukraine. Based on the area of nighttime lights and the average DN
value, we discovered that all oblasts had a substantial decline in the
area and DN value during the first week of the war. In the weeks that
followed, the nighttime lights exhibited low-value fluctuations much
below pre-war values (Figure 4). From a spatial perspective, the city
and oblast with the greatest reduction in the nighttime light area were
the capital Kyiv (Figure 5), Cherkasy oblast in the center, Kyiv oblast,
Donetsk oblast, Sumy oblast, and Ternopil oblast in the west, and these
oblasts and cities had 50% fewer nighttime lights than before the war.
In addition, the average nighttime light DN value changed, which
indicates the quality of nighttime lights varied dramatically by oblasts,
decreasing significantly in Donetsk and Sum oblasts in the east and
Ternopil Oblast in the west. However, certain oblasts, including
Luhansk, Zakarpattia, and Kherson, experienced few modifications,
which might be because nighttime lights in these places did not meet
high standards before the war.

Changes in the nighttime light area and nighttime light DN value
indicated a gradual disappearance from the city’s periphery to the
center of the town. The DN value of the city’s central district’s
nighttime lights decreased from a high value to a low value
(Figure 5). Changes in the city’s nighttime lights revealed the war’s
spatial–temporal impact on the operation and vibrancy of the city.

In addition, to scientifically reflect the changes in nighttime lights
in Ukraine during the Russian–Ukrainian War, we presented the
nighttime light data from consecutive years in peacetime and
conducted trend analyses in conjunction with nighttime light data
of the war. We performed a trend analysis on the monthly nighttime
light data from 2012 to 2021 (combined daily data) and wartime
nighttime light data. We discovered that the nighttime light area of the
entire nation had fallen marginally, particularly in the central and
eastern parts. During the 10 years between 2012 and 2021, the DN
value of nighttime lights increased or decreased dramatically in some
regions (Figure 6A). During the conflict period from February 24th to
2 May 2022, however, the nighttime light area across the nation
reduced drastically and on a wide scale. Similarly, the light intensity
gradually decreased (Figure 6B).

Since nighttime lights did not fluctuate significantly during times
of peace, we investigated the short-term trend of nighttime lights in
the country using data from 10 weeks before and after the start of the
conflict. Using the Theil–Sen estimator and the M-K test, the trend of
DN values at the pixel scale was analyzed. We found a significant
reduction in the nighttime light DN value, which accounted for 5.24%,
the severely reduced nighttime lights accounted for 15.17%, and only
0.45% of the region grew enormously. The remaining areas, which
comprised 79.14%, exhibited little change (Figure 7).

From February 24 to May 2, nighttime lights showed a noticeable
reduction, particularly in the capital Kyiv and built-up areas around it.
Other oblasts, particularly Kharkiv and Donetsk in the east, saw a
decrease in nighttime lights. The middle and western regions, where
fighting and strife were less frequent and severe, had a less significant
impact on nighttime lights than the eastern region. In addition, there
was the periodic dimming of nighttime lights in areas where there was
no fighting, which may have been caused by a power supply gap or
artificial dimming.

3.2 Refugee population trends in Ukraine

We examined both variables based on the preceding findings,
which indicated a general downward tendency in nighttime light
changes in Ukraine and an upward trend in the UNHCR-registered
refugee population data throughout the same period. The refugee
population dataset registered by the UNHCR corresponded to a
normal distribution, with a strong association coefficient (−0.89)
with nighttime lights of Ukraine for the same period, as
determined by the statistical distribution fitting. Then, we fit the
data on nighttime lights and refugee populations. We analyzed the
data trend changes using linear, polynomial, exponential, and
S-shaped functions and determined that the S-shaped function was
the most acceptable match. After multiple attempts, we decided that
the logistic equation employed for the fit was the most appropriate in
terms of the goodness-of-fit and statistical significance. As depicted in
Figure 8A, the logistic equation was utilized to fit nighttime light data
and refugee population registration data in order to generate a model
for the final calculation of the registered refugee population using the
total nighttime light DN value. The model was expressed as y =

FIGURE 3
Weekly nighttime lights area trends (A) and nighttime lights DN value changes (B) in Ukraine from 16 December 2021 to 2 May 2022.
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3684039.53/{1 + exp[−1.19E-5*(x-584851.5)]}, where y was the
refugee population registered on a specific day; x was the total
nighttime light DN value of the Ukrainian nightlight on the same
day; the goodness-of-fit of the model was 0.69, and the model was
significant at the level of 0.05. In addition, the NSE of the model
reached 0.78, indicating that the reliability of the model was acceptable
and that the simulated values of the model were well correlated with
the observed values. The comparison between the simulated and
observed results is shown in Figure 8B.

From the aforementioned results, we found that the decrease
in the total nighttime light DN value was mainly due to the decline
in the area of nighttime lights and the reduction in the average
nighttime light DN value. We utilized the daily nighttime light
area and the average nighttime light DN value to examine the
association between refugee population levels and nighttime
lights. The correlation coefficient between the registered
refugee population and area of nighttime lights was −0.52, and

the correlation relationship with the average DN value of
nighttime lights was −0.53. However, because the total
nighttime light DN value is a product of the average DN value
and area, we concluded that the effect of the location of nighttime
lights and the average nighttime light DN value on the change in
the refugee population were almost the same. Based on this
consideration, we classify the changes in the DN value and
nighttime light area before and after the conflict by Jenks
Natural Breaks Classification (Chen et al., 2013); the
classification situation is depicted in Table 1.

From Table 1, we calculated the weekly change in the refugee
population after the war began, as depicted in Figure 9. After the war
started, the refugee population increased significantly in the 2nd, 5th,
and 8th weeks and increased slightly in the 1st, 3rd, 6th, and 9th weeks.
The 4th and 7th weeks saw minimal variations from the previous
week. The refugee population demonstrates a cyclical variation over
3 weeks, with a “low-high-low” trend, as depicted in Figure 8.

FIGURE 4
Weekly analysis of nighttime light trends in all oblasts of Ukraine (2021.12.16–2022.5.2).
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4 Discussion

4.1 Relationship between nighttime lights and
conflicts

Based on the aforementioned analytical findings, it is certain that
war conflicts have contributed to the decline of the light.
Consequently, we considered analyzing and discussing nightlights
and frequency of military conflicts throughout the same period.
However, we compared the total intensity of nighttime lights and
frequency of national disputes using a time series. We found that when
the number of conflicts decreased, the fluctuation degree of the overall
nighttime light intensity gradually reduced. Yet, the two trends were
not entirely congruent (Figure 10), considering that the disappearance

of nighttime lights was varied. The times of wars and conflicts were
only a vague concept. It was challenging to gather and quantify
additional information, such as the scope of disputes, their severity,
their duration, and their subsequent consequences. Changing the
number of conflicts made it impossible to adequately assess the
relationship between the two variables.

Although it was difficult to quantify the precise relationship
between nighttime lights and the number of conflicts, the overall
trend was consistent. As a result, we would continue our discussion
based on the general trend relationship between the two concepts. We
considered that as the war proceeded, the country’s nighttime lights
would grow dimmer, symbolizing the immense damage caused by the
conflict. Furthermore, across the nation, the frequency of conflict was
not connected with the disappearance of the total nighttime light DN

FIGURE 5
Weekly Kyiv city nighttime light spatial change from 16 December 2021 to 2 May 2022.
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value, indicating that observing the nighttime light conditions was not
an effective way to determine the conflict situation in the area.
Nonetheless, hostilities may erupt on other battlefields or at
different scales, and the statistical analysis results may be vastly
different; hence, the inferences require additional research. These
estimates are useful as reference values and can be used to
compare war losses, but more supplementary data are necessary to
determine the extent of war damage.

4.2 Relationship between nighttime lights and
refugees

Almost no research has been conducted on the correlation between
nighttime lights and the movement of war refugees. Actual and reliable
statistics are used to determine whether nighttime lights reflect the trend of
the refugee population. This study’s data were derived from the United
Nations Refugee Agency’s daily statistics to depict the refugee population’s

FIGURE 6
Comparison of the nighttime light DN value and area change from 2012 to 2021 (A) and from February 24 to 2 May 2022 (B).

FIGURE 7
Nighttime light trends in Ukraine from 16 December 2021 to 2 May 2022.
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flow accurately. We eventually evaluated and adopted the logistic equation
to construct the model of nighttime lights and refugee population
fluctuations. Due to the high upper limit of nighttime light data, the
changes were quite adaptable. However, the refugee population will not
continue to expand indefinitely. Consequently, as the total nighttime light
DN value grows in a linear regression equation, the convergence is

problematic and the model fails. A more precise expression, such as the
logarithm or multiple linear regression equation, is required for a broader
perspective. Still, more supplementary data may be necessary to develop
these equations and confirm the model’s validity. This study employed a
brief and continuous training data time series. The relationship between the
refugee population and nighttime light data in Ukraine is reasonably basic

FIGURE 8
Relation between the refugee population and the total nighttime light DN value (A); validation of the model of migration and nighttime lights using the
UNHCR data (B).

TABLE 1 Classification of changes in the refugee population.

NTL area change grid number NTL average DN value change nW/cm2/sr2 Change in the value

>50000 >1 No significant change

>50000 <1 Slight increase

<50000 >1 Slight increase

<50000 <1 Significant increase

FIGURE 9
Trends in the refugee population by the grade within 9 weeks after the beginning of the war.
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and linear. It is impossible to estimate how long the current war situation in
local conflicts will persist. However, based on the actual refugee population
statistics and nighttime light inversion, the regression model developed for
this study can achieve the research objectives.

We discussed the two situations according to the changing trend of
nighttime lights and the refugee population, suppose the war continues in
its current state. In this instance, the nighttime light area of Ukraine will
continue to diminish in the original region, as will the averageDNvalue of
nighttime lights. According to our research, the fading of nighttime lights
indicates a progressive transition from the city’s periphery to its center.
The average DN value of the city center’s evening lighting gradually
declines. Based on nighttime lights and the refugee populationmodel, our
analysis reveals that the refugee population continues to grow, with the
majority originating from urban areas. However, it is based on the
assumption that the war commences or concludes. In that
circumstance, the refugee population and nighttime lights will depict a
different state. Then, this study’s refugee population calculation model
driven by nighttime light data may no longer be applicable.

4.3 A depiction of the war by nighttime lights

The nighttime light is an inversion of the behavior and scope of
human activity, just as a war is an abnormal and unpredictable act
initiated by humans. Consequently, a relationship exists between the two.
Li used the DMSP/OLS and VIIRS monthly composites to illustrate the
variations in nighttime lights in Syria and Iraq during the war (Li et al.,
2017; Li et al., 2018). The study indicates a rule that the war quickly
destroys a country’s nighttime lights, but post-war reconstruction allows
nighttime lights to return gradually. As detailed previously, this
circumstance also occurred in Ukraine, although the war between
Russia and Ukraine remains in a stalemate. Furthermore, our
simulations show that more nighttime lights in Ukraine will disappear
as the war continues. Whether in Ukraine, Syria, or Iraq, the fact that the
war may quickly extinguish nighttime lights holds true. The
disappearance of nighttime lights also indicates changes in the spatial
and temporal dimensions of the war. The timescale of nighttime lights

employed by Li et al. in the Iraqi and Syrianwarswas amonth. In contrast,
we used a week, which more accurately reflects the severity and brutality
of the war and sensitivity of nighttime lights to the war. Furthermore,
modeling, which employs weekly nighttime light data and refugee
populations, followed by simulations of refugee population
movements, can provide timely humanitarian assistance under specific
circumstances and on finer timescales. Overall, nighttime lights offer an
approximation of the extent and course of the war’s impacts, but they are
insufficient to adequately depict their particulars.

5 Conclusion

In this study, the refugee population and multi-day nighttime light
data were used for mathematical modeling, and then, daily nighttime
light data were compiled and analyzed. Before and after the beginning
of the Russian–Ukrainian War, nighttime lights in Ukraine changed,
and the refugee population changed as follows:

1) In the first week following the start of the war, the nighttime light
area and average nighttime light DN value in Ukraine exhibited a
sharp downward trend. The rate of decline then slowed. The
changes in nighttime lights were especially pronounced in and
around Kyiv and the northern and eastern regions.

2) During the first week, the refugee population in Ukraine increased
the most, followed by a gradual decrease. After the start of the war,
the refugee population shifted cyclically, exhibiting a
“low–high–low” pattern. From the central and eastern regions
poured an influx of displaced people. If the war continues, the
number of refugees will continue to rise.

3) Following the outbreak of war, the Ukrainian state and society
suffered a sudden decline, which was reflected in the alteration of
nighttime lights. Affected by the transit time and other ground
factors, night lights may not always reflect the actual status of the
population and society; hence, assessing war losses based on
nighttime lights may necessitate additional supplementary data
for an accurate assessment.

FIGURE 10
Conflicts and total nighttime light DN values in Ukraine during the war period.
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Using nighttime light data to model the dynamic estimation of the
changes in the refugee population of Ukraine during the war is crucial
for calculating human losses in Ukraine and the subsequent supply of
international humanitarian aid and post-war rehabilitation under the
current war conditions.
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