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Using Sentinel-2 satellite imagery in the analysis of forest
cover changes following the storm of 2017 - case study
of the Przymuszewo Forest Inspectorate in Poland

Abstract: Climate change is causing increasingly frequent extreme events (including strong winds), which are becoming
an integral part of the natural environment. In 2017, from the 11" to 12 of August, a storm passed causing catastrophic
damage in general and to forest resources in particular. The study aims to determine the feasibility of using Sentinel-2
satellite imagery and other GIS tools and techniques for estimating forest damage caused by the storm in the Przy-
muszewo Forest Inspectorate. The analysis of forest cover changes was performed using the NDVI and BI2 index as well
as unsupervised classification predicated on satellite imagery obtained before and after the storm. It was calculated that
a total of 2,048.1 hectares of forest was damaged based on the NDVT index and 1,661.7 hectares based on the unattended
classification, whereas the area of agricultural land and non-forest land based on the BI2 index was 1,739.1 hectares.
These figures are comparable to the records of post-storm losses from the Przymuszewo Forest Inspectorate. This indi-
cates a considerable feasibility of Sentinel-2 satellite imagery in assessing damage caused by extreme phenomena (strong
winds) in forest areas, which is true both on a regional and global scale owing to the wide range of imaging (up to 290
km). The only limitation for Sentinel-2 satellites is heavy cloud cover, as the emitted radiation does not penetrate clouds.
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1. Introduction

Climate change and warming cause increas-
ingly frequent extreme phenomena, which
are becoming an integral part of the natu-
ral environment. Said changes entail both
regional and global threats, making weather
considerably unpredictable (Diemientiew,
2018). Extreme phenomena constitute rel-
atively rare, short-term events and occur
with high random variability (Kundzewicz
and Matczak, 2010). The available litera-
ture highlights the increasing frequency of
extreme events, which include heavy rains,
droughts, land degradation processes, floods,
mass movements, soil erosion and high winds
(Clarke and Rendell, 2007). The later men-
tioned strong winds are particularly frequent
in Europe, and numerous scientific stud-
ies show that with the climate warming, the
number of these extreme events in Europe is

likely to increase (Clarke and Rendell, 2007;
Haarsma et al., 2013; Forzieri et al., 2017).

The storm of August 11-12, 2017 was one
of the most destructive natural phenomena in
recent decades. Asa result of the storm, 6 people
were Kkilled, residential and farm buildings,
local and community roads, agricultural crops,
power lines and poles, public utility complexes
and many others were destroyed. The relatively
largest losses were recorded in forest resources
(Trebski, 2017).

Remote sensing methods have played an
important role in studies pertaining to changes
in land use forms, allowing for the analysis of
land cover changes (including forest cover).
Remote sensing methods are also more widely
used, as evidenced by the increase in studies
incorporating satellite data (Simi¢-Milas et
al,, 2015, Zhang et al., 2021). This is due to the
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launch of new satellite systems (e.g., Sentinel-1,
Sentinel-2, Landsat-8) and better availabil-
ity of open-source applications that allow for
the analysis of such data (QGIS, SAGA GIS)
(Czapiewski and Szuminska, 2022). The most
frequently explored aspect of vegetation cover
studies using modern remote sensing meth-
ods involves determining the extent of occur-
rence of particular vegetation types, changes
in extent, as well as the causes and effects of
these changes (Tomaszewska et al., 2011). In
the case of forests, detecting, identifying and
quantifying forest damage from a remote sens-
ing platform offers an opportunity to monitor
and assess forest damage on a global scale (Roy
etal,, 2014).

Methods of obtaining satellite data involve
the use of electromagnetic radiation, which
is reflected from the earth’s surface and thus
recorded by a sensor aboard the satellite
(Hejmanowska and Wezyk, 2020). The source
of electromagnetic radiation is the Sun, which
emits energy in different ranges of electromag-
netic wavelengths. Remote sensing uses wave-
length ranges that freely penetrate the atmo-

2. Study scope and methods
2.1. Study scope

The spatial scope of the work includes the
area of the Przymuszewo Forest Inspectorate,
located on the territory of the Regional Direc-
torate of State Forests (RDSF) in Torun. Admin-
istratively, the study area is located within the
boundaries of Pomerania Voivodeship, in two
communes: Brusy and Chojnice (Fig. 1). The
soil shows the prevalence of sand and gravel
sediments, which form the Brda outwash plain
(Galon, 1953, Karasiewicz et al., 2015). This
geological structure favours the formation of

2.1. Study methods
2.1.1. Source materials

The primary material used for the study was
Sentinel-2 satellite imagery, provided free of
charge by the Copernicus Open Access Centre
(ESA,  https://scihub.copernicus.eu/dhus/#/
home), which was processed using QGIS 2.8

sphere (the so-called atmospheric windows).
The ranges in question include visible light,
near infrared and mid-infrared (Ciotkosz, 2005;
Zarzecki and Pasierbski, 2009; Hejmanowska
and Wezyk, 2020). One of the most popular
satellite missions is Sentinel-2, which consists
of twin satellites placed in the same orbit: Sen-
tinel-2A (in 2015) and Sentinel-2B (in 2017),
both recording radiation in the optical range.
The advantages of the Sentinel-2 mission
include short revisit time (each fragment of the
earth is recorded every 5 days), wide imaging
bandwidth (up to 290 km) and high spatial res-
olution (10 m in the visible range and 20 m in
the infrared and near-infrared). The disadvan-
tage of satellite imagery is the possible occur-
rence of cloud cover, depending on current
meteorological situation at the time the images
are taken (Hejmanowska and Wezyk, 2020).

The purpose of the study is to determine
the feasibility of using Sentinel-2 imagery to
assess the extent and impact of forest damage
caused by the 2017 storm, using GIS tools and
techniques.

relatively poor and podzolic soils (Galon, 1953;
Dysarz, 1998, Jankowski et al., 2015). These
soils are currently covered mainly by artificially
introduced coniferous monocultures.

The main forest-forming species (95.18%)
in the study area is the Scots pine (Pinus sylves-
tris L.), accounting for as much as 97.3% of the
forest area, with the second most common spe-
cies being the warty birch (Betula pendula Roth)
with a share of 1.2%. Other species account for
only 1.5%. (Regionalna..., 2019).

and SAGA 7.6.3 software. Based on these, the
authors calculated the NDVI and BI2 indi-
ces, and carried out unsupervised classifica-
tion. The imagery was acquired for the period
between May 2017 and March 2019. All of the
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Fig. 1. Location of the study area in Poland

Sentinel-2A/B images used were obtained at
the MSIL2A level (taking into account atmo-
spheric correction). Apart from the extent of
cloud cover, the selection of imagery was also
determined by the date of image registration.
This is due to the fact that multi-temporal anal-
yses ought to be predicated on images from
the same vegetation season. For further anal-
ysis, we selected imageries recorded as close as
possible to the date before the hurricane, in the
spring and summer seasons: 01.05.2017 and
30.07.2017 (the satellite image from July shows
a slight cloud cover in the southern part of the
area), and images from 28.09.2017, 17.03.2018,
05.07.2018 and 02.03.2019, corresponding to
the situation after the passage of the storm.
The analysis included a total of 6 satellite
images from the Sentinel-2 satellite recorded

before and after the passage of the hurricane.
Preliminary assessment of images from other
dates (21.04.2018, 04.08.2018, 13.10.2018,
30.06.2019, 24.08.2019) resulted in their exclu-
sion from the analyses due to the presence of
cloud cover.

Furthermore, the authors obtained and ana-
lysed meteorological data from the Institute of
Meteorology and Water Management (https://
danepubliczne.imgw.pl/), photos of the passage
of the atmospheric front (https://www.wetterz-
entrale.de/) and data provided by the State For-
estry — Przymuszewo Forest Inspectorate The
data from the forest inspectorate concerned
losses in forest resources, which were found on
the basis of direct calculations made after the
passage of the storm.
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2.1.2. Characteristics of the indicators used for satellite data analysis

The first of the indices used in the study was
the Normalized Difference Vegetation Index
(NDVI). The index is calculated based on the
spectral ranges of red (RED) and near-infra-
red (NIR). The index assumes values from -1
to 1, where the higher the value of the index,
the greater the amount of biomass (values
closer to +1 indicate the density of green veg-
etation) (Rouse et al., 1974; Pettorelli et al.,
2011, Tomaszewska et al., 2011). NDVI is com-
monly used in environmental analyses and is
a standard tool in remote sensing monitoring
of vegetation condition assessment. The index
has been recognized as the optimal spectral
index used for monitoring forest damage and
deforestation (Ciesielski et al., 2016; Xue and
Su, 2017; Olmo et al., 2021). The NDVTI index is
derived from the following formula:

(NIR - VIS)

NDVI=——— -
(NIR + VIS)

where:

VIS - channel value in the red band (band B4
in Sentinel-2)

NIR - channel value in the infrared band (band
B8 in Sentinel-2)

The adopted method consists in indicating the
differences in the index values and reclassifying
the data for forest areas on the basis of satellite
images before and after the storm. The selection
of values used in the reclassification was based
on 7 longitudinal profiles located throughout the
analysed forest district. Each profile was sampled
every 10 m by a circle with a radius of 5 m, and
the minimum, maximum, mean and median
values in each circle were obtained for the sta-
tistics. The minimum value of the NDVT index
for forested areas was 0.513, while the maximum
value was 0.666. The analysis involved pre-storm
images overlaid with a mask of actual forest cover
to demonstrate the changes.

Another indicator used in the study was the
BI2 brightness index. It represents the average
brightness of a satellite image, highlighting
the class of land stripped of vegetation. For
analyses, the algorithm selects natural surface
areas to distinguish between agricultural and
non-forest land (Escadafal, 1989; Xie et al.,
2022). This indicator is particularly sensitive to

the brightness of soils, which is synchronized
with the presence of salt on the land surface
and moisture content. The BI2 index is derived
from the following equation:

(VIS? + GRNZ + NIR?)
BI2 = .

where:

VIS - channel value in the red band (band B4
in Sentinel-2)

NIR - channel value in the infrared band (band
B8 in Sentinel-2)

GRN - channel value in the green band (band
B3 in Sentinel-2)

As in the case of NDVI, the method adopted
was to indicate differences in the value of the
indicator and subsequently reclassify the data
for non-forest areas (all other area except forest)
based on satellite images before and after the
storm. The selection of values for reclassification
was predicated on 7 longitudinal profiles located
in non-forest areas located throughout the stud-
ied forest district, sampled in the same way as
described above. The minimum value of the BI2
index for non-forest areas was 0.106, while the
maximum value was 0.600. The two aforemen-
tioned indices were used to identify the extent
of forested (NDVI) and non-forest areas (BI2) in
the periods before and after the storm.

The final stage in the analysis of changes in
the use of the study area surface was unsuper-
vised classification. The technique in question
serves as a basis for developing a model of
classes that display similar spectral structure
(similarity of image features). Each class refers
to a cluster parameter, i.e., a specific interpre-
tation of a given object (Kaufman and Rous-
seeuw, 1990; Likas et al., 2003, Urbanski, 2011;
Frackiewicz and Palus, 2011). The employed
method consisted in creating a land cover map
with the appropriate value assigned to a pixel
in the satellite imagery. On satellite images in
all Sentinel-2 spectral channels (bands 1 to 12),
a terrain profile was established using the “Pro-
file tool” plug-in that allows interaction of the
profile (spectral reflectance values) with the line
on the satellite imagery. It was observed that
four spectral channels: 4, 5, 11 and 12 demon-
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strate increasing values given the change in
land use from a forest area to a non-forest area,
and therefore the above four spectral channels
were selected for the analysis of unsupervised
classification. Classes (pixels) corresponding to
each vegetation type were combined into clus-

ters. The result of the analysis was raster data
divided into 10 classes, with 3 of the 10 classes
representing forest areas. For the purpose of the
study, a reclassification of the data into classes
was performed by concatenating the pixels rep-
resenting the forest class.

3. Characteristics of the storm in August 2017

3.1. Meteorological situation

August 2017 was an extreme month in terms
of meteorological phenomena as compared
with previous years. It was characterized by
high values of precipitation and the highest
wind speed (Szczepanska, 2022a). In 2017, the
gauging station closest to the analysed area
recorded as much as 819 mm of total precip-
itation (August: 112.9 mm), while the annual
average for the multi-year period (2010-2021)
was 601 mm. The recorded maximum wind
speed reached 29 m/s (IMGW, 2020; Szcze-
panska, 2022b). However, this was likely not
the highest wind speed in the areas affected by

the storm, as verbal account from the Director
of the Regional Directorate of State Forests in
Torun indicates a much higher speed, exceed-
ing 83 m/s.

The month was very warm. Beginning on
August 9th, Poland came under the influence of
lows from the North Sea and then from south-
eastern Europe. In the following days (August
10-11), hot tropical air began to flow in from
the southeast, while a polar-maritime atmo-
spheric front preceded by a line of squalls was
approaching from the west (Fig. 2A; IMGW,
2020). The cool storm system accompanied

Fig. 2. A - synoptic map at 12:00 UTC on August 11th, 2017. (IMGW, 2020); B — passage of the front from the
EUMETSAT satellite at 15:00 UTC on August 11th, 2017; C - passage of the front from the EUMETSAT satellite
at 17:15 UTC on August 11th, 2017; D - passage of the front from the EUMETSAT satellite at 21:15 UTC on Au-

gust 11th, 2017 (wetterzentrale.de, 2020).
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by the undulating atmospheric front began to
displace the hot tropical air. The confluence
of the two air masses resulted in a dangerous
weather phenomenon, bringing high precipita-
tion totals and very strong winds, which were
characterized by short-term variability and
high gustiness (IMGW, 2017; Chojnacka-Ozga
and Ozga, 2018; Sulik and Kejna, 2020).

On the day of the phenomenon’s passage
(i.e., August 11-12), the storm system began

to form as early as the afternoon, with its onset
on the borders of eastern Germany, north-
western Czech Republic and southeastern
Poland. The system headed from the south-
west toward the northeastern and eastern
parts of Poland, passing through the voivode-
ships of Lower Silesia, Opole, Greater Poland,
Kuyavia-Pomerania and Pomerania, thus
reaching the area of the Przymuszewo Forest
Inspectorate (Fig. 2B, 2C, 2D).

Table. 1. Measured wind speeds and precipitation at the meteorological station in Chojnice from 18:00 on August
11th, 2017 to 06:00 on August 12th, 2017 (IMGW, danepubliczne.imgw.pl, 2020)

Time UTC Temperature Mean wind speed Gust wind speed 'Win.d Rainfall 1 hour
[°C] [m/s] [m/s] direction [mm]
18:00 23.6 1.5 2.6 NNW 0.0
19:00 22.0 34 2.6 NNW 0.0
20:00 21.9 4.1 59 NNW 0.0
21:00 16.5 12.5 24.3 WSwW 19.9
22:00 16.9 4.6 7.0 NNW -
23:00 16.6 4.8 7.3 N 0.4
00:00 16.9 3.0 4.3 NNW 0.0
01:00 16.4 3.8 7.0 SSW 0.0
02:00 16.6 4.0 5.9 SSW 0.0
03:00 16.5 3.0 5.0 ENE 0.3
04:00 16.9 2.4 3.6 SSW 0.0
05:00 17.1 3.5 5.5 WSW 0.0
06:00 17.1 2.9 4.3 WSW 0.0

During the passage of the storm, at the mea-
suring station in Chojnice, the air temperature
did not fall below 16.0°C, and the wind speed
increased rapidly. As can be observed from
the data in Table 1, the highest values of indi-
vidual meteorological elements were recorded
between 21:00 and 22:00. The air temperature at

21:00 was as high as 16.5°C. The wind speed at
its peak reached 24.30 m/s, while rainfall sums
at the time amounted to 19.9 mm per hour. As
this was a violent and short-lived phenomenon,
the situation began to stabilize just half an hour
after the storm occurred.

3.2. Characteristics of forest stand damage based on data from Przymuszewo Forest

Inspectorate

The total area of the Przymuszewo Forest
Inspectorate is 18,600 hectares, with forested
areas covering 17,700 hectares. Information
obtained from the Forest Inspectorate indi-
cates that 1,231.37 hectares of forest area were
destroyed. This area was determined in the
course of direct calculations in individual forest
districts over two years. This represents approx.
7% of the pre-storm forest area. The Przy-
muszewo Forest Inspectorate was ranked 5th in

terms of damage in [ha] caused on the territory
of the Regional Directorate of State Forests in
Torun, following the forest districts of: Rytel,
Czersk, Runowo and Szubin (Kaczmarek,
2018). The most extensive damage in the
studied forest inspectorate was recorded in its
northern and central parts (Labaj, 2017). The
damage was in the form of windrows and wind-
breaks, as well as severe deformation of tree
trunks, often accompanied by the tearing of the
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root system (saltation uproots) and breaches
in stability (Wesotowski and Zmihorski, 2018;

Trebski, 2019). Entire forest communities were
destroyed, not just individual trees (Fig. 3A).

Fig. 3. Destruction of forest resources after the storm: A — destroyed forest (Brusy Municipality, 2018), B - over-

turned tree with its root system (M. Szczepanska, 2020)

Damage was caused to stands in all age
classes, while the degree of susceptibility to the
type of damage varied depending on the class
of trees. In the case of stands in the lower age
classes (Class I and II, aged 1-20 and 21-40
years, respectively), “blasting,” that is, severe
tilting of trees with deformation of trunks and
crowns, was recorded. This type of damage
occurs when trees remain in the vitality stage,
yet do not guarantee cultivation potential
(Labaj, 2017). In stands of higher classes (Class

111, age 41-60), damage in the form of breaking,
deformation and complete toppling along with
the root system was recorded (Fig. 3B).

The data presented in Table 2 shows that
the greatest damage was sustained by the Scots
pine stand. Its damage was estimated at 570,225
m’, of which the total amount of damage was
estimated at 589,012 m’. Smaller losses were
suffered by other species (due to their aggre-
gately smaller share in the stand).

Table. 2. Summary of damage to tree species in Przymuszewo Forest Inspectorate (data from Przymuszewo Forest

Inspectorate)
Small sized Midium sized Large sized Total
Species wood wood wood damage
[m’] [m’] [m’] [m’]
Beech (Fagus L.) 74 89 326 489
Birch (Betula L.) 1,843 1,564 6,662 10,069
Oak (Quercus L.) 13 85 96 194
Red oak (Quercus rubra L.) 1 7 14
Hornbeam (Carpinus betulus L.) 0 2 3
Lime tree (Tilia cordata Mill.) 13 15
Larch (Larix Mill.) 53 383 526 962
Alder (Alnus Mill.) 164 623 1,409 2,196
Scots Pine (Pinus sylvestris L.) 26,370 297,441 246,414 570,225
Weymouth Pine (Pinus strobus L.) 7 455 122 583
Spruce (Picea abies L.) 279 1,938 2,046 4,264
All 28,805 302,584 257,623 589,012

Summarizing the scale of destruction in
the Przymuszewo Forest Inspectorate, it was
estimated that the number of trees that were

knocked down over one night, under normal
conditions, would have been harvested over
a period of 10 years (Starostwo..., 2018).
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4. Results of satellite imagery analysis

The calculated values for NDVI, BI2 and unsupervised classification are presented in Table 3.

Table 3. Area of forests and non-forest areas in Przymuszewo Forest Inspectorate calculated on the basis of Sen-

tinel-2 images

Forest area based on

Area of agricultural land and  Forest area based on
non-forest areas based on the unsupervised classi-

Date tie Nl[)}:; 5 e BI2 index fication
[ha] [ha]
2017_05_01 13,581.3* 13,848.2* 19,311.6*
2017_07_30 14,980.3 15,766.7 17,544.3
2017_09_28 16,013.8 13,645.5 18,323.9
2018_03_17 14,761.5 11,784.2 18,423.7
2018_07_05 11,533.2* 18,373.2 17,884.9
2019_03_02 12,689.5 15,587.3* 17,649.9*

The difference in area 2,048.1 (15.1%)

1,739.1 (12.6%) 1,661.7 (8.6%)

The area of loss determined by
the Nadlesnictwo Przymuszewo
District

1,231.27 (6.9%)

* _ the results of indicators that were used to calculate surface area differences.

Based on the calculated NDVI, the area cov-
ered by forest in the Przymuszewo Forest Inspec-
torate decreased by 2,048.1 hectares, which is
15.1% of the forest before the 2017 storm (Table

3 and Fig. 4). For the period before the storm,
Sentinel-2 images were considered for the dates
0f01.05.2017 and 30.07.2017. A larger calculated
forest area was obtained for July, and a smaller

Fig. 4. Changes in the extent of forest areas determined on the basis of the NDVI index in the area of the Przy-
muszewo Forest Inspectorate on the basis of Sentinel-2 images taken on the dates: A - 01.05.2017, B - 30.07.2017,
C -28.09.2017, D - 17.03.2018, E - 05.07.2018, F — 02.03.2019, green - forest areas, white — other areas.
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one for May, which may be related to both the
high level of vegetation development in July and
the presence of cloud cover on the second of
the satellite imaging dates (in the southwestern
part of the area). On the first survey date after
the storm, i.e., 28.09.2017, there was still a sig-
nificant proportion of forested areas in the area
classified on the basis of the NDVT index. This is
due to the presence of trees that had not yet been
cleaned up and, consequently, the high value of
the vegetation index. On the next two dates (i.e.,
17.03.2018 and 05.07.2018), a reduction in the
extent of forested areas is evident, which is indic-
ative of the cleanup work carried out in the for-
ests. Taking into account the above observations
pertaining to the suitability of the images from
different dates, the authors elected to employ
the NDVI index calculated for the images from
01.05.2017 and 05.07.2018 (values shown in
bold in Table 3). However, the values calculated
for the 02.03.2019 image were dismissed, as the
summed value of afforestation on this date was
due to both storm damage as well as reforesta-
tion and natural succession of low vegetation.
As the calculated BI2 shows, the area of agri-
cultural and non-forest land increased from
13,848.2 hectares to 15,587.3 hectares, or 12.6%,

between 01.05.2017 and 02.03.2019. (Table 3,
Fig. 5). As in the case of the NDVI index, differ-
ences were indicated between the actual state of
land use and the use determined from satellite
imagery. This was due to factors such as cloud
cover, the period when the photo was taken, the
progress of work associated with cleaning up
the forests after the storm, as well as summer
harvest-related works and haying, and the veg-
etation level of the cultivated crops. The first
date — 01.05.2017 — was selected for the analysis
of calculations pertaining to forest cover differ-
ences (Fig. 5A), and the initial area of non-for-
est land was estimated at 13,848.2 hectares. In
subsequent imaging performed in July, both
2017 (30.07.2017) and 2018 (05.07.2018) show
an increase in the extent of areas characterised
with high BI2 values. High values of this indi-
cator suggests drying of soils (related to both
weather conditions and exposed land surface -
forest destruction). The difference in the value
of the index between 2017 and 2018 may be
related to the marked difference in total precip-
itation in the two years. The year 2018 was also
warmer than 2017, resulting in higher evap-
oration values (Okoniewska and Szuminska,
2020). The increase in BI2 value may also be the

A) B)

Swornegacie Swornegacie

Przymuszewo
gt

)]

Swornegacie

E)

Przymuszewo
b 8

Fig. 5. Changes in the extent of non-forest areas determined on the basis of BI2 in the area of Przymuszewo Forest
Inspectorate on the basis of Sentinel-2 images taken on the dates: A - 01.05.2017, B - 30.07.2017, C - 28.09.2017,
D -17.03.2018, E - 05.07.2018, F - 02.03.2019, yellow — non-forest areas, white — other areas.
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effect of meadow mowing during the summer
(which is conducive to drying of the surface
soil layer). Due to the limitations regarding the
use of the BI2 index described above, for the
calculation of the difference in the surface of
non-forest areas before the and after the storm,
it was assumed that the non-forest surface area
increased by 1,739.1 hectares (Table 3, Fig. 5).
From the data collected using unsupervised
classification, it is clear that the area of forest
land, similarly to that calculated from NDVI,
decreased, but the calculated values of forest
surface area are slightly higher compared to
the results obtained from NDVT (Table 3, Fig.
6). This is due to the nature of the method,
which uses not only a narrow range of indi-
cator values, but the spectral range of the

entire channel. The surface of forest areas as of
01.05.2017 was 19,311.6 hectares. On the next
date — 30.07.2017, the area decreased, but such
a result was due to the cloud cover present in
the image in the southwestern part of the area
on this day. On the next dates (28.09.2017 and
17.03.2018), the results show a reduction in the
forested surface area, with even smaller forest
coverage obtained on the subsequent dates -
05.07.2018 and 02.03.2019. This indicates that
the post-storm areas have been cleaned up, but
the total forest coverage is also likely to be due
to new plantings and self-foresting. The differ-
ence in forest surface area based on the images
from the first and last dates (i.e., 01.05.2017 and
02.03.2019) amounted to 1,661.7 hectares, or
8.6% (Table 3).

| I 9)

Fig. 6. Changes in the extent of forest areas determined on the basis of unsupervised classification in the Przy-
muszewo Forest Inspectorate on the basis of Sentinel-2 images taken on the dates: A - 01.05.2017, B - 30.07.2017,
C -28.09.2017,D - 17.03.2018, E - 05.07.2018, F - 02.03.2019, red - forest areas, white — other areas.

5. Discussion

Based on the NDVI index derived from Sen-
tinel-2 satellite imagery, it was calculated
that forest areas of 2,048.1 ha (15.1%) were
damaged. Unsupervised classification, on the
other hand, the value was estimated at 1,661.7

ha (8.6%). According to the data of the RDSF
in Torud (Kaczmarek, 2018), forest areas in
the Przymuszewo Forest Inspectorate were
reduced by 1,760 ha. With the above in mind,
the results of the unsupervised classification are
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more similar to the losses estimated by the State
Forests. Furthermore, based on the BI2 index,
it was found that the area of non-forest land
increased by 1,739.1 (12,6%) hectares. This is
higher than the value determined by the Przy-
muszewo Forest Inspectorate, i.e., 1,231.27 ha
(6.9%). The differences in the results obtained
from the satellite images are related to the
conditions at the time of imaging, such as
cloud cover, the state of vegetation, the stage of
clean-up after storm and reforestation of post-
storm areas. It should be noted, however, that
the differences in forest and non-forest areas
calculated within the framework of this study,
based on the unsupervised classification and
the BI2 index, respectively, are more consistent
with each other than the forest inspectorate
data, that is, they demonstrate a similar loss of
forest area and gain of non-forest area after the
storm.

Remote sensing methods, taking into
account satellite images before and after the
passage of the storm, have been used for anal-
yses of forest area changes by various authors
(Hoscito and Lewandowska, 2018; Dalponte
et al., 2020; Giannetti et al.,, 2021; Piragnolo
et al.,, 2021; Olmo et al., 2021). The study by
Hoscito and Lewandowska (2018) showed that
the area of damage in the Przymuszewo Forest
Inspectorate calculated using the NDMI spec-
tral index (source material - Sentinel-2 imag-
ery) amounted to 3,268.0 hectares, of which
2,100.0 hectares within the National Forests
and 1,168.0 hectares outside the National
Forests. The results of the analyses conducted
by the cited authors show that the amount of
damage in the State Forests is severely under-
estimated, while in the non-State Forests it is
overestimated. However, the extent of forest
damage determined on the basis of the NDMI
for the Przymuszewo Forest Inspectorate is
higher than the results obtained within the
framework of the present study, based on the
NDVI indicators and unsupervised classifi-
cation. This is likely due to the nature of the
indices used, with NDMI being used more
often to study leaf water content and changes in
the spongy structure of mesophyll, and NDVI
for changes in vegetation condition (resulting
from the amount of chlorophyll). Hoscilo and
Lewandowska (2018) also note that the esti-
mated extent of damage included indicative

data determined in the first days after the storm
(i.e., 24.08.2017 and 28.09.2017). Dalponte et
al. (2020) show that more accurate results of
damage caused by the storm can be obtained
8 months after the event by comparing two
images taken during the summer, including one
image before and one after the event (accuracy
exceeding 80%), while less accurate results can
be obtained using images taken closer to the
extreme event (within the first two weeks after
the storm). Similar conclusions were reached
by Giannetti et al. (2021) as they found that the
most accurate results for analysing forest cover
changes after a windstorm from satellite imag-
ery can be obtained 7 months after the event
at the earliest. In contrast, Olmo et al. (2021)
used a two-period approach between vegeta-
tion indices. Their results show that based on
a multi-period analysis predicated on vegeta-
tion indices, a deviation in reflectance values
can be observed for damaged and undamaged
areas compared to years before the storm.

Sentinel-2 satellite imagery presents new
perspectives in forest monitoring (Wang et al.,
2010; Hoscito and Lewandowska, 2018; Dal-
ponte et al., 2020; Giannetti et al., 2021; Pirag-
nolo et al., 2021; Olmo et al. 2021). The ideal
situation involves analysing images taken at
exactly the same time and under the same con-
ditions for each of the periods studied. Unfor-
tunately, when collecting the data, it is neces-
sary to take into account the optimal timing of
the images taken, as well as cloud cover (which
makes it impossible to obtain reliable results),
unfavourable meteorological conditions (e.g.,
a later beginning of vegetation season), and
extent of clean-up work performed in the
forests. It should be noted that the most visi-
ble effects of the passage of the hurricane are
destroyed tree crowns, damaged trunks and
a reduction in the assimilation apparatus of
trees (Wesotowski and Zmihorski, 2018). As
a result of this damage, the contribution of the
assimilatory apparatus to the values of spectral
reflectance from the stands decreases. In for-
ests where nearly the entirety of the tree stand
was destroyed the lower forest floor becomes
exposed (having suffered less damage), which
contributes to an increase in spectral reflec-
tance from the ground cover. Hence, the results
obtained may differ slightly from the data com-
piled by foresters.
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6. Conclusions

Based on the results, it was concluded that
Sentinel-2 data allow for accurate distinction
between forested areas and agricultural land
and non-forest land. In the case of the stud-
ied indicators, the unsupervised classification
proved to yield results more similar to the esti-
mates of stand losses made by the State For-
ests, compared to the results obtained from the
NDVI indicator. The BI2 index, on the other
hand, was found to be useful in determining
changes within non-forest areas. Differences
in the results between NDVI, BI2 and the
unsupervised classification were due to the
characteristics of the methods used. The NDVI
index for calculations uses reflection values in
the red (band 4) and near-infrared (band 8)
ranges, which encompass bands offering much
information on the condition of the vegetation.
The BI2 indicator uses values in the red range
(band 4), infrared range (band 8) and green
range (band 3), highlighting the brightness of
soils, which is synchronized with the presence
of salt on the ground surface. On the other
hand, as many as four spectral channels (bands
4, 5, 11 and 12) were used to calculate the
unsupervised classification, as they indicated
increasing values at the site of transition from
the forested to non-forest area. This highlights
the need to use not one, but a set of indicators,
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