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SOFTWARE PROCESSING OF SATELLITE IMAGES OF FIELDS OF
NOCTILUCENT CLOUDS TO IDENTIFY THEIR STRUCTURE

Abstract. Noctilucent clouds, which develop in the summer months mainly over the
polar regions of our planet, are often observed in temperate latitudes. Moreover, it is these
parts of the global field of mesospheric clouds that determine their total area and spatial
configuration. As has been shown in a number of previous works, the features of the seasonal
and interseasonal evolution of mesospheric cloud fields are largely determined by
meteorological processes in the mesosphere. The influence of geophysical fields on their
development is also possible.

The work describes the stages of developing a methodology that allows us to move
from studying the integral characteristics of mesospheric clouds to its differential
characteristics. At the initial stage, it is planned to search for the presence of a longitude
structure of such clouds. To do this, 30-degree longitudinal sectors are identified on satellite
images of noctilucent clouds fields, within which the cloud area is calculated.

Solving this problem requires the development of specialized software. A significant
part of the work is devoted to the describing of the algorithm for constructing the program,
choosing a programming language and implementing the task. The effectiveness of the newly
created software product is compared with previously implemented approaches. It is shown,
that the created technique for processing satellite images will make it possible to identify
longitudinal inhomogeneities in the structure of noctilucent clouds global fields with
significantly greater accuracy.

Keywords: noctilucent clouds, atmospheric communications, digital images, algorithm,
programming languages, processing program, accuracy criteria.

Introduction.

Although noctilucent clouds (NLC), as is known, are an object of study for a number of
sciences, but they are of the greatest interest for astronomy and geophysics. This interest was
determined by the discovery of the fact of their existence, and subsequently the study of NLC
became relevant from the point of view of atmospheric physics and comparative planetology.

These cloud formations are located at altitudes of about 80 km (mesosphere), have a
very low moisture content and therefore do not attract the attention of meteorologists. At the
same time, the seasonality of their appearance, associated with a change in the nature of
atmospheric circulation, the effectiveness of the influence of cosmic factors on the highest
layers of the atmosphere and, finally, the presence of similar cloud formations in the
atmospheres of other planets, are attractive to specialists in the field of upper atmosphere
physics, climatology, planetology [1 - 4].

The unique conditions for observing NLC in the twilight sky and the seasonality of their
appearance determined the methods for studying these objects. In particular, the altitude of
their location does not allow using the full power of experimental meteorological methods
(balloon or aerial sensing). Therefore, the bulk of scientific data about them was obtained
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using remote observation methods - ground-based or space monitoring. Of course,
observations from space, not limited by meteorological conditions, provide a much larger
amount of information compared to ground-based monitoring. One of the most successful
missions to study the nature of NLC is associated with the operation of the AIM satellite [5].
Many of the measurement results performed during its implementation are freely available,
and their processing makes it possible to identify some of the most important circumstances
related to the genesis and evolution of NLC.

Materials and Methods.

The methodology of studying the influence of tropospheric processes on the evolution
of NLC in temperate latitudes has proved to be extremely productive. This approach is based
on a cartographic analysis of data on the daily dynamics of NLC in the northern hemisphere,
correlated to the maximum extent with data on meteorological phenomena occurring at the
same time [16-19]. When constructing images of the NLC field, data from the AIM mission
was used [5], while meteorological information was received from relevant sources. The
analysis of such maps has shown that in most cases there is a relation between the nature of
the meteorological events development in the troposphere and the formation of the NLC field
features. The main factors influencing mesospheric processes are the following: the
movement of cyclones in the zonal direction with the intersection of the Ural Mountains, the
meridional (from north to south) movement of cyclones, the development of occlusions and
thunderstorm foci, as well as the oncoming movement of atmospheric fronts. These processes
are effective sources of density waves (IGW) that reach the mesosphere and influence the
temperature regime at significant heights (Figure 1).

Figure 1 - Synthetic map of noctilucent cloud fields in the northern hemisphere
Obtained by the AIM satellite

Shown results are surface area of the noctilucent clouds for the southern hemisphere
(red) and average daily temperatures of the South Pole (blue) for two seasons. Here it is
important to note the climatic feature of Antarctica, where temperature changes in the pole
region essentially reflect changes in the average temperature for the entire continent. When
studying the relationship between temperature changes and changes in the area of the NLC
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field in the North Pole region, it is necessary to move from determining the general
characteristics of the NLC field to a differential representation, that is, to studying the
longitude distribution of mesospheric clouds. But this requires the development of a new
software package and processing of a large array of images with its help.

The program must meet the following requirements: the ability to work with an entire
array at once, dividing each image in the array into 12 sectors of 30 degrees, calculating the
area of the NLC in each of them and saving the result in an Excel table. This  functionality
allows you to reduce the time for obtaining data necessary for analyzing the development of
an object.

Each image is accompanied by a file with data encoded in it, including the area in each
pixel. This is necessary to convert the results of the program. The document file is in IDL
dataset format. To extract this data, you will need a separate IDL reader program. Since the
data of the entire dataset is not needed, it is advisable to create a compact version of the IDL
reader that reads only the indicator that interests us.

To check the effectiveness of the developed software package, a control image was
created and is shown in figure 2, the required information on which is easily accessible for
direct calculation.

The image is represented by a background on which a white square of 100 by 100 pixels
is placed. The area of this object is precisely calculated: 10,000 pixels are multiplied by 7.5
sg. km/pixel, which gives a result of 75 thousand sg. km. To eliminate the influence of the
background, a complex method was chosen: a combination of threshold filtering, background
subtraction and zones of interest.

e 82408

01 May 2022 -

Figure 2 - Control image

Then the program algorithm was set up, as shown further.

1. Setting up GUI for directory selection: Tkinter is used to create an interface through
which the user can select a directory of images for analysis.

2. Reading the image: using OpenCV, the program reads images from the selected
directory, then os indexes and sorts them.
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3. Binarization: OpenCV converts images into matrix form and applies threshold
filtering.

4. Background subtraction: the absolute difference between the «background» matrix
and the target image matrix is calculated.

5. Creating masks: a mask is created that completely covers the image with zero pixels,
then a mask is created in the shape of a circle of a certain radius. Inside this mask, based on
the angular geometry, masks of individual sectors are created, which in turn cancel the
«shadingy effect and allow the calculation algorithm to operate within its geometry.

6. Calculation of the sectors area: the number of pixels not covered by «shading» masks
is counted and the area covered by the sector is calculated, converting the number of pixels
into square kilometers.

7. Saving results: The results of sector area analysis are saved to an Excel file. After
which cycle 2-6 is repeated until all images have been processed.

Two functions stand out in the general code. The «slice_mask» function accepts image
and sector parameters, creating a mask to highlight the area of a particular sector. This is
achieved by drawing lines and arcs that define the inner and outer boundaries of the sector.
The areas of the image that lie outside the boundaries of the sectors are filled with zeros and
excluded from the calculation. The «calculate_sector_areas» function applies a background
subtraction algorithm, converts the image to binary format and uses masks created by the first
function to determine the area of each sector [20].

In mathematical expression, the point search algorithm looks like this:

x=(c[0]+r-cos(a)), y=(c[1]+r-sin(a)).

Where X is a point, c is the center (0 and 1 mean the axes, for each of which the center is
determined separately), r is the radius, a is the angle.

Before data can be stored in Excel, it is collected and organized according to a format
that is most readable and easy to analyze [19]. To organize the results of sector area
measurements, the DataFrame method from the Pandas library is used. Each row of the
DataFrame corresponds to one image, and the columns represent individual sectors. The
program goes through all the images in the selected directory, analyzes them and fills the
DataFrame with the received data. To save the DataFrame in Excel, the to_excel method is
used, which is part of the Pandas library. This method specifies the path to the file where the
data will be saved and the label for the index (index_label="Image’), which provides the
addition of descriptive headers for rows in an Excel file.

As a result of executing the algorithm, the user, after a few seconds (depending on the
size of the directory), receives an Excel file convenient for analysis with accurate and
systematized data on the areas of the analyzed images sectors. For example, Table 1 shows
data for two images: a test image and one working image, for June 1, 2020. The cells of the
table show the sector areas for the conditional image (Figure 2) and the NLC fields (Figure 1),
calculated in square kilometers, according to the described method. For the test image (Figure
2), a nominal value of 75 thousand km? is known.

Table 1 - Results of image processing shown in Figures 2 and 1

Sectors
1 2 3 /14|5]| 6 7 8 9 10 11 12 | Calc. [Nom.
6013 0 0 0 0 0 0 |7601|7500
Fig.4 14775 5 1103 0 | 0| O 3 0
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We can compare this value with the calculated sum of indicators for all sectors obtained
during the program: 76 thousand km?. The observed error of 1 thousand km? (1.3%) may be
caused by background scattering when changing images. It is also possible that the error is
partially caused by the shot effect, which is characteristic of any discrete objects. The error
varies depending on the threshold filtering parameter, but if this parameter is too high, there is
a risk of data loss.

Results and Discussion.

Naturally, the main indicator of the practical value of the program can only be the
results of processing satellite images of global NLC fields. In our case, we are talking about
the seasons of their evolution from 2007 to 2022 (excluding the 2018 season). The lack of
data on the AIM mission website for the 2018 summer season is due to technical reasons.

Table 2. Final data on the distribution of the cloud fields area

Sectors

1 2 3 4 5 6 7 8 9 10 | 11 | 12

2007 (122601 (124411 126350 [124846 (121474 {129181 (128701{137061/1280371222111130344{135432
2008 (128283 |120842 {117123 118101 |113286 {117337 (128473118477111245111287112750135556
2009 |113429 |113032 (114379 {105623 |106856 |119411 (12504712444211505/108336117975135381
2010 |123277 (126652 (123245 (118194 |113971 |126455 (126258130122,118444113009119484 130812
2011 |137475 (136082 (139701 138750 |127739 (131639 (144846143298129263115371125453149685
2012 (132468 (123818 116832 (121792 (120925 {124937 (1266141243281143811112243112557132203
2013 (133645 (123876 127421 127109 |125155 133381 (141900137145124888122010127701{146562
2014 (110886 (104807 {112024 108717 102969 102125 (114820115719102782104463105302119809
2015 |144096 (133663 (128889 [119840 |120822 (127821 14025313887812761§124345120545137663
2016 |115647 98901 (100761 {100280 |106067 105318 (11093311925694661 (96254 {88684 {100782
2017 |116102 110429 110199 104461 |101964 107566 (123241125878106725113296111475106830
2019 (124333 |124859 123104 118423 |112784 {111894 (125015131895122845113811126065121269
2020 (128248 |134339 130372 123670 (123854 {127481 (12899514641212237911279813267/0132079
2021 (123580 (126311 121126 121557 (119537 (122826 (1286851359521199911115836127007124207
2022 |116016 (116254 (120530 {114892 |107116 |113135 (117100122985112432110530118948 126343

Seasons

Aver. 124672 (121218 120804 {117750 |114968 (120034 (127392130123116716113053118464128975

Nom. |1029 (1000 (0997 [0972 0949 (0991 (1051 (1,074 0963 (0932 0979 |1,064

In each season, 90 daily pictures were included in the processing, that is, the total
number of images studied was about 1350. In this case, the time required was no more than
10 hours. The final data on the distribution of the cloud fields’ area, expressed in square
kilometers, for 12 longitudinal sectors on average per season are presented in Table 2. The
last lines show the average cloud area for all seasons (second line from the bottom) and the
same values normalized to the average cloud area in all sectors and for all seasons. Cells
corresponding to the maximum cloud field areas in the sector for a given season are
highlighted in bold (differences of 1-2% are considered acceptable). Sectors with the
minimum area of the cloud field are highlighted in italics and gray shading. The table data
indicates the existence of stable trends, that is, sectors with a predominance of maximum or
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minimum areas of cloud fields in relation to the average in the sectors. This fact is clearly
illustrated in Figure 3, where the differences in the longitudinal structure are shown in the
form of a bar graph.
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Figure 3 — Distribution of normalized average field area values NLC in the northern
hemisphere by longitudinal sectors for all seasons

It should be noted that Figure 3 shows both the average value of the relative area of the
cloud field and the maximum deviations of these values, corresponding to a confidence level
of 98% (plus or minus triple the root mean square error of the average value). Thus, we can
confidently speak about the existence of stable maxima in the development of the cloud field
in sectors 7, 8 and 12. At the same time, minimal development of the area of NLC fields is
typical for sectors 5 and 10. These facts, in our opinion, deserve further study as it can lead to
discovery of new NLC relations with geophysical events or phenomena.

Conclusion.

The developed program is a convenient tool for analyzing longitudinal variations of
NLC fields, being a reliable foundation in studies of the connection between various physical
processes and the evolution of NLC. The program not only provides accurate data, but also
allows you to automate routine image processing, which speeds up data analysis and improves
its quality.

Acceptable accuracy has been achieved when processing working arrays. Distortions in
the result caused by background dispersion create an insignificant error and, in the future, can
be eliminated using machine learning algorithms or background subtraction methods. The
structure of the program and its development environment are flexible enough to allow
modification in the future. As an advantage over analogues, we can highlight the fact that the
version from the current work, if necessary, can be provided with an executive file and a
compact directory with the necessary libraries, which will allow it to be used with a minimum
of presets.

Using the created program, a general analysis of the satellite images array of the
northern hemisphere global NLC field was carried out over a long period of time. The results
obtained reliably indicate the presence of longitude sectors with statistically significant
differences in the development of mesospheric clouds. This suggests the need to continue
research in this direction.
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TYHI'I BYJT OPICTEPIHIH CHYTHHUKTIK CYPETTEPIH OJIAPABIH
KYPBIUIBIMBIH AHBIKTAY YIIIH BAFTAPJIAMAJIBIK OHJAEY

Anparna. JKa3 ailnapblHia HETi3iHEH IUIAHETaMbI3/IbIH TOJIAPJIBIK aiMaKTapblHIa
JAMUTBIH TYHI1 OyiTTap KOHBIpKail eHaikTepae xul Oaiikananel. COHBIMEH KaTap,
Me3ochepanblk OyJITTapAbIH FajdaM/IbIK ©PICIHIH JIJI OCBl OOMIKTepl OJIapIbIH KaJIbl ay1aHbl
MEH KEHICTIKTIK KOH(QUTYpalusChlH aHBIKTaWAbl. AJIBIHFBI OlpKaTtap eHOeKTepie
KepCceTUIreHae, me3ochepanblk OYiAT epicTepiHiH MayChIMJBIK JKOHE MayChIMapallbIK
SBOJIIOIMSACHIHBIH ~ €peKIIenikrepi  keOiHece  Me3ocdepagarbl  METEOPOJIOTHSUIBIK
IpolecTepMEH aHbIKTaNnaabl. ['eopU3UKaNbIK ©picTep/IiH OJapAbIH JaMybIHA dCepi 1€ MYMKIiH.

Kympicta me3ochepanblk OYITTapAbIH WHTETPAIABIK CHITATTaMalapblH 3€pTTEy/CH
OHBIH JH(depeHnnanipl cunarramaiapblHa Kelyre MyMKIHAIK OepeTiH 9JiCTeMeHIH Jamy
Ke3eHjaepl cunarTanrad. bactanksl ke3eHae MyHJail OyiITTapAblH OOWIBIK KYpPBUIBIMBIHBIH
00yBIH 1371ey Kocnapiaanyaa. O yIIiH TYHT1 OYAT epicTepiHiH CyTHUKTIK cypeTrTepinae 30
IpaaycThIK OOMIIBIK CEKTOpPIIap aHBIKTANIa Ibl, OJIAP IbIH LIET1H e OYIT aliMarbl ecenTenell.

Byn moceneni memy MaMaHAAaHIBIPBUIFAH OarfapiiaMaliblK jkKacaKTaMaHbl 93ipieyai
taman eteni. JKyYMBICTBIH efoyip Oemiri OarmapiiaMaHbl Kypy QJITOPUTMIH CHUIIATTayFa,
Oarmaprnamaniay TUTIH TaHJayFa >KOHE TalChIpMaHbl OpbIHAayFa apHairad. JKaHamaH
KyppUTFaH  OaFdapiaMaiblK  OHIMHIH  THIMIAUITT  OYpbhIH  €HTI3UITEH  TOCUIACPMEH
canbICThIpbUTa bl CIYTHUKTIK CypeTTep/i OHICYAIH KYPBUIFaH iCTeMeCi TYHT1 OYITTapIbIH
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FaJIaMJIBIK OPICTEPIHIH KYPBUIBIMBIHIAFBl OOWIBIK COMKECCI3IIKTEpAl eoyip JQIIIKIEH
aHBIKTayFa MYMKIHIK O€peTiHl KOPCEeTUIreH.
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IMPOI'PAMMHASI OBPABOTKA CIIYTHUKOBBIX CHUMKOB ITOJIEA
CEPEBPUCTBIX OBJIAKOB C IEJIBIO OITPEJAEJEHUA UX CTPYKTYPbI

Annoranus. CepeOpuctbie o00y1aka, KOTOpbIe OOpa3yrOTCs B JIETHUE MECSIBI B
OCHOBHOM HaJ TIOJIIPHBIMU PETMOHAMH HaIIeH IUIaHEeThl, YacTO HAONOAAI0TCS B yMEPEHHBIX
mmporax. bomee TOro, MMEHHO A3TH YacTH TJIO0ATBHOTO TMOJII ME30C(PEepHBIX OO0IAKOB
ONPEETAI0OT MX OOLIYI0 IUIOHmIaah M IPOCTPAHCTBEHHYI KoHpurypamuioo. Kak Obu1o
MOKa3aHO B PsiJie MPEAbITyIX padoT, 0COOEHHOCTH CE30HHOH W MEXCE30HHOW JBOJIOIHU
Me3ocepHbIX ~ O0JayHBIX  MMOJIeH B 3HAYMTEIBHOM  CTENEHM  ONpeleNsioTcs
METEOPOJIOTHIECKUMH TIporieccamu B Me3ocdepe. Takike BO3MOKHO BIUSHUE Te0()U3NIECKIX
noJjei Ha X pa3BUTHE.

B pabote ommcaHbl 3Tambel pa3padOTKH METOAOJIOTHH, IO3BOJIIONICH MEPEeHTH OT
U3y4EHHs] MHTETPAJIbHBIX XapaKTEPUCTHK Me30c(hepHbIX 007aKoB K UX Au(depeHInalIbHbIM
xapakrepuctukaM. Ha HauanbHOM 3Tare miaHupyeTcs MIOUCK HAIMYUS JOJITOTHOU CTPYKTYPBI
Takux o007akoB. J[si 3TOro Ha CIIyTHMKOBBIX CHHUMKax IoJiell cepeOpucTbix 00IaKoB
BIIEIsIIOTCSL 30-TpagycHBIE MPOJOJIBHBIE CEKTOpa, B TpEAenax KOTOPBIX PAacCUUTHIBACTCS
IUI0IAAb 00JaYHOCTH.

Pemenne sToii 3amaum TpedyeT pa3pabOTKH CHENHMATH3HPOBAHHOTO IPOTPAMMHOTO
oOecrieyeHHs. 3HAUMTENbHAs YacTh pabOTHI MOCBSIIEHA ONMHMCAHUIO aITOPUTMA MOCTPOCHHUS
pPOrpaMMbl, BBIOOpPY $S3bIKa MPOTPAMMHUPOBAHUS M pealu3ali MOCTaBICHHOW 3aJauu.
O¢ddekTUBHOCTh BHOBb CO3JJAHHOTO MNPOTPAaMMHOTO MpPOAYKTa CpPaBHHUBAETCS C paHee
peanu3oBaHHBIMU  ToAXonamu. [loka3aHo, 4dYTO CcoO3[aHHas METOAWMKAa 00pabOTKU
CIYTHUKOBBIX CHHUMKOB IIO3BOJIUT CO 3HAYUTENbHO OOJIBIIEH TOYHOCTHIO BBISBIATH
MPOJIOJIbHBIE HEOTHOPOJAHOCTH B CTPYKTYpE INI00ANIbHBIX OJIeH cepeOpUcThIX 00IaKOB.

KuroueBble cioBa: cepebOpuctbie obOnaka, arMochepHble 3aBUCUMOCTH, HU(GPOBHIE
U300pakeHMsl, aJTOPUTM, SI3BIKM NPOTPaMMHUPOBaHMA, Nporpamma o0paOOTKH, KpUTEpPUU
TOYHOCTH.
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